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ARTICLE INFO . . . . . . o
The survival of an animal society depends on how individual interactions influence group coordination.

Interactions within a group determine coordinated responses to environmental changes. Individuals that
are especially influential affect the behavioural responses of other group members. This is exemplified by
honey bee worker responses to increasing ambient temperatures by fanning their wings to circulate air
through the hive. Groups of workers are more likely to fan than isolated workers, suggesting a coordi-
nated group response. But are some individuals more influential than others in this response? This study
tests the hypothesis that an individual influences other group members to perform thermoregulatory
fanning behaviour in the western honey bee, Apis mellifera L. We show that groups of young nurse bees
placed with fanners are more likely to initiate fanning compared to groups of nurses without fanners.
Furthermore, we find that groups with young nurse bees have lower response thresholds than groups of
just fanners. Our results suggest that individuals have the capability to influence other individuals to
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i:igl:tzi asts follow their fanning response as temperatures increase, and these social dynamics balance probability of
leader fanning with thermal response thresholds. An influential individual may ultimately affect the ability for a

society to efficiently respond to environmental fluctuations.
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The success of complex societies is facilitated by the division of to environmental perturbations (Duffy et al, 2002; Jones,

tasks among individuals (Camazine et al., 2003; Chittka & Muller,
2009; Duffy, Morrison, & Macdonald, 2002; Wilson, 1971). Within
a social group, individuals vary in how they respond to environ-
mental stimuli (Beshers & Fewell, 2001; Emerson, 1956; Jeanson &
Weidenmiiller, 2014; Oster & Wilson, 1978; Pacala, Gordon, &
Godfray, 1996; Robinson, 1992; Sih & Watters, 2005;
Weidenmiiller, 2004). This variation allows an individual to
respond to labour demands in a flexible and adaptive manner
(Oldroyd & Fewell, 2007; Stabentheiner, Kovac, & Brodschneider,
2010; Theraulaz, Bonabeau, & Denuebourg, 1998). For example,
during bouts of social predation in chimpanzee, Pan troglodytes,
troops the presence of certain individuals with greater hunting
motivation increases economic profitability by promoting cooper-
ation (Gilby, Eberly, & Wrangham, 2008). Some studies suggest that
individual behavioural variation creates flexibility within group
dynamics, which allows for greater robustness in colony responses
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Myerscough, Graham, & Oldroyd, 2004; Pruitt & Keiser, 2014;
Pruitt & Riechert, 2011; Stabentheiner et al., 2010; Vodovotz, An,
& Androulakis, 2013). For example, worker bees (middle-aged
bees) who perform fanning behaviour (also known as ‘fanners’) do
so more often in groups than as individuals, demonstrating social
efficiency during environmental stress (Cook & Breed, 2013; Cook,
Durzi, Scheckel, & Breed, 2016; Cook, Kaspar, Flaxman, & Breed,
2016; Weidenmiiller, Kleineidam, & Tautz, 2002). While many ex-
amples such as these support the idea that individual variation
ultimately affects the group response (Bonabeau, Theraulaz, &
Deneubourg, 1998; Levin, 1998; Modlmeier, Keiser, Watters, Sih,
& Pruitt, 2014; Pruitt & Pinter-Wollman, 2015; Stabentheiner
et al, 2010), little experimental work has been conducted to
determine individual behaviour and how presence or behaviour of
an individual can influence the success of an animal society
(Jeanson & Weidenmiiller, 2014; Johnstone & Manica, 2011; Sih &
Watters, 2005).

Eusocial insect societies, such as honey bees, allow us to explore
coordination of individuals within the broad scope of colonial ho-
meostasis (Crespi & Yanega, 1995; Holldobler & Wilson, 1990;
Seeley, 2010; Winston, 1987). Some insect societies, like honey
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bees, coordinate responses by dividing tasks among individuals
based on age or sex (Beshers & Fewell, 2001; Beshers & Traniello,
1996; Crespi & Yanega, 1995). Task performance varies among
colony members due to genetics and environment (Arathi & Spivak,
2001; Ben-Shahar, Robichon, Sokolowski, & Robinson, 2002;
Bonabeau, Theraulaz, & Deneubourg, 1996; Calderone & Page, 1988,
1991; Robinson, 2002; Su et al., 2007). However, many models of
division of labour do not fully consider individual behavioural
variation because of the difficulty in assessing external effects on
individuals (Jeanson & Weidenmiiller, 2014; Sokolowski, 2010;
Wilson & Holldobler, 1988). Specifically, the effects of social and
environmental modulation are difficult to predict from the stand-
point of an individual within a large social insect colony (Chittka &
Muller, 2009; Jeanson & Weidenmiiller, 2014; Sokolowski, 2010;
Wilson & Holldobler, 1988). Instead, these models assume that all
individuals respond to social and environmental modulation with
equal likelihood (Camazine et al., 2003; Johnstone & Manica, 2011;
Kitano, 2002; Schmickl & Crailsheim, 2004). Thus, these models fail
to include components such as the state of the surrounding envi-
ronment, the degree of coordination among individuals or social
influence (Beshers & Fewell, 2001; Cook & Breed, 2013; Johnson,
2010; Mangel, 1995; Pacala et al., 1996; Power et al., 1996). The
exclusion of individual variation from group or societal models
likely reduces our understanding of coordinated responses
(Jeanson & Weidenmiiller, 2014), while including this variation will
provide more accurate testable hypotheses of these group-level
behaviours.

Individual honey bee workers use both internal social in-
teractions and external conditions as cues for initiation of ther-
moregulatory fanning behaviour (Cook & Breed, 2013; Egley &
Breed, 2013; Huang & Robinson, 1992). Each individual honey bee
differs in their likelihood to respond to increasing temperatures
due to age, genetic variation, morphological characteristics, or
environmental experience (Breed, Williams, & Queral, 2002;
Calderone, 1995; Calderone & Page, 1991; Huang & Robinson,
1996; Johnson, 2008; Jones, Helliwell, Beekman, Maleszka, &
Oldroyd, 2005; Robinson, 1987, 1992, 2002; Simone-Finstrom,
Foo, Tarpy, & Starks, 2014; Su et al., 2007; Withers, Fahrbach, &
Robinson, 1993). Worker bees (middle-aged bees) are significantly
more likely to perform the task of fanning than any other temporal
caste, but genetic variation can also affect the frequency of the
performance of fanning among subsets of workers (Cook & Breed,
2013; Su et al, 2007). However, worker bees can also be
described in other behavioural castes, such as guarding the hive or
removal of dead bees (Breed et al., 2002; Egley & Breed, 2013).
Specifically, middle-aged bees can be pulled from their caste to
develop into foragers (oldest bees) if the hive needs more resources
and nurses (young bees) can be pushed from their caste depending
on the status of the development of the brood (Calderone, 1995;
Calderone & Page, 1996; Johnson, 2010; Johnson & Frost, 2012).
The differences in response among behavioural and temporal task
groups as well as the increased likelihood for individuals within a
group to respond suggest that the interactions between nestmates
enable individuals to cue in on environmental stress (Cook & Breed,
2013; Cook, Durzi et al., 2016; Cook, Kaspar et al., 2016; Pacala et al.,
1996).

Honey bees interact individually to exchange information for
proper task coordination to maintain colony homeostasis. These
interactions within groups may ultimately have strong influences
on the behavioural response of an individual (Calderone & Page,
1991; Cook & Breed, 2013; Schmickl & Crailsheim, 2004). But, it
is still largely unclear whether certain individuals have the ability
to influence the social processes of the coordination of various
worker bees to organize into groups for a synergetic response
(Bonabeau et al, 1998; Camazine et al., 2003; Jeanson &

Weidenmiiller, 2014; Jones et al., 2004; Levin, 1998; Modlmeier
et al.,, 2014; Pruitt & Pinter-Wollman, 2015; Stabentheiner et al.,
2010). Similar to Weidenmiiller's observations (2004) in bumble-
bees, Bombus terrestris, we observed that other individuals influ-
enced the fanning behaviour of an individual honey bee (Cook &
Breed, 2013). Therefore, we were curious if the behaviour of an
experienced individual influenced the behaviour of other in-
dividuals as well as the group response in European honey bees.

Here, we ask whether the presence of an experienced individual
influences other inexperienced honey bees within the collective
group fanning response. We explored this question by manipu-
lating the social environment of honey bees by including a single
fanner into a group of nurses. Fanners are older, experienced bees
collected while fanning at the entrance of the colony. Nurses, in
contrast, are young and active in caring for the brood, and thus
likely have not fanned as a task yet (Seeley & Kolmes, 1991). First,
we hypothesized that the presence of a fanner would influence the
individual fanning response threshold of a nurse. We define the
temperature at which an individual begins to fan as the ‘individual
thermal response threshold’. Specifically, we predicted that the
presence of a fanner would alter the temperature at which a nurse
began to fan to be similar to the individual thermal response
threshold of a fanner. Second, we hypothesized that the presence of
a fanner would influence the temperature at which nurses would
fan together as a group. We define the temperature at which the
group begins to fan together, or the temperature at which the last
member of the group begins to fan, as the ‘group thermal response
threshold’. Third, we hypothesized that the presence of a fanner
would influence the temperature at which the first bee fanned. We
define the first bee to fan as the ‘initiator’ in the collective group
fanning response. Fourth, contingent upon support of our previous
predictions, we hypothesized that a fanner would be most influ-
ential if the fanner was the initiator in the group; the probability of
bees to fan together as a group would be higher than if a nurse was
initiator. Testing these hypotheses illuminates the importance of
individual roles in the coordinated fanning response.

METHODS

Twelve Apis mellifera colonies on University of Colorado's East
Campus were used for this experiment. Colonies were maintained
in 10-frame wooden Langstroth hives with plastic or wood frames.
Bees were supplemented with 1 M sucrose or pollen patties (Mann
Lake, Hackensack, MN, U.S.A.) as needed. All experiments were
conducted during June—September 2015 for a total of 90 trials. Data
were recorded in a notebook and entered into a Microsoft Excel
sheet and backed up on Google Drive. Microsoft Excel sheet was
converted to CSV to be used in R and RStudio, version 0.99.486 (R
Foundation for Statistical Computing, Vienna, Austria).

Experimental Design

To test an individual's influence on the response of fanning
behaviour, we applied Weidenmiiller's (2004) ‘influence of expe-
rience’ experiment. Rather than looking for a change of individual
response threshold over time, we were interested in how an in-
dividual's response threshold was influenced by another individual.
We tested the influence of a single fanner (middle-aged ‘experi-
enced’ task group) within a group of nurses (youngest ‘inexperi-
enced’ task group). There were two controls; a group composed
only of fanners and a group composed only of nurses. There was a
treatment group (hereafter ‘mixed group’) composed of a single
fanner and four nurses. Fanners were defined as experienced bees
because we collected them as they were experiencing the task of
fanning at the entrance of the colony. Unlike fanners, nurses were
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defined as inexperienced bees because they were collected
amongst the brood, which indicates that they were young and
likely had not fanned as a task yet (Johnson, 2008; Seeley & Kolmes,
1991).

Group Size

Groups of five bees were collected from the same hive and
inserted into a mesh cage (cylindrical: 20 x 6 cm) to allow bees to
communicate by touching one another and allow continuous
airflow. Although a group of five bees is relatively small compared
to honey bee colonies, Cook and Breed (2013) illustrated that
smaller groups of bees mimic those found in larger groups. How-
ever, this study is not focused on the outcome of differently sized
groups of bees fanning but the influences within a single group size.
Thus, this study used group sizes of five bees. For each sampling
event, hives were randomly selected, but collection was distributed
uniformly across hives.

Collection of Fanner and Nurse Bees

As described by Cook and Breed (2013), fanners are easily
identified from their unique posture and orientation at the
entrance. We selected bees that were observed fanning for at least
10 s, as Egley and Breed (2013) suggested that entrance fanners are
relatively uniform in age. These identification protocols ensured
that we did not collect bees that were Nasanov fanning. Nasanov
fanners are distinguished by the straight posture of their abdomen
and exposure of the Nasanov gland while fanning (Free, 1967). Cook
and Breed (2013) found that pollen foragers were significantly less
likely to fan in heating assays, so we avoided ‘porch fanners’ that
had pollen on their corbicula. We selected nurses that were walking
on top of brood and inserting their heads into brood comb, as these
behaviours are indicative of the nurse task group (Johnson, 2008;
Seeley & Kolmes, 1991). To avoid risk of added aggression or
disturbance bias by opening the hive, we selected porch fanners
before we selected nurses. Nestmates were only used within groups
of five bees in a single mesh cage. There were two controls: only
fanners and only nurses. There was one treatment: four nurses with
one fanner. Bees were collected and brought into the laboratory so
that no longer than 15 min elapsed for collection and trans-
portation. During collection, each bee was marked with a unique
colour of paint (Sharpie Water-based Paint Marker) to observe both
individual and group responses. When sampling, we recorded
outside humidity and temperature, date and time of collection, sun
or shade over the hive and hive number.

Behavioural Assays

Once transported into the laboratory, groups were acclimated
for 20 min within 2-litre glass jars with fitted lids (Specialty
Container Inc., Owensboro, KY, U.S.A.). A high-accuracy tempera-
ture probe was inserted through the fitted hole of the lid and into
the jar. Each container sat on an individual heat stove (Cimaric
Digital Hot Plate, Thermo Fisher Scientific, Waltham, MA, U.S.A.).
Each group was treated with a 1.0 °C/min temperature increase. We
established a 20 min acclimation period and heating assay based on
our preliminary tests, which solidified a required protocol of 20 min
based on time required for the bees to reach a level of behavioural
stability. Each mesh cage was held by wooden skewer stilts within
the jar to ensure that the cage was not in contact with the glass jar.
We recorded the initial air temperature of the chamber and the trial
start time. Although ambient temperature differed across trials
because trials were performed at different times of the day and
throughout the summer season, the temperatures at which trials

started were consistent, as they were performed in a laboratory
setting. Temperatures were taken at approximately the centre of
the chamber where bees were restricted in the cage. As with
collection, we allowed each individual bee to fan for at least 10 s in
order to properly describe the individual as ‘fanning’. Trials were
concluded when the last bee reached lethal temperature, at which
point we recorded the time of trial conclusion and calculated the
rate of temperature increase (Cook, Durzi et al., 2016; Cook, Kaspar
et al., 2016). We conducted 30 trials per group for a total of 90 trials.
Within each trial, we recorded several response variables. Indi-
vidual response variables consisted of (1) the temperature at which
an individual began to fan (hereafter individual thermal response
threshold), (2) the initiator and (3) the temperature of each in-
dividual's death. Group response variables included (1) the tem-
perature at which the group fanned together (hereafter group
thermal response threshold and (2) the proportion of bees that
fanned together as a group (hereafter the probability of fanning)
(Cook & Breed, 2013; Cook, Durzi et al., 2016; Cook, Kaspar et al.,
2016).

Statistical Analysis

Hypotheses 1 and 2: Presence of fanners influences a nurse's
individual and group thermal response threshold

To analyse both individual and group thermal response
thresholds for each trial group, we used a generalized linear model
to conduct an ANOVA using R function aov(). When the ANOVA test
showed significant difference between means, we conducted
multiple comparisons using all pairwise means to determine
exactly how they differed through Tukey post hoc test using R
function Tukey HSD.

Hypothesis 3: Fanners influence the temperature of the first to fan

To determine the initiator of the group fanning response, it was
necessary to analyse each initiator's thermal response threshold
between all trial groups. We conducted an ANOVA test using R
function aov() among the temperatures of fanning (1) for the ini-
tiators within the control fanners, (2) if the initiator within the
mixed group was a fanner, (3) if the initiator within the mixed
group was a nurse and (4) for the initiators within the control
nurses. When the test determined significance, we conducted
Welch two-sample t tests to determine the exact significance be-
tween each group using R function t.test.

Hypothesis 4: Fanners are more influential on other group members
when they fan first

For probability of fanning, we performed a logistic regression
with a binomial error distribution (link = logit). We did this by
using a two-column response variable (number of fanners, number
of nonfanners) and performing a generalized linear model using
glm(). We performed a logistic regression because the response
variable was a proportion, and was therefore not normally
distributed, using ‘family = binomial(link = logit)’. We initially
included hive as a random effect in a mixed model, then compared
it to a simpler model without hive as a random effect. The mixed
effect model did not have significantly higher predictive power, so
we dropped hive as a random effect and used the simpler model.
Then, we conducted a post hoc Tukey test to determine the number
of bees to fan as a group following an initiator using R function
‘TukeyHSD"’.

Ethical Note

A license or certificate was not required through the University
of Colorado, Boulder, as our experiments only involved insects.
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Even so, we minimized colonial disturbances by only handling in-
dividuals during collection periods.

RESULTS

Presence of a Fanner Influences Individual Thermal Response
Thresholds

Nurses in the control group had significantly lower individual
thermal response thresholds than fanners or the mixed group
(ANOVA: F,207 =16.39, P <0.0001, N =90; Fig. 1). There was no
significant difference between the individual thermal response
thresholds of the control fanners and the mixed group (Tukey:
P =0.6620; Fig. 1).

Presence of a Fanner Influences Group Thermal Response Threshold

The group thermal response threshold of nurses was signifi-
cantly lower than that of the fanners and the mixed group (ANOVA:
F46 =5.242, P=0.0089, N = 90; Fig. 2). Additionally, there was no
significant difference in the group thermal response thresholds of
the fanners and the mixed group (Tukey: P = 0.934).

Fanners Influence the Thermal Response Threshold of the First to Fan

The individual thermal response threshold of the nurse initiator
was significantly lower in the control nurses than in the mixed
group (t test: t3g.40= 2.299, P = 0.027; Fig. 3). The individual ther-
mal response threshold of the fanner initiator in the mixed group
did not differ significantly from that of the fanner initiator in the
control fanners (t test: ti540= 0.580, P=0.569) but was signifi-
cantly higher than the nurse initiator in the control nurses (t test:
tr471= 2.440, P=0.022). The individual thermal response
threshold of the nurse initiator was significantly lower in the
control nurses than in both the fanners and the mixed group
(ANOVA: F373 = 3.036, P = 0.034, N = 90; Fig. 3).

Fanners are More Influential When They Fan First
When fanners were the initiators within the mixed group,

nurses were significantly more likely to fan as a group (GLM:
Z=12.219, P=0.026; Fig. 4). While there was no significant
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difference in the probability of a fanner or a nurse performing
fanning behaviour across all groups (GLM: Z=0.479, P> 0.5;
Tukey: P = 0.379), the number of individuals fanning significantly
increased after the fanner was the initiator compared to when a
nurse was the initiator (ANOVA: F,6 = 10.28, P < 0.001; Tukey:
P < 0.001). There was no significant difference in the probability of
fanning across group types (Z = 0.25, P = 0.64) or within the mixed
trials for fanners and nurses by individual type (Z = 0.44, P = 0.85).

DISCUSSION

An influential individual can lead other individuals in the per-
formance of coordinated, group-level behavioural responses to
changes in ambient conditions. Our results illustrate that certain
individuals may influence individual and group thermal response
thresholds within honey bee task groups due to differences in
temporal caste and experience. Nurses have a lower individual and
group thermal response threshold than fanners, however, this is
only the case when the group consists of just nurses. In mixed
groups of nurses and fanners, when a single fanner was present
among nurses, the fanner influenced nurse individual and group
behaviour by increasing their thermal response threshold: these
mixed groups fanned at higher temperatures. Single nurses had no
effect on the individual thermal response threshold of fanners.
However, when the single fanner was the initiator within the mixed
group, the likelihood of nurses beginning to fan significantly
increased. This indicates that fanners play the role of a leader by
influencing other individuals and group behavioural response
thresholds, and that they are most influential when they are the
initiators of the behaviour. Our results suggest that nurses have a
lower thermal response threshold than fanners as a consequence of
temporal division of labour, and that the presence of a fanner re-
strains the nurses from fanning at a low temperature threshold.
Strikingly, our results also indicate that fanners can recruit younger
nurse bees when environmentally stressed.

Social interactions between nurses and fanners may influence
their group thermoregulatory response thresholds. Previous
studies showed that worker bees can switch from other tasks to
fanning as needed (Egley & Breed, 2013). Recruitment of young
nurses by middle-aged fanners may be one example of Johnson's
(2010) push—pull model for colony task allocation. Here, nurses
are influenced to fan at higher temperatures if there is only a single
fanner in the group. Nurses are more heavily influenced to fan if the
initiator is a fanner. A single fanner influences nurses by increasing
their thermal response threshold as well as their likelihood of
fanning. Our results illustrate that nurses are more likely to fan
when they are among fanners. While fanning is not necessarily the
primary task of the nurses — they clean cells and feed the brood
(Oster & Wilson, 1978) — if the temperature of the hive is not
properly regulated, our results suggest that nurses may respond to
warming temperatures in the brood area at a lower threshold to
ensure the proper development and survival of the brood at an
optimal temperature range between 34.5 °C and 36 °C (Groh, Tautz,
& Rossler, 2004; Himmer, 1932; Johnson, 2008, 2010; Jones et al.,
2005; Kronenberg & Heller, 1982; Seeley & Kolmes, 1991; Tautz,
Maier, Groh, Rossler, & Brockmann, 2003; Westhus, Kleineidam,
Roces, & Weidenmiiller, 2013). Cook, Durzi et al. (2016) found
that nurses are more likely to fan when larvae are present, but the
nurses must have direct contact with larvae to perform fanning
behaviour. Nurses may be especially sensitive to increasing tem-
peratures because the primary role of a nurse is to care for the
brood, which are extremely sensitive to temperature fluctuations
(Johnson, 2008, 2010; Seeley & Kolmes, 1991). We found that in-
dividuals in the nurse control group and the mixed group were able

to survive significantly longer and at higher temperatures than
individuals in the fanner control group, but we are unsure as to why
this may be the case (Fig. S1). We find this result intriguing because
social influence can also be demonstrated during brood heating
behaviour: heater bees do not need to sense the temperature by
themselves but can be stimulated by other heater bees to do so
(Bujok, 2005; Bujok, Kleinhenz, Fuchs, & Tautz, 2002; Tautz &
Steen, 2017). In addition, our results suggest social recruitment of
nurses to the temporal caste of worker bees, as the probability of
nurses to fan only increased when fanners initiated fanning in a
group setting. Furthermore, when Su et al. (2007) compared the
patriline of the whole colony to different patrilines of workers that
performed thermoregulatory fanning, these workers performed
thermoregulatory fanning behaviour at different frequencies, sug-
gesting that individual genetic variation can also play a role in
fanning behaviour. These studies, including our own, suggest that
the performance of fanning behaviour may not be specialized
across task groups, but it is likely that the probability of performing
this task and its thresholds vary with age as well as among in-
dividuals. This makes sense in the context of social insect societies,
where the survival of individuals depends on survival of the group.

Individuals can learn from experience, response variation and/
or knowledge of the environment and influence a group's collective
effort to respond to a variety of situations via social learning
(Chittka & Muller, 2009; Reebs, 2000; Sokolowski, 2010; Suboski,
1988). Social learning has been suggested in bumblebees, which
also exhibit model thermoregulatory fanning behaviour such as
honey bees. Weidenmiiller (2004) and Westhus et al. (2013) found
that bumblebees, B. terrestris, increased their likelihood of fanning
and decreased their thermal response thresholds when individuals
repeatedly performed fanning behaviour. Inside Bombus impatiens
nests, Jandt, Huang, and Dornhaus (2009) found no evidence of
fanning specialization among task groups, and Duong and
Dornhaus (2012) only found high levels of intraindividual varia-
tion in response thresholds. Could it be possible that middle-aged
‘experienced’ fanners exhibit a self-reinforcement model and
then influence younger nurse individuals? If so, how do honey bees
assess each other's experience levels? Are honey bees capable of
individual age detection? Honey bees can recognize one another
via pheromones, and there are also many examples of associative
self-reinforcement learning found in foraging behaviour, but there
are no published studies on social learning for thermoregulation
(Bitterman, 1996; Breed, 1998; Couvillon et al., 2015; Free, 1967;
Giurfa, et al,, 1999; Menzel, 1993). However, social learning can
be found in other organisms, such as golden shiner fish, Note-
migonus crysoleucas, where experienced individuals led naive in-
dividuals to certain areas of a tank where food was anticipated at
certain times of the day, demonstrating that experienced in-
dividuals facilitate group events (Reebs, 2000; Suboski, 1988). Un-
like bumblebees, we suggest that honey bee fanners may have
previously fanned and are more accustomed to higher tempera-
tures as a result of their age (Cook & Breed, 2013; Cook, Durzi et al.,
2016; Cook, Kaspar et al., 2016; Westhus et al., 2013). Here, our
results show that experienced fanners lead inexperienced nurses to
fan at a higher thermal threshold, initiating nurses to help facilitate
cooling of warming environments. Thermoregulatory experience
within a temporal task group may have an influence on social
learning between individuals, but our experiments did not directly
test social learning. Further investigation into experience recogni-
tion in honey bees would greatly benefit our understanding of
social learning.

In societies, certain individuals may be more influential than
others to effectively organize difficult tasks and can be often
denoted as ‘leaders’. Why might these influential individuals



74 R. E. Kaspar et al. / Animal Behaviour 142 (2018) 69—76

emerge? Individuals may be persistent leaders, such as in ele-
phants and dogs, as a result of being the oldest individual in the
group and possessing the most experience, thereby influencing the
social knowledge of their entire group due to their reliability
(Bonanni, Cafazzo, Valsecchi, & Natoli, 2010; McComb et al., 2011;
Payne, 2003). Furthermore, when group survival depends on a
particularly influential individual, consequences may arise when
these influential individuals are removed from their societies
(Gilby et al., 2008; Lewis, Wartzok, & Heithaus, 2011; McComb
et al., 2011; Pruitt & Keiser, 2014; Pruitt & Pinter-Wollman, 2015).
However, in honey bees, rather than hierarchical informational
flow, colonies have distributed patterns of dissemination, making it
unlikely that honey bees exhibit keystone individuals or domi-
nance hierarchies in social regulation (Boes, 2010; Bonabeau et al.,
1998; Hrassnigg & Crailsheim, 2005; Huang & Robinson, 1996;
King, Douglas, Huchard, Isaac, & Cowlishaw, 2008; Schmickl &
Crailsheim, 2004; Sih, Hanser, & McHugh, 2009; Sih & Watters,
2005). Due to biological constraints, we did not test whether spe-
cific individuals were consistent leaders and whether their influ-
ence persisted after removal from the group in honey bees. But,
social dynamics within collective group efforts can be plastic, and
leaders within a group may not be consistently the same individual
and may arise due to other individual variations. Such as in cater-
pillars (Malacosoma disstria), only the hungriest individuals initiate
successful collective group foraging bouts (McClure, Ralph, &
Despland, 2011). Some experienced leaders will maintain their
roles only if they are familiar with the environment or else group
members select other leaders, such as is found in social sawfly,
Perga affinis (Hodgkin, Symonds, & Elgar, 2017). Others argue that
there is no need for individual variation to have influential in-
dividuals spontaneously emerge in populations to influence fol-
lowers (Johnstone & Manica, 2011). Yet, the persistent relationship
between leaders and followers across a wide scope of biological
societies suggests that individual variation is indeed beneficial
(King, Johnson, & Van Vugt, 2009). Exploitation of individual
knowledge fosters social coordination to support the maintenance
of leaders and followers within a group, ultimately benefiting a
society (Hodgkin et al., 2017; Sokolowski, 2010). Our study with
honey bees demonstrates that not only do middle-aged fanners
and younger nurses have different thermal response thresholds,
but fanners are exceptionally influential individuals when they are
the initiators of fanning among nurses, suggesting that nurses
follow a fanner's behaviour to help lower the temperature of the
surrounding environment. Our results provide further evidence
that honey bee workers show individual variation in temporal
tasks and that this variation likely affects colony survival — but how
individuals emerge to be socially influential remains to be explored
(Breed et al., 2002; Page & Robinson, 1991).

Our results suggest that an influential experienced individual
may ultimately affect the ability of a society to efficiently respond to
environmental fluctuations. The emergence of an influential leader
for a task within a honey bee colony may occur due a variety of
influences such as the task and age differences within temporal
task groups, prior fanning behaviour experience or prior exposure
to stimuli related to increasing temperatures, indirect social in-
teractions and individual behavioural or genetic variation (Beshers
& Fewell, 2001; Robinson, 2002; Seeley, 2010; Su et al., 2007).
While we do not understand the precise social mechanisms by
which one bee influences the behaviour of other bees, both indirect
and direct interactions can result in increased efficiency of response
to environmental stimuli (Calderone & Page, 1991; Camazine, 1993;
Kithnholz & Seeley, 1997). Social thermoregulatory fanning
behaviour in honey bees furthers our understanding of how indi-
vidual variance influences a synchronous homeostatic response to
environmental stressors.
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