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Abstract — Reproduction by colony fission, or swarming, is a spectacular example of a behavior that requires
the simultaneous coordination of the activities of thousands of honey bee workers and their queen. The
successful execution of this collective phenomenon relies on the appropriate response of individuals in swarms
to a myriad of signals that are produced by workers and queens to synchronize their nest exodus, subsequent
house hunting, and eventual relocation to a new nest site. In this review, we describe our current understanding
of the social factors that trigger swarming in colonies and the nonchemical and chemical signals that mediate a
coordinated transition between its stages. We also highlight emerging work on the physiological and genomic
mechanisms underpinning swarming behavior. Finally, we discuss the possible evolutionary origins of
swarming behavior, through comparisons with related behaviors of migration, overwintering, estivation, and

diapause in honey bees and other insects.

collective behavior / swarming / chemical communication / physiology / genomics / honey bee

1. INTRODUCTION

Elucidating the proximate and ultimate mech-
anisms that regulate social behavior is one of the
great challenges in biology. With the development
of new genomic tools and resources, it is
becoming increasingly feasible to examine these
questions in a wide array of species in their natural
habitats and to perform sophisticated comparative
studies that examine the molecular mechanisms
by which social behavior evolved from solitary
behaviors (reviewed in Toth and Robinson 2007,
Robinson et al. 2008). However, the majority of
social behaviors that have been studied have
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involved interactions between a small number of
individuals (i.e., courtship, mating, and aggres-
sion; Clayton 2004; Villella and Hall 2008;
Anholt and Mackay 2012; Cummings 2012) or,
in the case of social insects, differences between
individuals who specialize in different tasks
within a group (e.g., division of labor, Smith et
al. 2008). The molecular mechanisms that regu-
late collective behaviors, in which the majority of
individuals in a group perform a coordinated
behavior, have not been comprehensively exam-
ined outside of aggregations of single-celled
organisms such as bacteria, yeast, and social
amoeba (Velicer and Yu 2003; Queller 2008; Li
and Purugganan 2011), with the exception of
gregarious behavior in migrating locusts (Ma et al.
2011; Ottetal. 2012). Examples of such collective
behaviors include schooling in fish, migration in
birds or locusts, and synchronized applause in
human audiences (Sumpter 2006), where a group
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of individuals, regardless of their individual states
or preferences, simultaneously perform similar
behaviors such that the group behaves cohesively.

In a honey bee colony, there are several
colony-level phenomena in which the behavior
of a queen and tens of thousands of her worker
daughters must be coordinated to sustain their
colony's survival and function. In established
colonies, one of these phenomena is reproduc-
tive division of labor, where queens lay eggs
that are tended to adulthood by facultatively
sterile workers, who typically lay eggs only in
the absence of a queen and brood (Wilson
1971). Workers also exhibit age-based division
of labor, where they specialize on different tasks
as they mature, with young “nurse” bees
performing brood care and older “forager” bees
collecting resources from the environment
(Robinson 1992; Seeley 1995). Foraging itself
is another essential colony-level process where
the activities of a substantial portion of the
population are finely coordinated to facilitate
efficient discovery and exploitation of profitable
food sources (reviewed in Seeley 1995). A final
and remarkable example is that of reproductive
swarming (hereafter referred to simply as
“swarming”), a process of colony fission in
which a colony's queen and approximately two-
thirds to three-quarters of its workers leave their
original (or parental) nest to find a new colony
(Martin 1963; Getz et al. 1982; Rangel and
Seeley 2012). Upon leaving, a swarm's workers
form a temporary cluster (called a bivouac) and
initiate a search for a new nest site while they
are homeless. The workers who remain behind
raise one of the queen's daughters as their new
queen (reviewed in Winston 1987; Seeley
2010).

Previous studies have examined the molecu-
lar mechanisms that regulate reproductive divi-
sion or labor, worker division of labor, and
foraging in honey bees (Whitfield et al. 2006b;
Grozinger et al. 2007a; Page et al. 2012), and
the information gained from these studies has
laid the groundwork to examine how these
complex social behaviors evolved from behav-
iors observed in solitary species (i.e., Ben-
Shahar et al. 2002). However, the molecular
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mechanisms regulating swarming behavior have
only recently been considered (Liang et al.
2012; Richards et al. unpublished data).
Swarming requires communication and coordi-
nation on a grand scale, making it an excellent
model system in which to examine the social
and molecular mechanisms that organize this
collective behavior in an effort to understand
how such complex processes could evolve.
While there has been considerable interest in
elucidating the behavioral and chemical signals
that coordinate swarming, how these are
translated at the genomic and physiological
level into changes in behavior remain largely
uncharacterized. Here, we will review the factors
that stimulate a colony to prepare to swarm, the
nonchemical and chemical signals that coordinate
the swarm's departure and movement to a new
nest site, and the genomic and physiological
pathways that are associated with a worker's
decision to depart with the swarm or remain in
the colony. We will also explore the possible
evolutionary origins of swarming behavior in
honey bees, comparing and contrasting swarming
with diapause in solitary insects, overwintering
and estivation in honey bees and migration in
tropical honey bees, and highlight research ques-
tions that may provide insights into the evolution
of this fascinating behavior.

2. OVERVIEW OF SWARM
PREPARATION AND SWARMING
IN HONEY BEE COLONIES

Swarming is a complex, multi-step process
that is mediated by multiple environmental,
social, physiological, and molecular factors
(see Figure 1). Swarming typically occurs
during specific times of the year, usually when
resources are plentiful to support rapid popula-
tion growth (Simpson 1959). This population
growth underpins four colony-level changes that
have been hypothesized to trigger swarming
preparation: increasing colony size (in terms of
both number of workers and amount of comb),
congestion of the brood nest, skewing of worker
age distribution toward younger individuals,
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Figure 1. Overview of swarming in honey bees, 4. mellifera. Reproductive swarming in honey bees occurs via
a series of distinct phases (shown in orange and depicted graphically). The activities of colony members during
these phases and their transitions are coordinated by nonchemical (highlighted in black) and chemical signals
(highlighted in yellow) from queens and workers. In cases where signals coordinate swarm movement (i.e.,
exodus or liftoff), we note the period of time prior to movement during which the signals are produced. We
hypothesize that volatile queen pheromones are involved in swarm exodus and liftoff (designated as “possible
queen pheromone”), but further studies are necessary to confirm this. Finally, note that “rapid population
growth” prior to swarming leads to other colony conditions that may trigger swarm preparation, including
increased colony size and congestion, congestion of the brood nest, and decreased concentration and/or
transmission of queen pheromone (see text for further details). This figure was developed with assistance from

Nick Sloff (Pennsylvania State University); line drawing of hive by Jonathan Snow (Barnard College).

and reduced transmission of queen-produced
substances/pheromone (reviewed in Winston
1980, 1987; Simpson 1958). However, these
factors likely act in concert or are correlated
with an as-yet-unidentified critical cue because
individually they do not reliably trigger
swarming. Honey bees swarm as populations
rapidly increase in size, with a colony reaching
20,000 bees issuing a swarm of ~16,000 bees
on average (Winston 1979; Winston et al.
1981). Colonies in which worker densities are
higher than 2.3 workers/mL initiate queen cell
building (the first clear sign of swarm prepara-
tion, see below) and, above this threshold,
colony density is positively correlated with the
number of queen cells that workers construct

(Lensky and Slabezki 1981). Colonies also initiate
rearing of new queens when more than 90 % of
their brood comb is in use (Winston et al. 1981),
suggesting comb congestion and queen rearing
are also closely correlated. However, while
congested colonies generally swarm earlier than
uncongested colonies (Simpson 1957b; Winston
et al. 1991), not all congested colonies swarm
(Simpson 1957a) and colonies that are relatively
uncongested can still swarm readily (Simpson
1957b). Furthermore, adding or removing eggs
and young larvae to shift the worker—brood ratio,
thereby manipulating congestion in the brood
nest, does not trigger swarming (Simpson 1957a).
A skewed worker age distribution is also associ-
ated with swarming: colonies preparing to swarm
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tend to have a large proportion of young bees
(Winston and Taylor 1980) and departing swarms
are predominantly made up of younger bees
(Butler 1940; Winston et al. 1981; Gilley 1998).
Interestingly, in colonies preparing to swarm,
adult workers appear to crowd together in the
brood area, even if additional space is available in
the nest (Simpson 1958; Winston and Taylor
1980). This phenomenon is likely caused by the
emergence of large quantities of young workers
from brood cells (Gary 1962). However, adding a
large amount of young workers to colonies does
not reliably trigger swarming (Simpson 1957a).
Modeling studies using each individual parameter
demonstrated that all three factors (colony/popu-
lation size, brood nest congestion, and skewed
worker age distribution) generated swarming
patterns consistent with those reported empirical-
ly, but interestingly, each model only resulted in
swarming when all the other variables reached
thresholds defined by their individual models;
thus, the parameters are highly correlated
(Fefferman and Starks 2006). The authors sug-
gested that all of these factors serve as cues for
workers to determine when their colony has reached
a point of “replacement stability”—meaning the
worker population could care for a larger amount of
brood than the queen can produce—thus the only
way to increase the colony's reproductive output
(and optimize fitness potential) is to produce a
second queen and colony via swarming.

It is likely that honey bees use pheromones to
determine whether their colony is large, congested,
or has a skewed worker age distribution
(Fefferman and Starks 2006). Honey bee queens
produce a suite of chemical signals that serve to
inform colony members of a queen's presence and
quality, and these signals have significant impacts
on worker behavior and physiology (Kocher and
Grozinger 2011; Grozinger in press). Queen-
derived chemicals are transferred throughout the
colony by direct contact of workers with queens
(Seeley 1979) or wax (Lensky and Slabezki 1981),
though there is evidence that queens also produce
volatile chemicals that may circulate in colony
airspace (Gilley et al. 2006; Richards et al.
unpublished data). It is hypothesized that reduced
concentrations of these queen-produced phero-
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mones in the periphery of the nest triggers the
initiation of queen rearing (see below for a more
detailed discussion of the chemical signals that
coordinate swarming).

The initiation of mass queen rearing is the
first visible step in a colony's preparation for
swarming, beginning weeks before a swarm
leaves the nest. While colonies can produce
queen cups (specially shaped, downward-facing
cells for rearing queens) throughout the summer
months, these are often torn down or left empty
(Simpson 1959). However, when a colony is
preparing to swarm, workers construct enough
cups to rear multiple (10-20) new queens, and a
swarm is typically not cast from a colony until
after the developing queens are sealed into these
cells to initiate pupation (Allen 1956). Approx-
imately 10—14 days prior to swarming, workers
significantly reduce the amount of food they
provide the queen (Allen 1955, 1956).
Swarming queens thus weigh significantly less
than nonswarming queens (Seeley and Fell
1981), which presumably enables them to fly
long distances with a departing swarm. Despite
a reduction in nourishment, queens will contin-
ue to lay eggs at an approximately pre-swarm
rate until 5-7 days before swarming, when egg
production precipitously declines (Allen 1955,
1956), although consistent rates of egg laying
have been observed up to the time of swarming
(Pierce et al. 2007). Within the same timeframe
(~10 days before swarming), workers begin to
engorge themselves on honey, which will serve as
their primary source of food when they search for
and establish a new nest site (Combs 1972). The
quantity and concentration of food stores in the
honey stomachs of workers in colonies preparing
to swarm are significantly higher than those of
nonswarming colonies (35 versus 10 mg/worker;
67 versus 39 % sugar by weight; Combs 1972).
However, there is no difference in the contents of
a worker's honey stomach between bees that join
the swarm versus those that remain in the nest
(Combs 1972); thus engorgement does not appear
to play a role in this division of labor.

While preparation for swarming can take
weeks, the swarming process itself can be over
in a matter of days (reviewed in Winston 1987



Mechanisms regulating swarming

and Seeley 2010; see Figure 1 and below for
more details). On the day that a swarm departs
its parental nest, nonchemical and chemical
signals coordinate the activity of swarming
workers as they relocate to a temporary site
and form a bivouac. Scout bees then search for
a new nest site and communicate possible
locations to other scouts (see below for more
details). Once a quorum is reached, additional
nonchemical and chemical signals coordinate
the break up and liftoff of the bivouac and
relocation to the new nest site. At the new site,
workers initiate comb building and foraging and
the queen resumes egg laying. Back in the
parental nest, the new queen(s) emerge. The
first emerging queen may leave in a swarm
(called an afterswarm) or kill off the other
developing or emerging queens and take over
the colony. This queen will subsequently mate
and initiate egg laying. Below, we will discuss
the nonchemical (physical, visual, and auditory)
and chemical signals that coordinate these
different stages of the swarming process, and
our growing knowledge of their underlying
molecular and physiological processes.

3. NONCHEMICAL SIGNALS THAT
COORDINATE SWARM MOVEMENT

When workers and their queen are finally are
ready to leave the parental nest to swarm, their
exodus is sudden, frenzied, and over within a
matter of minutes. To ensure that all swarming
bees take to the air together, multiple forms of
physical, visual, and auditory communication
are used to coordinate the timing of their
departure. One important modulatory signal for
swarming is the “vibration” or “shaking” signal,
where a worker rapidly moves her body dorso-
ventrally, typically for 1-2 s (Gahl 1975;
Visscher et al. 1999) while holding on to a
receiving bee with her forelegs (reviewed in
Seeley et al. 1998; Schneider and Lewis 2004).
Used in multiple contexts, the message that is
conveyed by this vibratory signal has been
interpreted as one of ‘“reassess your current
activity” (Biesmeijer 2003), “reallocate labor to
different activities” (Nieh 1998), “prepare for
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greater activity” (Seeley et al. 1998), or
“Increase your activity” (Schneider and Lewis
2004), and it is associated with a nonspecific
increase in movement of recipient worker bees in
the nest (Schneider et al. 1986; Nieh 1998; Cao et
al. 2007), an increase in task performance
(Schneider 1987; Schneider and McNally 1991;
Cao et al. 2009), and a general movement toward
the nest entrance (Schneider et al. 1986; Nieh
1998). Accordingly, workers produce and receive
vibration signals year round (Schneider et al.
1986), and there is no increase in the number of
signals that workers receive prior to a swarm's
exodus (Rangel and Seeley 2008). By contrast,
queens are vibrated by workers only in the context
of swarming, with signals increasing in frequency
in the weeks prior to swarm exodus and peaking
immediately prior to departure (Schneider 1990a,
1991; Pierce et al. 2007). These vibratory signals
increase a queen's speed of movement and
stimulate egg laying, which probably helps
queens to lose weight for flight while ensuring
egg production (Schneider 1991). Interestingly,
vibration signals are performed primarily by older
workers (i.e., >10 days of age, Painter-Kurt and
Schneider 1998; Schneider et al. 1998; Allen
1959), despite the fact that increasingly younger
workers (2 versus 6 days old) attend the queen as
swarming becomes imminent (Allen 1955).

The activities of “piping” and “buzz-run-
ning” workers are also critical for organizing the
timing of a swarm's exodus. These signals are
produced primarily by a small number of
workers who have initiated the house-hunting
process days before their swarm actually leaves
the parental nest (Rangel et al. 2010). Piping
bees press their abdomens to a surface (which
can be another bee) and vibrate their wings,
producing a strongly harmonic (i.e., high
pitched) vibration that starts at a fundamental
frequency of 100200 Hz and rises to 200—
250 Hz at its end (Seeley and Tautz 2001).
Starting 610 days prior to swarming, the rate at
which workers pipe the queen increases from
near zero to 8-19 pipes/minute at swarm
departure (Pierce et al. 2007). The frequency
of worker—worker piping also increases signif-
icantly throughout the colony within the hour
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prior to swarm departure (Rangel and Seeley
2008). Finally, workers perform “buzz runs”
(Lindauer 1955), in which a worker runs
quickly through a crowd of bees while vibrating
her wings every few seconds, producing a
signal that has a fundamental frequency of
180-250 Hz. This frequency range is similar
to piping but lacks the latter's strong harmonics,
thus buzz runners produce a lower pitched,
“buzzy” sound (Esch 1967). The number of
workers performing these buzz runs increases
dramatically ~15 min prior to swarm departure
(Martin 1963; Rangel and Seeley 2008), likely
as other workers join scouts in producing buzz
runs (Rangel et al. 2010). This massive increase
in signaling activity is associated with a
dramatic increase in the mobility of workers
and a decrease in their density on the comb
(Rangel and Seeley 2008). It is not certain what
role, if any, the queen plays in triggering a
swarm's departure. It has been observed that the
queen does not lead the swarm from its parental
nest, but is instead often pushed out of it by
workers (Simpson 1958, 1963) or the queen
may fail to leave altogether, forcing workers to
return to the colony and attempt to leave again
at a later time (e.g., Pierce et al. 2007).

After the workers and the mother queen have
departed the parental nest, they form a bivouac
at a temporary location nearby. Workers who
are searching for potential nest sites continue
the process of scouting the area for a new home,
advertising their finds, and inspecting the sites
that are reported by their nestmates. Through a
debate in which nest-site hunters advocate for
their discoveries with waggle dances (Lindauer
1955; Seeley and Visscher 2004; Seeley et al.
2006) and inhibit dancing for competing sites
with stop signals (a brief vibratory signal with a
fundamental frequency of 350 Hz that is often
accompanied by a head butt to the receiver,
Michelsen et al. 1986; Nieh 1993; Seeley et al.
2012), informed members of the swarm reach a
quorum for one nest site out of the multiple
possible sites that are debated (see Seeley 2010
for an excellent review of worker-worker
communication during nest-site selection). Once
a quorum is reached, scouts stimulate workers
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in the swarm cluster to prepare for flight by
producing piping signals, with piping starting
1-2 h before liftoff and increasing steadily in
frequency until the moment that the swarm
takes to flight (Seeley and Tautz 2001; Visscher
and Seeley 2007). Piping appears to stimulate
quiescent workers who maintain lower body
temperatures in the swarm (presumably to
conserve resources, Heinrich 1981) to warm
their flight muscles to 33-35 °C (Seeley and
Tautz 2001), the thoracic temperatures typical of
honey bees initiating flight (Esch 1976;
Heinrich 1979). Moments after the thoracic
temperature of all the bees on the swarm's
surface (its coolest part) reaches 35 °C, the
swarm dissolves and lifts into the air as workers
move together to their new home (Seeley et al.
2003). Signaling scouts transition from mostly
piping to mostly buzz-running as liftoff nears
(i.e., ~40 min beforehand), with a dramatic
increase minutes beforehand in the frequency of
running bees who help break up clusters of
stationary workers (Rittschof and Seeley 2008).
Critically, only nest-site scouts produce piping
signals prior to liftoff (Visscher and Seeley
2007) and only pipers become buzz runners
(Rittschof and Seeley 2008, but see Makinson et
al. 2011 for the production of piping by
nondancing Apis florea workers). Thus, a small
group of well-informed workers are the indi-
viduals who signal to the majority of the swarm
that a nest site has been chosen and it is time to
move to it. The capacity for these two signals to
guide the swarm at this moment is tied to their
production by the same individuals: it has been
hypothesized that piping “primes” the swarm
for liftoff, while buzz-running is the signal that
“releases” this collective behavior (Visscher and
Seeley 2007).

There are similarities and differences in how
the vibration signal is used during swarm
departure from the parental nest and bivouac
site. While the vibration signal does not seem to
be associated with substantial changes in work-
er behavior during swarm exodus, it does play a
critical role in increasing the activity of the
workers in the bivouacking swarm in prepara-
tion for liftoff (Schneider et al. 1998; Visscher
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et al. 1999). It is produced by fewer than 5 % of
workers in a bivouac (Lewis and Schneider
2000) and, while workers deliver this signal to
other workers throughout the time that a swarm
house hunts, signal frequency increases signif-
icantly in the hour prior to liftoff (Visscher et al.
1999, reviewed in Schneider and Lewis 2004).
Workers who are vibrated respond by increasing
their rate of movement, as is their response to
vibration in other contexts (see above), and by
increasing their propensity to fly off the swarm
face in preparation for takeoff (Visscher et al.
1999; Lewis and Schneider 2000). Furthermore,
unlike the production of piping and buzz-
running signals, only a small percentage of the
workers who produce vibration signals are also
observed performing waggle dances (Visscher
et al. 1999; Lewis and Schneider 2000) and
removal of vibrating bees from swarm clusters
does not affect the time required for scouts to
reach a quorum threshold, but does significantly
delay swarm liftoff (Donahoe et al. 2003).
These studies suggest that the vibration signal
is not involved in locating, debating, or
selecting a new nest site, but rather in stimulat-
ing the overall activity of the swarm in
preparation for liftoff.

Queen-worker interactions in the swarm
cluster differ from those observed in colonies
before swarm departure or among workers
within swarm clusters. Queens in bivouacs are
rarely vibrated, even immediately prior to
liftoff, in comparison to the relatively high
frequency with which they are vibrated prior
to the departure of the swarm from the parental
colony (Pierce et al. 2007). However, they are
piped intensively by workers 1-2 h before
liftoff, with excited nest-site scouts often forc-
ing their way through the queen's entourage to
pipe and antennate her at length (Pierce et al.
2007). The active pursuit of contact with queens
in swarms by these nest-site scouts, who are
often older, experienced foragers (Gilley 1998;
Liang et al. 2012), is in contrast to how
similarly aged workers typically behave in
established colonies. Such workers do not
usually seek contact with queens and, unlike
young nurse-age bees who are most likely to
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join retinues (Seeley 1982), they show no
attraction to queens or queen pheromone lures
in caged assays, whereas young bees do
(Grozinger and Robinson 2007). As scout bees
appear to be primarily responsible for activating
swarm clusters and assessing when bees are
able to fly (Seeley and Tautz 2001; Rittschof
and Seeley 2008), this observation suggests that
scouts are either obtaining information from the
queen about her flight readiness (see below for
discussion of pheromone communication) or
signaling her to prepare for an impending liftoff.

Upon swarm liftoff, another feat of coordi-
nation must occur: the swarm, comprised
mostly of individuals who have no idea where
they are going, must travel together through the
open air to their selected nest site. Several
hypotheses have been proposed to explain how
this collective movement is executed. The
hypothesis that workers produce an olfactory
gradient to guide swarms (Avitabile et al. 1975)
has been rejected because swarms can navigate
to their new home even if worker scent glands
are sealed, preventing them from releasing such
odors (Beekman et al. 2006). Simulations
suggest that knowledgeable house hunters could
visually guide the uninformed masses by pref-
erentially traveling in the direction of the new
home (with all workers generally moving
toward other workers, but avoiding collisions)
(Couzin et al. 2005) or by making conspicuous
and fast flights through swarms (with which
naive workers preferentially align themselves)
(Lindauer 1955; Janson et al. 2005). Empirical
studies of free-flying swarms show that workers
do indeed “streak” above an airborne cloud of
bees to visually indicate the direction of the new
nest site and steer the swarm's travel (Beekman
et al. 2006; Schultz et al. 2008). The behavior of
these streakers is crucial for completing the
swarming process, as fewer than 5 % of bees in
the swarm have visited their future nest site
during house hunting (Seeley and Buhrman
1999). When the swarm reaches the nest site,
scouts settle at its entrance; both the visual
cluster of scout bees and pheromones (see
below) attract the remaining bees (Ambrose
1976; Seeley et al. 1979; Beekman et al. 2006).
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Back in the parental nest, the departure of the
original queen means that a new queen must
take over. If a colony is strong enough after the
first (or prime) swarm leaves, it may issue other
swarms (one or more “afterswarms”) (reviewed
by Winston 1987). Queen replacement usually
occurs within a matter of days when a virgin
queen (often the first one to emerge from her
cell after all swarms have been cast) takes over
the remnant colony, eliminating her rivals by
stinging them in their cells or fighting with them
once they have emerged (Allen 1956; Fletcher
1978a; Gilley 2001; Gilley and Tarpy 2005;
Schneider and DeGrandi-Hoffman 2008).
However, if a colony issues one or more
afterswarms, the replacement process takes
longer and will likely involve dueling between
virgins (Allen 1956; Fletcher 1978a; Gilley
2001; Gilley and Tarpy 2005; Schneider and
DeGrandi-Hoffman 2008). Adult virgin
queens will call to one another with different
forms of piping called tooting and quacking
(Michelsen et al. 1986) and then battle
(grappling, stinging, and spraying hindgut
contents, which contain the repellant o-
aminoacetophenone) (Page et al. 1988;
Bernasconi et al. 2000; Gilley 2001; Schneider
et al. 2001; Tarpy and Fletcher 2003; Gilley and
Tarpy 2005). Worker signals play a role in how
queen replacement unfolds in two ways. First,
workers vibrate emerged virgins, which causes
them to increase their rate of activity and produce
more queen-directed pipes (Gilley 2001;
Schneider et al. 2001). Secondly, workers vibrate
queen cells (Fletcher 1978a, b; Bruinsma et
al. 1981; Schneider et al. 2001), which, in
combination with workers resealing cell caps
as they are cut open by emerging virgins and
the freezing response of sealed virgins to
tooting pipes from free queens, slows emer-
gence of virgins from cells (Grooters 1987).
These signal-dependent interactions coordi-
nate the timing of the release of virgin queens
with the timing of the departure of prime
swarms and afterswarms, ensuring that a
single queen leaves with each swarm and that
only one queen takes over the remnant colony
at the end of the swarming process.
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4. CHEMICAL SIGNALS THAT
COORDINATE SWARM
PREPARATION AND MOVEMENT

Chemical signals, in the form of pheromones
produced by both queens and swarming
workers, also play a critical role in regulating
different stages of the swarming process. How-
ever, substantially less is known about these
chemical signals. Outside of the production of
Nasonov by swarming workers (reviewed in
Blum 1992; Free 1987), virtually nothing has
been reported about novel chemicals that
swarming workers may produce. Nasonov pher-
omone is produced by a small scent gland
located between a worker's fifth and sixth
abdominal tergites (McIndoo 1915). It consists
primarily of seven terpenoids, (Z)- and (E)-
citral, nerol, geraniol, nerolic acid, geranic acid
and (E,E)-farnesol (Pickett et al. 1980), and
functions at many stages during swarming.
Lures with both Nasanov and components of
queen pheromone (but not Nasanov alone)
induce clustering of queenless workers
(Ferguson et al. 1979; Free et al. 1981a) and
nesting boxes marked with Nasanov pheromone
are more attractive to swarms (Free et al. 1981b;
Schmidt et al. 1993; Schmidt 2001). Interest-
ingly, though scout bees release Nasanov upon
arriving at their new nest's entrance, the remain-
ing bees will land with equal rapidity even if the
scouts' Nasanov glands are sealed shut, suggest-
ing that visual cues provided by clustered scouts
help to facilitate this process (Beekman et al.
2006). However, it takes these swarms signifi-
cantly longer to actually enter their new home.

Although there is little evidence that queens
produce nonchemical signals during the
swarming process (save for communication
between daughter queens seeking to take over
the parental nest, as discussed above and
reviewed in Michelsen et al. 1986), queens do
produce chemical signals that regulate many
aspects of the swarming process. Different
suites of chemicals produced in multiple glands
(the best studied of which are the mandibular,
Dufour's, tergal, and tarsal glands) and extracts
from queen feces and cuticles have all been
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shown to elicit behavioral responses from
workers in multiple contexts (Lensky and
Slabezki 1981; Slessor et al. 1988; Page et al.
1988; Breed et al. 1992; Wossler and Crewe
1999a, 1999b; Katzav-Gozansky et al. 2003;
Keeling et al. 2003; reviewed in Slessor et al.
2005; Grozinger in press). The mandibular and
tarsal glands have been studied most extensive-
ly in terms of their role in coordinating
swarming behavior. The mandibular glands
produce >20 compounds, five of which (termed
queen mandibular pheromone (QMP)) have
been demonstrated to elicit many of the same
responses as live queens (Slessor et al. 1988;
Grozinger et al. 2003; Hoover et al. 2003). The
three main active components of QMP are 9-
keto-2 (E)-decenoic acid (9-ODA), and R-(—)-
and S-(+)-9-hydroxy-2 (E)-decenoic acid (£9-
HDA). These five QMP compounds synergize
with an additional four compounds (the nine-
component blend is termed queen retinue
pheromone (QRP)) to attract bees over short
distances, though the effects of QRP on
swarming have not been examined (Keeling et
al. 2003). In contrast, we know little about the
chemical composition of the tarsal glands; these
substances are deposited as the queen walks, so
are often called “foot-print pheromones” (Lensky
and Slabezki 1981). Interestingly, two chemicals
found in QRP have also been identified in the legs
or tarsal glands of wasps and bumble bees, where
they may function to mark nest entrances or food
sources in these species (Butler et al. 1969;
Schmitt et al. 1991; Hefetz et al. 1996; Moneti
et al. 1997).

Queen pheromone plays a significant role
in regulating the initiation of new queen
rearing, which is the first stage of the
swarming process. It is hypothesized that a
reduction in the “activity” of queen phero-
mone triggers the initiation of queen rearing
(reviewed in Simpson 1958; Winston 1980,
1987). This reduction in activity could be
because of reduced production of the phero-
mone, reduced concentration (in terms of
units of pheromone/worker) in the colony as
the population increases, reduced transmission
to the edges of the colony where the queen
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cells are preferentially built (because workers
must physically transfer queen pheromone
through the nest in order for queen rearing
to be inhibited, Seeley 1979), or reduced
worker sensitivity to the pheromone. It seems
unlikely that reduced production of the pher-
omone is responsible, because whole body ex-
tracts from swarming and nonswarming queens
contain equivalent quantities of 9-ODA (Seeley
and Fell 1981) and are equally effective in
inhibiting new queen rearing by groups of
queenless workers caged with honeycomb con-
taining young larvae (Butler 1960). Changes in
worker response thresholds have not been exam-
ined, though there are significant differences in
expression levels of genes associated with sensory
processing in workers that depart with the swarm
versus those that remain in the colony (Richards et
al. unpublished data). Reduction in concentration
or transmission of queen pheromone seems to be
the most likely signal. While extracts of live
queens, synthetic QMP, or 9-ODA can all inhibit
initiation of emergency queen rearing in queenless
colonies (Winston et al. 1989; Engels et al.
1993; Melathopoulous et al. 1996; Pettis et al.
1997), adding 9-ODA Ilures to congested
queenright colonies does not effectively in-
hibit queen rearing during the swarming
season (Boch and Lensky 1976). However,
applying QMP as a spray rather than a
stationary lure does delay swarming in
congested colonies (Winston et al. 1991).
Similarly, the addition of both tarsal and
mandibular gland extracts to the edges of the
comb of congested colonies significantly
reduced the production of queen cells, but
either pheromone alone was ineffective
(Lensky and Slebezki 1981). Indeed, in
congested colonies, queens spend significantly
less time on the outer edges of the nest
(Lensky and Slebezki 1981), thereby reducing
transmission to workers of footprint phero-
mones and other contact pheromones.
Naumann et al. (1993) found that a smaller
proportion of workers had detectable levels
of pheromone on their bodies in large
colonies. Thus, pheromone transfer via movement
of the queen or among workers throughout the
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colony is likely compromised at high levels of
congestion, and may trigger the initiation of new
queen rearing.

Queen pheromones also ensure that the
queen successfully accompanies swarming
workers to their new nest site. The area spanned
by a migrating swarm of bees is vast: flying
swarms of 11,000 bees can occupy a space that
is 8-12 m long, 6-8 m wide, and 3—4 m high
(Beekman et al. 2006). The presence of a queen
in an airborne swarm improves the moving
swarm's cohesion—swarm clusters that liftoff
without a queen are much more dispersed,
spanning a diameter of up to 60 m (Morse
1963). Furthermore, if the queen is prevented
from accompanying the flying workers, workers
will return to the last place that they clustered
with her (Avitabile et al. 1975) or move to her
new location if she is placed nearby (Simpson
1963; Morse 1963), thereby ensuring that the
queen remains with the swarm to establish the
new nest. Some components of queen phero-
mone play a clear role in informing swarms of
the presence of their queen. When queens are
prevented from lifting off with swarms but
some workers are marked with 9-ODA, workers
will relocate to their new nest site without
returning for their abandoned queens (Avitabile
et al. 1975). Swarms will also cluster stably
around a lure impregnated with 9-ODA and/or
9-HDA (Butler et al. 1964; Butler and Simpson
1967; Winston et al. 1982). However, while 9-
ODA, 9-HDA, and QMP are attractive to
workers from queenless swarms, whole-queen
extracts or live queens are significantly more
attractive (Boch et al. 1975; Winston et al.
1989). Thus, additional queen-produced com-
pounds may be involved in swarm cohesion,
attraction, and migration. Studies from our
group have found that during liftoff of swarm
clusters (=17 swarms that were created ac-
cording to the methods of Seeley and Buhrman
1999), queens produce additional volatile com-
ponents that are not found in the same queens
when they are in their colonies or in bivouacs
prior to the initiation of house hunting, and
swarming workers are more attracted to the
volatiles produced by a swarming queen versus
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a queen from an established colony (Richards et
al. unpublished data). These results suggest that
queens can modify their pheromonal blend
relatively rapidly under different environmental
or social conditions and that this modified
blend may play a role in swarm attraction
and cohesion, or may signal the initiation of
swarm liftoff. Thus, queens do not appear to
be passive participants in the swarming
process, but instead produce a suite of
chemicals that help to organize it.

5. PHYSIOLOGICAL AND GENOMIC
MECHANISMS UNDERLYING
SWARMING

Like workers in an established colony that
exhibit age-based division of labor (with youn-
ger nurse bees performing brood care and older
forager bees retrieving resources from the
environment), tasks performed by workers in a
swarming colony are also divided among three
distinct classes: workers in swarms who scout,
workers in swarms who do not scout, and
nonswarming workers who remain in the pa-
rental nest. Mounting evidence suggests that,
like nurses and foragers, these bees are distinct
at the genomic, physiological, and behavioral
level. Scouts tend to be older than the other bees
in a swarm, typically in the age range of young
foragers (Gilley 1998). Interestingly, nest-site
scouts are likely to function as food scouts who
search for new floral sources, suggesting that
these bees are “novelty seekers” (Liang et al.
2012). These behavioral differences are
underpinned by differences in global patterns
of gene expression between scouts and
nonscouts, including expression of several
genes involved in biogenic amine signaling
(Liang et al. 2012). Treating workers with
glutamate and octopamine increases scouting
activity (Liang et al. 2012), suggesting that
differences in neurosignalling pathways play a
key role in stimulating this behavior.

Approximately three quarters of workers
depart with a swarm, while the remaining workers
stay in the colony to rear the new queen (Martin
1963; Getz et al. 1982). Interestingly, even bees
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relatively newly introduced into colonies (~2 days
before swarm departure) can join swarms, sug-
gesting that little time is needed to prepare for
swarming (Simpson and Riedel 1964). The factors
underlying the decision to stay or to swarm have
not been elucidated, but overall, swarming bees
are substantially younger than nonswarming bees
(Butler 1940; Winston and Taylor 1980; Winston
et al. 1981; Gilley 1998). The ages of the majority
of the bees in a swarm correspond to the ages of
bees typically performing nursing behavior/brood
care in established colonies (Winston 1987,
Seeley 1995). For example, Winston and Taylor
(1980) found that the mean age of swarming bess
is 10 days of age for Africanized workers and
15 days of age for European workers. Interesting-
ly, in addition to being chronologically younger,
swarming workers may also be physiologically
younger. Levels of juvenile hormone, which pace
behavioral maturation in worker honey bees
(foragers have significantly higher levels than
nurses, and treatment with juvenile hormone
accelerates maturation, Sullivan et al. 2000), are
lower in >16-day-old bees from pre-swarming
colonies versus nonswarming colonies (Zeng et
al. 2005).

Having swarms consist primarily of younger
bees could be beneficial for many reasons. First,
many of the tasks that need to be performed at
the new nest site (comb building and brood
rearing) are typically performed by younger
bees (as noted by Butler 1940). Second, a
younger swarm should lose relatively fewer
bees over the time that it takes to start building
comb and for the first generation of new
workers emerge (~1 month) (Winston 1987).
Third, workers in swarms do not forage for food
until they relocate to their new nest site, thus
they must rely on nutrient reserves that they
carry in their bodies. Though workers fill their
honey stomachs in preparation for swarm
departure (Combs 1972; Leta et al. 1996),
younger nurse bees tend to have greater nutri-
tional stores than older forager bees, including
greater quantities of lipids (Toth and Robinson
2005), glycogen (Leta et al. 1996), and hemo-
lymph levels of the storage protein vitellogenin
(Fluri et al. 1982). Surprisingly, hemolymph
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sugar titers (trehalose, glucose, and fructose)
and body glycogen reserves are not significantly
different in same-aged workers from pre-swarm
colonies versus nonswarm colonies (Leta et al.
1996). Levels of vitellogenin RNA in fat bodies,
however, are significantly higher in bees who
depart with (natural) swarms compared with
those who remain in the parental colony
(Richards et al. unpublished data).

Aside from differences in overall age distri-
bution, are there other factors that distinguish
swarming workers from nonswarming workers?
There is evidence that heritable genetic differ-
ences may underlie the propensity of workers to
join swarms because workers in some patrilines
are more likely to swarm than workers in other
patrilines (Getz et al. 1982; Kryger and Moritz
1997). Furthermore, assessment of patterns of
global gene expression in the brains of pooled
groups of workers that depart with swarms versus
those that remain in the parental colony reveal that
there are ~140 differentially expressed genes
between the two groups (Richards et al. unpub-
lished data), but this is much fewer than ~1,200
genes that are differentially expressed between
scouts and nonscout foragers (Liang et al. 2012).
Genes associated with nursing behavior were
significantly upregulated in the brains of bees
joining swarms, indicating that, in terms of brain-
expression patterns, swarming bees are also more
“nurse-like” than nonswarming bees (Richards et
al. unpublished data). Studies of brain gene
expression patterns in bees performing the vibra-
tion signal (in a nonswarming context) versus
matched, nonsignaling forager bees, also revealed
that this behavior is correlated with differential
expression of ~900 genes (Alaux et al. 2009),
which suggests that bees performing the vibration
signal may also be in a distinct neurophysiological
state compared with nonsignaling bees. Thus,
though swarms generally appear to consist of
thousands of bees acting in concert, there are
undoubtedly subsets of bees in each one with
distinct neurogenomic states and behaviors. Inter-
estingly, there is no evidence of nepotism during
queen replacement and swarming behavior
(Gilley 2003; Rangel et al. 2009), which suggests
that workers cannot distinguish between kin and
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non-kin during this process, and thus the propen-
sity to swarm appears to be based on an
individual's age, genotype, and neurogenomic
and physiological state.

6. EVOLUTION OF SWARMING
BEHAVIOR

Reproductive swarming behavior in honey
bees is likely related to nest relocation behavior.
Most social insect colonies, including bees,
ants, wasps, and termites, have the ability to
move to new nest sites in response to various
cues and under different circumstances
(reviewed in McGlynn 2012). In honey bees,
nest relocation is termed “absconding.” An
absconding colony will abandon its nest, often
consuming any remaining food and cannibalizing
brood before relocating to a new site (reviewed in
Hepburn 2006). “Simple absconding” can occur
rapidly in response to an acute stimulus such as
predation or physical destruction and disturbance
of the nest, while “prepared absconding” (hereaf-
ter termed “migration”) occurs as part of normal
seasonal migration in response to resource limita-
tion (terms defined in Hepburn 2006). While all
Apis species must reproductively swarm (because
queens are incapable of independently founding a
nest and workers cannot mate), simple absconding
and migration are rarely observed in temperate
Apis mellifera subspecies, but are quite common
in tropical A. mellifera subspecies, as well as
other tropical Apis species, including A. dorsata,
A. florea, A. cerana, A. andreniformis, and A.
laboriosa (reviewed in Matsuka et al. 1998;
Hepburn 2006; Duangphakdee et al. 2012).
Seasonal migration occurs regularly in tropical
Apis species, with the majority of colonies
relocating nest sites throughout the year
(Venkatesh and Reddy 1989; Schneider 1990a;
Sihag 1998).

It is not clear if reproductive swarming in
honey bees evolved from migratory behavior, or
vice versa, because Apis species display both
forms of behavior and related species exhibit
one behavior or the other. Genomic studies
indicate that temperate 4. mellifera subspecies
evolved from populations that migrated out of
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subtropical Africa (Ruttner 1987; Hepburn and
Radloff 1998; Whitfield et al. 2006a), and
because African subspecies both migrate and
swarm while temperate subspecies only
swarm, it suggests that temperate subspecies
have largely lost migratory behavior. Stingless
bees (Meliponini) also perform reproductive
swarming, in which a virgin queen and a subset
of the workers establish a new nest site in close
proximity to the old nest, initially relying on the
parental colony for resources (reviewed in Roubik
2006; Michener 2013). However, stingless bees
are unable to migrate (Roubik 2006), though cases
of simple absconding have been reported (Inoue et
al. 1984). Temperate wasps species that do not
reproduce by swarming can abscond, while some
tropical wasp species abscond, migrate, and
reproductively swarm (West-Eberhard 1982).
Finally, in ants, reproduction through colony
fission (versus independent founding by a
queen) is thought to be a derived trait that is
expressed in only a subset of species (Peeters
and Ito 2001), whereas many ant species are
capable of relocating their nests (McGlynn
2012), suggesting this behavior is relatively
older. Thus, the ability to store and transport
resources over long distances in reproductive
swarms may have facilitated the evolution of
migratory behavior, or vice versa, but these
phenomena likely evolved independently multiple
times.

If reproductive swarming is related to migra-
tory behavior, then it would be predicted that
many of the same social, physiological, and
molecular mechanisms regulate these two pro-
cesses. While most of these parameters have not
been well investigated for migratory behavior,
those that have reveal both commonalities and
differences. Like swarming colonies (see above),
migrating A. mellifera scutellata colonies in
Botswana experience an increase in population
size and food stores compared with nonmigrating
colonies (Schneider and McNally 1992), but
migrating colonies of Africanized bees in South
America do not (Winston and Taylor 1980). While
egg laying can be reduced (Allen 1955, 1956)
or continuous (Pierce et al. 2007) in colonies
of European honey bees immediately prior to
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reproductive swarming, queens in pre-migratory
A. mellifera scutellata colonies cease egg laying
altogether (Schneider 1990a) and a significant
reduction in brood rearing 3-4 weeks before
departure is indicative of preparations for migra-
tion (Winston 1979; Schneider 1990b; Schneider
and McNally 1992). Furthermore, there are signif-
icantly fewer interactions (feeding, harassing)
observed between workers and pre-migratory
A. mellifera scutellata queens versus pre-swarming
queens, and pre-migratory queens are not vibrated
at all (Schneider 1990a). While migrating and
reproductive swarming A. mellifera scutellata
workers both engorge on honey prior to departure,
migrating workers carry relatively larger volumes,
enough to allow them to fly almost twice as far as
swarming workers (121 versus 71 km, respective-
ly) (Otis et al. 1981). Migrating workers also
perform “migration dances,” which resemble
waggle dances in that a worker moves her
abdomen side-to-side while walking forward in a
straight line, but rather than returning to her starting
position, she simply walks forward and then
restarts the waggle (Koeniger and Koeniger 1980;
Dyer and Seeley 1994; Schneider and McNally
1994; Dyer 2002; Lewis and Schneider 2008). The
distances communicated by migration dances are
significantly greater than what is communicated by
foraging-associated waggle dances, and the varia-
tion in dances performed by an individual and
between individuals is substantial (Schneider and
McNally 1994; Lewis and Schneider 2008). In
migrating 4. mellifera scutellata colonies, swarms
travel in roughly the same direction indicated by
the migrating dances, so dances may serve to
prepare a colony to migrate and/or inform workers
of the general direction of travel (Schneider and
McNally 1994). Interestingly, 2 weeks prior to
reproductive swarming, workers in European
honey bee colonies also perform migration dances,
but substantially fewer workers perform them (4—8
dances/colony versus 20-75 dances/colony for
migrating A. mellifera scutellata) and dances are
not oriented toward the direction of travel (Lewis
and Schneider 2008). Thus, it is unclear whether
these dances serve a function or are simply an
evolutionary remnant of the loss of migratory
behavior in temperate A. mellifera (Lewis and
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Schneider 2008). Overall, although there are some
common elements in the preparation for reproduc-
tive swarming and migration (worker engorge-
ment, migration dances), worker—queen
interactions for each phenomenon are quite dis-
tinct.

While the genomic and physiological path-
ways underpinning migratory behavior have not
been characterized, and those regulating repro-
ductive swarming behavior are only beginning
to be characterized, it is likely that these
pathways are related to those involved in
overwintering in temperate honey bee subspe-
cies, estivation in tropical honey bee subspecies,
and, finally, diapause in solitary insects. During
all of these processes, individuals experience
conditions in which they cannot readily forage
for nutritional resources. “Diapause” is a com-
mon response of many solitary insect species to
stressful environmental conditions in which
nutritional resources are limited. Diapausing
insects enter a period of dormancy marked by
increased physiological nutrient stores, reduced
reproduction, metabolism, and activity, and in
some cases, increased lifespan (reviewed in
Denlinger 1986, 2002; MacRae 2010; Hahn
and Denlinger 2011). These pleiotropic changes
appear to be due to modifications in core
metabolic pathways, including insulin signaling
(Denlinger 2002; Kankare et al. 2010; MacRae
2010). It is possible that similar pathways
underlie swarming, migrating, and overwintering
behavior in honey bees. Indeed, swarming and
overwintering workers have a more nurse-like
physiology, they are longer lived, and have
increased nutritional stores (Butler 1940; Winston
and Taylor 1980, Winston et al. 1981, Fluri et al.
1982; Gilley 1998; Kunert and Crailsheim 1988;
Huang and Robinson 1995; Page and Peng 2001;
Zeng et al. 2005). Finally, similar social cues may
be used to trigger these processes. Both migrating
and overwintering bees experience a decline in
brood production (Winston 1979; Schneider
1990a, 1990b; Schneider and McNally 1992;
Mattila and Otis 2007), and reproductively
swarming bees experience a complete break in
brood production as they establish a new nest. In
established colonies, removal of young bees or
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brood arrests the development of older bees, such
that they remain in the nursing state longer (Fluri
et al. 1982; Huang and Robinson 1996). Thus,
linking changes in nutritional and social cues to
changes in worker physiology and longevity may
give colonies the ability to survive a variety of
different conditions in which brood rearing is
interrupted or otherwise not possible (Maurizio
1950; Mattila and Otis 2007).

7. FUTURE DIRECTIONS

Swarming in honey bees provides a fascinat-
ing example of collective behavior involving
thousands of individuals in an array of different
behavioral and physiological states who cooper-
ate to execute an intricate behavioral process that
can span multiple locations, phases, and days.
Decades of sophisticated research have provided
a detailed understanding of the numerous behav-
ioral signals that are used to coordinate this
process. However, our understanding of the
chemical signals that are associated with these
behaviors and the molecular mechanisms that
underlie them is in its infancy, and the array of
techniques that are available to study these
phenomena have not been fully exploited. For
example, using recently developed, sensitive
analytical techniques (solid phase microextraction)
to nondestructively sample the volatile chemicals
that are produced by individuals while they behave
naturally, we demonstrated that queens are not
simply passive participants in the swarming
process, and in fact provide important signals that
help to coordinate swarming (Richards et al.
unpublished data). While it remains to be deter-
mined whether other physical and auditory signals
accompany these chemical signals, this recent
example suggests that there are likely many
unidentified signals produced by individuals with-
in swarms that help coordinate the swarming
process. Furthermore, there is evidence to suggest
that the response of workers to chemical signals
can differ greatly in established colonies versus
swarms. For example, in established colonies, 9-
ODA only weakly attracts workers from short
(centimeters) distances (Slessor et al. 1988;
Grozinger et al. 2007b), while it appears to inform
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workers of a queen's presence in dispersed, flying
swarms (Avitabile et al. 1975). Furthermore, in
established colonies, foragers do not interact with
the queen and are not attracted to queen phero-
mone (Seeley 1982; Grozinger and Robinson
2007), while forager-aged scout bees seck out
and physically contact the queen in swarm clusters
(Pierce et al. 2007). Thus, there may be an entire
network of both modified and unique nonchemical
and chemical signals that are exchanged within a
swarm that were previously impossible to capture
using traditional analytical tools.

Similarly, our ability to monitor genome-wide
expression patterns in tissues of individual bees
can provide us with a very detailed understanding
of the types of bees that make up a swarm, and a
better understanding of how they interact. Geno-
mic studies have already demonstrated that
distinct neurogenomic states are exhibited by
scouts versus nonscouts (Liang et al. 2012), bees
producing vibration signals versus those who do
not (Alaux et al. 2009), and bees who depart with
swarms versus those who stay in the nest
(Richards et al. unpublished data). Continued
investigation at the genomic and physiological
levels can help us to understand why only a small
handful of individuals produce the key signals that
coordinate the swarming process, and why only a
subset of receivers actually respond behaviorally
to these signals in some of its phases (i.e., exodus)
and all receivers respond in others (i.e., swarm
liftoff). Furthermore, we can determine whether
swarming behavior is dynamic at the
neurogenomic level, with different sets of genes
potentially coordinating different stages of the
swarming process. We will be able to determine
whether a large population of nonscout,
nonsignaling bees in a swarm enter a similar state
regardless of their previous experience or physi-
ological state, or whether a swarm is instead made
up of amyriad of different types of bees, each with
different proclivities in terms of their sensory
thresholds, their behaviors, and the tasks they
initially perform in the new nest. A genomic
approach will also allow us to determine whether
common genes and pathways underlie the appar-
ently similar behaviors and physiological states
that are associated with reproductive swarming,
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overwintering in temperate honey bees, and
migration and estivation in tropical honey bees.
If common genes and gene pathways are indeed
associated with these distinct processes, the next
step will be to determine whether these genes also
mediate diapause in solitary species. If so, then it
would suggest that ancient pathways regulating
responses to nutritional and environmental stress
have been co-opted to allow honey bees to adapt to
a wide array of ecological conditions.
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