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Me and we: the interplay between individual and group
behavioral variation in social collectives
Adria C LeBoeuf1 and Christina M Grozinger2
In social insects, substantial behavioral variation exists
among individuals and across colonies. Here, we discuss the
role of individual variation in shaping behavioral tendencies
of social groups, and highlight gaps in our knowledge about
the role of the social group in modulating individual
behavioral tendencies. We summarize our knowledge of the
genetic mechanisms underpinning these processes, and
describe the use of genomic tools to better understand the
influence of social context on individuals. We discuss rapid
collective phasic transitions, in which a group of individuals
engages in a common novel behavior together, as a
potentially highly informative model system in which to
comprehensively investigate the interplay between individual
and group variation.
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extent can and do individuals change their tendencies
depending on their social environment (e.g., the behavioral tendencies of their group)? In this review we will
consider variation on the individual scale, variation on the
group scale, and the interplay between them in social
insects. Furthermore, we discuss the application of molecular and genomic approaches to understand the mechanisms mediating these processes.
Discussions of the effects of individual behavioral variation on group function in social insects have largely
focused on mature colonies and established social groups,
in which individual variation leads to improved division of
labor of colony tasks [4,5,6]. However, the behavior of
social insect colonies changes over time as colonies form,
mature, and eventually die, and the behavioral tendencies
of the individuals may change correspondingly [7].
Furthermore, colonies can undergo rapid collective phasic transitions, such as migrating or swarming, wherein a
large number of individuals, regardless of their current
behavioral or physiological state, engage in a common
behavior simultaneously [8–10]. These rapid collective
phasic transitions thus appear to be a special case of social
behavior, in which the social signals generally override
individual variation. We discuss examples and possible
roles of individual variation in shaping these processes.
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Introduction
Individuals in social insect colonies can vary significantly
in their behavioral tendencies — their propensity to
engage in particular behaviors — and there is mounting
evidence that a great deal of behavioral variation exists
across colonies as well [1,2]. While there have been
many studies examining how group behavior emerges
from individual behavior through self-organization [3],
how individual variation and group variation influence
each other has not been comprehensively considered in
social insects. For example, is the group’s behavior simply
an average of the behavioral tendencies of the individual
group members, or do some individuals disproportionately affect group behavioral tendencies? To what
www.sciencedirect.com

In all animal species, including in social insects, individuals can vary profoundly in their behavioral tendencies
(for excellent recent reviews, see Refs. [1,2]). Behavioral variation often results from differences in response
thresholds to key sensory stimuli, where some individuals
respond rapidly to cues presented at low intensities, while
others require prolonged exposure to high intensities of
these cues before a response is elicited [11,12]. Simple
shifts in sensory sensitivity can result in global shifts in
an organism’s social behavior: for example, honey bee
workers with high response thresholds to queen pheromone are more likely to activate their ovaries and compete with the queen over reproduction [13], less likely to
rear new queens if the queen is lost [14], and exhibit
distinct genome-wide brain gene expression patterns [15]
compared to workers with low response thresholds.
Individual variation in response thresholds can be relatively stable over the lifetime of an individual (if it is due
to genetic variation or early developmental factors) or
change as a result of condition (age, reproductive status,
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immune status), experience (including learning), social
interactions, or environmental context (reviewed in Refs.
[1,2]). Few studies have examined whether the same
regulatory neural and genetic mechanisms underlie behavioral differences that are stable between individuals or
plastic throughout an individual’s lifetime, though recent
genomic studies suggest this is likely to be the case [16];
for example, a common set of genes is differentially
expressed between workers from aggressive Africanized
and more docile European honey bee strains (genetic
variation), between aggressive older bees and more docile
younger bees (age-dependent variation), and between
honey bees that are exposed to alarm pheromone or
solvent controls (environmental/social context variation).
Interestingly, expression of a specific subset of these
genes is associated with aggressive behavior in honey
bees, paper wasps, and mice, suggesting that these genes
may mediate aggressive tendencies across species [17].
Many recent studies of individual variation have been
devoted to the analysis and documentation of ‘keystone’
individuals, individuals who have a disproportionately
large, and in some cases, irreplaceable effect on group
dynamics in relation to generic individuals (as defined
and reviewed over many animal species in Ref. [18]). As
noted by Modlmeier et al. [18], in reference to social
insects, the only true fixed, irreplaceable keystone individuals are queens. Workers can occupy keystone roles,
though this is typically temporary and these workers can
be readily replaced by their nestmates [19]. Keystone
workers may be those that have especially low response
thresholds for a specific task-associated signal and thus
respond very rapidly. While there have been several
studies examining the genomic mechanisms distinguishing queens and workers in social insect species (for
examples see Refs. [20–23]), there have been few studies
of the genomic mechanisms that distinguish keystone
workers from their nestmates. A recent study of scout
honey bees (which seek out novel food resources in their
environment and subsequently recruit their nestmates)
demonstrated that these bees have distinct brain gene
expression profiles compared to their non-scout foraging
nestmates [24]. Expression of several genes involved in
biogenic amine signaling differed between the two
groups. Treating colonies with octopamine and glutamate resulted in increased overall scouting behavior,
while treatments with dopamine antagonists inhibited
it. Comparative studies in other model systems will be
necessary to determine if common genes underlie scouting behavior across social insect species. Additionally, it
would be of great interest to determine if common genes
underlie the behavior of different types of keystone
individuals, even if the behaviors of those individuals
are quite distinct. For example, keystone behaviors
could arise from the tuning of molecular activators such
as hormones (discussed in Ref. [13]), biogenic amines
[25], or neuropeptides [26,27].
Current Opinion in Insect Science 2014, 3:1–9

Social insect collectives also exhibit variation in their
group behavioral traits, with three predominant modes
of variation: stable — inter-colony differences that remain
intact over the lifetime of the colony, developmental —
shifting over the course of colony maturation, and phasic — behaviors that vary over short timescales (Figure 1).
We will focus on stable group behavioral variation and
discuss rapid collective phasic transitions in a later
section. Social insect colonies exhibit stable variation
in aggressiveness, foraging choices, queen number
(reviewed in Refs. [1,2]). In many cases, these differences are due to genotypic differences, though the underlying genetic mechanisms have not always been
characterized. Pogonomyrmex barbatus colonies surveyed
over 30 years show heritable behavioral variation in their
foraging choices, with parent and offspring colonies
selecting similar days to forage in terms of the desiccation
threat vs. foraging pay-off [28]. In populations of Apis
mellifera honey bees selected for pollen versus nectar
foraging at the colony level, there are genomic differences
associated with the insulin signaling pathway [29,30]. A
bimodal colony-wide type of variation occurs in the fire
ant Solenopsis invicta, associated with a non-recombining
region encompassing the Gp-9 locus. Whether the
workers accept one or multiple queens in their colony
depends on which Gp-9 alleles are present in the workers
and in the queen [31,32] (Figure 2). Other physiological
traits are also linked with the Gp9 allele: monogyne forms
typically produce larger and more fecund queens, larger
workers, and more alates than do same-sized polygyne
colonies [33].

What is the effect of individual variation on the
social group?
In general, stable, genetic variability across individuals
plays a largely positive role in the performance and fitness
of social groups [4,5], likely through facilitation of
division of labor. Based on differing response thresholds
and spatial location, individuals segregate themselves
amongst different tasks [6,34,35,36,37], with increased
task specialization often leading to increased efficiency
[37,38,39,40]. However, an individual’s behavioral
tendencies can also alter the overall behavioral tendencies
of the group, though effects that can be variable and nonadditive, reflecting the interactions between the individual
and its nestmates.
The type of effect (linear vs. non-linear) that individual
variation has on the group’s behavioral tendencies
depends on the type of behavior, mode of communication
or information transfer, and responsiveness of the group
members (Figure 3). In simple stimulus-response behaviors, individual members shape the group’s behavior in
an additive, linear, manner; for example, several individuals encounter a stimulus (i.e., a corpse) but only a subset
of high-responding individuals responds to that stimulus
(and remove the corpse [41]). In such a case, for a given
www.sciencedirect.com
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Schematics demonstrating modes of group-scale variation. (a) A colony can vary in the stable behavioral traits of its component members, here with
thicker lines indicating a larger number of colony members. Timescale: colony lifetime [1,29,70]. (b) Developmental variation can vary the strength of
division of labor over the lifetime of a colony: small colonies require workers to multi-task more, while large colonies can afford greater task
specialization. Timescale: Months to years [37,38,39,40]. (c) Rapid collective phasic transitions between different behavioral states in locusts. Solid
lines correspond to stable states, while dotted lines correspond to unstable transition states, with the gap between the dotted lines indicating the
extent of hysteresis [64]. (d) Rapid collective phasic transitions across stable states in swarming honey bees. Solid lines and point correspond to stable
states, while dotted lines correspond to unstable transition states. When a honey bee colony becomes large and dense (threshold density signified by
the dashed gray line), the honey bees swarm: a subset of the honey bees leave the home nest together, migrate to a temporary location, and form a
bivouac; when a new nest site has been decided upon (decision threshold not pictured in the schematic), the bivouac group then migrates en masse to
the new site. [43,66].

number of corpses, the rate of corpse removal should scale
with the number of low-response-threshold individuals in
the group. In cases of positive feedback loops where a
signal is amplified, such as recruitment, effects of individual variation on the group are by definition non-linear
[42]. The degree of response amplification in recruitment depends on the means of recruitment. Active
recruitment that alters the response thresholds of many
other individuals yields a highly non-linear effect. When a
honey bee recruits other bees to a new food resource with
a waggle dance, she changes the behavior of many others
simultaneously, who after visiting the resource themselves, may recruit more bees with their own waggle
dances [43]. Recruitment methods such as tandem running in ants, where a single ant recruits others one by one,
exert a more mildly non-linear effect on the colony [44].
Non-linear responses can also come about by passive
means through a process called stigmergy, where for
example, bystanders may simply join others that are engaging in a certain behavior [34,45]. Thus, in the absence of a
positive feedback loop, the group’s behavior should reflect
www.sciencedirect.com

the average behavior of the colony members, but if positive
feedback is used, the group’s behavior is predicted to be
driven by that of the most responsive member — which
could correspond to an individual occupying a keystone
role (Figure 3). Note, however, that colony-level behaviors
generally involve a combination of many individual-level
behaviors and are often brought about by different types of
positive and negative feedback.
There are several examples in which social groups of
individuals with mixed behavioral tendencies have been
created and the impacts on the groups’ behavioral
tendencies have been examined. The effect of the Gp-9
non-recombining region on polygyny and monogyny in
fire ants represents a non-linear effect (Figure 2): the
queen-acceptance behavior of an entire monogyne
Gp-9B/Gp-9B colony can be shifted from single-queen
acceptance to multiple-queen acceptance if only 5–10%
of the colony’s workers have the Gp-9b allele [32]. These
experiments suggest that this small proportion of workers
is actively influencing the behavior of the other 90% of
Current Opinion in Insect Science 2014, 3:1–9

Please cite this article in press as: LeBoeuf AC, Grozinger CM: Me and we: the interplay between individual and group behavioral variation in social collectives, Curr Opin Insect Sci (2014), http://
dx.doi.org/10.1016/j.cois.2014.09.010

COIS-49; NO. OF PAGES 9

4 Social Insects

Figure 2

workers

Gp-9B/Gp-9B
individual

threshold percentage for colony-wide behavioral change

proportion of Gp-9B/Gp-9b workers

Gp-9B/Gp-9b
individual

accepted
queen(s)

Monogyne

Monogyne

Polygyne

Polygyne

Gp-9B/Gp-9B

Gp-9B/Gp-9B

Gp-9B/Gp-9b

Gp-9B/Gp-9b
Current Opinion in Insect Science

Polygyny and monogyny in fire ants. Fire ants exhibit a colony level dimorphism controlled by a large non-recombining region encompassing the Gp-9
allele: when the colony is composed of only Gp-9B/Gp-9B (dark red) workers, they will accept only a single queen of their same genotype; if as few as
5% of the colony’s workers are of the Gp-9B/Gp-9b genotype (light red), the colony will accept multiple queens specifically of the Gp-9B/Gp-9b
genotype and will execute any queens with a Gp-9B/Gp-9B genotype [31,32,33,62]. Note that the Gp-9b/Gp-9b genotype is lethal.

workers likely through some highly propagated or volatile
signal. In social spiders, the foraging success of the group
corresponds to the foraging abilities of its most aggressive
members [46]. However, while a group’s ‘boldness’ (the
latency to investigate a possible prey item) correlates most
strongly to the behavior of the boldest individual, it also is
significantly correlated with the average boldness score
across the group [47]. Studies of honey bee colonies
consisting of a mix of defensive and gentle bees indicate
that the guards (which are arguably functioning as keystone
individuals) responded as rapidly as in defensive colonies,
but the number of bees subsequently recruited was intermediate between gentle and defensive colonies [48]. In
mixed colonies of docile European and more aggressive
Africanized honey bees, the Africanized guards attacked a
stimulus first, and subsequent responders were mixed
genotypes [49]. Thus, in this case, the group behavior
reflects both the response thresholds of keystone individuals and recruited individuals.
The signals produced by individuals to influence their
nestmates are regulated by genomic mechanisms, but
these have not been studied comprehensively. In honey
bees, pheromones strongly influence worker behavior,
and there is ample evidence that exposure to specific
pheromones can trigger gene expression changes
Current Opinion in Insect Science 2014, 3:1–9

corresponding to the associated behavioral changes in
recipient bees [16,50,51]. Few studies, however, have
examined which genes actually regulate the production
of pheromones in social insects. A recent study examining
the gene expression patterns in the pheromone-producing mandibular glands of honey bee queens, queenright
workers, queenless reproductive workers and queenless
sterile workers demonstrated that while caste differences
have the strongest influence on gene expression patterns,
social context had a significantly stronger effect than the
reproductive state [52]. Thus, the social context can
influence the expression of genes involved in the production of the social signals that create social context.

What is the effect of the group on the
individual’s behavior?
An individual’s behavior is clearly strongly influenced by
the social cues and signals (such as pheromones) it receives
from other members of its social group [1,53]. On a larger
scale, the overall behavioral tendencies of the group can
impact the behavior of the individual. For example, in
honey bee colonies of 50% mixed aggressive Africanized
and 50% docile European bees, Africanized bees were
more likely to guard than European bees, but there was
no difference in guarding behavior between these two
genotypes in colonies of 25% Africanized, 75% European
www.sciencedirect.com
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The effect of individual variation on colony behavioral tendencies. Individual variation can alter the group phenotype either linearly or non-linearly
(a). When the colony behavioral phenotype is an average of the component individual behavioral phenotypes, the mechanism can be assumed to be
linear. Alternately, when the colony behavioral phenotype reflects the most extreme individual(s), the mechanism is likely to be non-linear. This linearity
or non-linearity comes about through the strength and dynamics of the interactions between individuals in the group (b). Namely, when a positivefeedback loop is employed to recruit or amplify a response, more extreme individuals who initiate these responses will have a disproportionately large
effect on the group. Note, however, that colony-level behaviors may reflect a combination of linear and non-linear behaviors.

bees [54]. In cross-fostering experiments with anarchistic
honey bee workers (which activate their ovaries even in
the presence of a queen and brood) and wild-type
workers, anarchistic bees always activated their ovaries
more readily than wild-type workers under any condition, but both types of bees were more likely to activate
their ovaries when housed in an anarchistic colony,
suggesting reduced production of queen and brood
pheromones (which typically inhibit worker reproduction [55]) in anarchistic colonies [56]. In many cases, it is
possible that the behavior of the individual simply
reflects its response thresholds in the context of the
group: for example, a moderately aggressive individual
in the presence of highly aggressive individuals may not
exhibit aggression.
However, several recent studies suggest that the effect of
the social group can go beyond simply ranking individuals
according to their response thresholds. When honey bees
from genotypes displaying low levels of hygienic behavior
(removal of diseased larvae) were caged with bees displaying high levels of hygienic behavior, the low-line bees
actually increased their hygienic activity [57]. This
increased task performance did not appear to be due to
recruitment by the high-line bees, but rather to a more
general effect of the social context. Studies of fanning
behavior in small groups of caged honey bees demonstrated that group size strongly influenced the likelihood
that individual bees would fan (a greater percentage of
bees fan in larger groups) as well as the temperature
threshold at which fanning would be initiated (larger
groups fan at lower thresholds) [58]. Group size also
www.sciencedirect.com

influences information flow through colonies: larger colonies of honey bees with intact dance language were more
efficient at recruiting foragers to new food resources
than smaller colonies [59]. Thus, individual response
thresholds and information flow, both of which shape
group behavior, can change with group size and likely
with other components of group dynamics (for review of
effects of group size see Ref. [60]).
A number of studies on global gene expression patterns
across many social insect species have demonstrated
that social environment often has a greater impact on
global gene expression than an individual’s own reproductive state (in fire ants [61,62], papers wasps [17],
bumble bees [63] and honey bees [52]). Furthermore, in
the case of paired fire ant foundresses which formed
hierarchies with a dominant and subordinate foundress,
switching the dominance rank by switching partners had a
greater impact on gene expression patterns than the rank
itself [61]. In the case of the Gp-9 non-recombining
region in fire ants (Figure 2), when comparing workers
of the same genotype, Gp-9B/Gp-9B, in either the social
context of monogyne colonies (with Gp-9B/Gp-9B queens
and workers) or polygyne colonies (which contain both
Gp-9B/Gp-9b and Gp-9B/Gp-9B workers and multiple
Gp-9B/Gp-9b queens), worker gene expression profiles
reveal a greater effect of the colony’s behavioral phenotype than of the worker’s own genotype [62]. Thus,
genomic expression patterns can represent a sensitive
bioassay for the effects of social context, but the function
of these expression differences and the cues that regulate
them remain to be determined.
Current Opinion in Insect Science 2014, 3:1–9
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The role of individual variation in rapid
collective phasic transitions
Social insect colonies can also exhibit rapid collective
phasic transitions during their lifecycle. In these behaviors, multiple individuals, regardless of their current
activities, are induced to perform a coordinated behavior,
such locusts transitioning from solitary to gregarious
phase [64], ants engaging in mating flights [65], as well
as reproductive colony fission and colony migration in ant,
bee and wasp species [9,10,65,66]. For example, when
honey bee colonies undergo reproductive fission —
‘swarming’ (reviewed in Refs. [43,66]) — thousands of
bees forego their normal behavioral diversity and transition through a series of stereotyped behaviors: exodus of
the swarm from the mother colony, temporary relocation
to a bivouac while scouts search for a new nest site, lift off
of the swarm and finally migration to the new nest site to
establish the new colony. These unified transitions
through a specific series of stereotyped behaviors are
analogous to a dynamical system transitioning through
stable fixed points (Figure 1d).
As in other social behaviors, rapid collective phasic transitions can be brought about by active signaling from
keystone individuals, as in swarming in honey bees
[43,66] or colony migration in some ants [9]. In the
case of honey bees, when colony exodus or swarm liftoff
is imminent, a small subset of individuals (the scouts,
representing 5% of the swarm) use vibration signals,
piping, and/or buzz-running to activate the other individuals in the group and trigger swarm movement. These
scouts also search for and select the new nest site, and
lead the airborne swarm to the new nest by performing
‘streaking’ behavior, in which they fly rapidly in the
direction of the new nest. Thus, a small handful of keystone individuals are responsible for directing the swarm’s
behavior and movement. Interestingly, the same bees that
serve as scouts during swarming serve as scouts for new
foraging resources in established colonies, and thus common genomic and neurophysiological processes likely
drive these behaviors [24]. It is unknown if there is differentiation among the non-scout bees in the swarm: typically,
the young bees in the colony join the swarm and thus they
are likely not particularly variable since they are in the very
early stages of behavioral maturation, but there does
appear to be genetic variation in the likelihood to join a
swarm (reviewed in Ref. [66]). In Temnothorax ants, a group
of individuals initiate scouting and evaluation of new nests,
and then recruit others through tandem running. The
scouts and recruits then physically carry the remaining
ants to the new nest site. Thus, the recruits may exhibit
a phasic transition in their behavioral state, but the
individuals who are simply carried to the new site likely
do not experience any behavioral change. Interestingly,
among the primary scouts there can be significant variation
in their effectiveness to find nest sites and recruit others
to those sites, due to their previous experiences [67].
Current Opinion in Insect Science 2014, 3:1–9

Rapid collective phasic transitions can also be brought
about passively, through an integration of group status by
each individual, which in turn translates to behavioral
change. Colony fission in both honey bees [43,66] and in
Temnothorax ants [68] is correlated with a threshold innest density, a passive measure. In honey bees, increasing
population size and density is thought to limit the distribution of queen pheromones throughout the colony,
triggering the production of new queen rearing which
is the earliest indicator that a colony is preparing to swarm
[43,66]. Within-nest population density in Temnothorax
ants is correlated with polydomy, such that ant colonies
undergoes fission and separate into multiple nests when
population density inside the nest is high [68]. In locusts,
an increase in population density promotes the individual
to transition from the solitary to the gregarious phase [64].
Increasing population density leads to changes in levels of
microRNA-133 in the brain of individual locusts [69].
This microRNA triggers changes in expression of various
genes involved in the dopamine synthesis pathway,
resulting in the dramatic behavioral, physiological, and
morphological changes associated with this behavioral
phase change [64,69]. Shifts between these two phases
are even accompanied by hysteresis (Figure 1c), such that
population densities that triggered the shift to gregarious
phase needed to be greatly reduced to initiate the transition back to solitary phase [64].
Rapid collective phasic transitions represent a special
type of social behavior, in which the group social behavior
temporarily overrides the variation present in individuals,
and thus provides a fascinating system in which to
examine the interplay between individual and grouplevel behavioral variation. For example, unlike stable
social groups, there is low behavioral variation amongst
individuals engaging in these phasic transitions. In these
cases, behavioral diversity might negatively affect group
function, though this remains to be tested. The individuals participating in a rapid collective phasic transition
appear to enter a common behavioral state, suggesting
that pre-existing preferences and tendencies may be
erased, and it is unclear if and how these re-emerge after
the phasic transition is completed, and how this process is
regulated at the genomic and neurophysiological level.
Finally, it remains to be determined what mechanisms
allow the keystone individuals (i.e., the scout bees) to
remain immune to the effects of the social group and able
to maintain their own distinct behavioral repertoires.

Conclusion
Social insects exhibit considerable inter-individual and
inter-colonial variation in behavior, as well as behavioral
shifts that take place over different timescales in both
the individual-scale and colony-scale. Furthermore, the
behavioral tendencies of the individual influence the
tendencies of the group, and vice versa (‘me’ affects
‘we’ and ‘we’ affects ‘me’). However, the relative strength
www.sciencedirect.com
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of these effects has not been broadly considered (for
example, to what extent can the group override the
tendencies of the individual? To what extent are group
behaviors the result of additive or synergistic interactions
among individual group members?). Just as network
motifs such as feedback loops have been extremely helpful in the understanding of genetic and neural circuits
[42], these structures can also inform our experimental
approaches to social networks, where qualitatively different behaviors emerge based on the strength and dynamics
of the component social interactions. While there has
been ample research on the proximate mechanisms mediating individual variation, we have less information about
the genes that underpin the production of social signals
which in turn influence group dynamics, and the genes
that are responsive to social context. Finally, studying the
interactions between the individual and the group during
rapid collective phasic transitions may be particularly
informative. As in stable groups, individuals can influence
the group’s behavior through active or passive mechanisms, but because these individuals will eventually perform the same behavior, the resultant changes are quite
dramatic. While the majority of the studies examining the
interplay between individual and group behavioral
tendencies have used stable groups, social groups themselves are dynamic: the role that individual variation plays
in the functioning of the group under diverse social and
environment conditions is an open area for investigation.
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