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plays a critical role in the ecological efficiency of social insect societies. In this study we tested whether
social context, specifically the number of workers present, affects thermoregulatory task performance in
honeybees, Apis mellifera. We report here that worker bees assayed singly were significantly less likely to
initiate fanning behaviour in response to elevated temperature than bees assayed in small groups of
three or 10 workers. Bees assayed in groups also showed lower response thresholds than those assayed
alone. The likelihood for fanning behaviour varied significantly among behavioural castes, while thermal
response thresholds did not. These results suggest that worker task performance depends on the
presence of other workers and offer another method by which division of labour in societies is organized.
© 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

A defining feature of an animal society is the constant interac-
tion among its members. These interactions are crucial to the or-
ganization of work and transmission of information within the
society. In social insect societies, worker activities are coordinated
so that the work is accomplished efficiently (Wilson 1976). The
mechanisms underlying this coordination include temporal poly-
ethism, in which worker age determines task specialization
(reviewed in: Robinson 1992; Camargo et al. 2007), dominance
hierarchies, wherein rank determines task performance (Honk &
Hogeweg 1981; Theraulaz et al. 1991; O’Donnell 1998; Powell &
Tschinkel 1999), and physical castes, in which worker size and/or
shape specialization determines task type (Oster & Wilson 1978;
Holldobler & Wilson 1990). These simple devices are species-level
characteristics that provide much of the basic framework for vari-
ation in task specialization among individuals in societies. How-
ever, these models do not fully explain variation in effort between
colonies or variation within colonies of social insects.

In addition to these fundamental factors affecting the division of
labour, there are a number of mechanisms that facilitate adjust-
ments in work allocation in response to factors like colony
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ontogeny, seasonality and environmental stressors such as low food
availability, drought, or pressure from predators and parasites. Key
regulatory mechanisms include variation in response thresholds to
tasks (Page et al. 1998), information feedback loops (Seeley 1982),
‘foraging for work’ (Tofts & Franks 1992; Tofts 1993; Pinter-
Wollman et al. 2011), genetic variation among workers (Jones
et al. 2004) and nutritional status of workers (Toth & Robinson
2005; Toth et al. 2005). Depending on the species in question,
several of these factors may interact to predict the behaviour of
workers. Variation among workers in response threshold, genetics,
nutritional experience and hormonal status may play particularly
key roles in driving task specialization in honeybees (Beshers &
Fewell 2001; Johnson 2010). Here, we test the novel hypothesis
that social context (i.e. the number of conspecifics present) in-
fluences the division of labour of thermoregulatory behaviour in
honeybees, Apis mellifera.

Honeybees maintain a relatively constant temperature of 36 °C
within their colonies when rearing brood (Himmer 1927; Lindauer
1954; Fahrenholz et al. 1989). In the winter, when brood is absent,
temperature is also regulated (Kronenberg & Heller 1982;
Stabentheiner et al. 2002, 2010). Several behaviours contribute to
thermal regulation, including fanning to circulate air and remove
excess heat (Egley & Breed 2013), heat shielding (Starks & Gilley
1999; Siegel et al. 2005) and foraging for water that is then used
for evaporative cooling (Kithnholz & Seeley 1998). In colder
ambient temperatures, honeybees shiver to produce thermal
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energy (Heinrich & Esch 1994; Starks et al. 2005) and will press
their abdomens onto the surface of brood comb or even enter cells
to distribute the heat more effectively (Kleinhenz et al. 2003).
Honeybees also regulate carbon dioxide (Seeley 1974) and hu-
midity (Human et al. 2006). For an overview of social insect ther-
moregulation see Jones & Oldroyd (2007). The thermoregulatory
behaviour on which we focus in this study is fanning (Egley & Breed
2013).

Fanning behaviour is best studied in bumblebees (Heinrich
1993). Recent work by Duong & Dornhaus (2012) in Bombus
impatiens found that worker responsiveness, in terms of threshold
for initiation of fanning behaviour, did not change with age or
experience. This differed from the findings of Weidenmuller (2004)
and Westhus et al. (2013) in Bombus terrestris, in which experience
decreased thermal response thresholds. Gardner et al. (2007)
studied colony thermoregulation by workers and found that nest
climates were more consistently maintained when brood was
present. Engels et al. (1995) found a similar mechanism for nest
temperature regulation, including fanning, in a stingless bee,
Scaptotrigona postica. Fine thermoregulatory control is crucial for
survival in many social insects, and it is important to understand all
mechanisms by which this may be happening.

We first tested the hypothesis that honeybees respond to a
thermal threshold to commence fanning behaviour. We then tested
the hypothesis that bees are more likely to fan when in groups than
when solitary. We also tested whether the thermal fanning
threshold decreases as group size increases. Because we could
identify distinct behavioural task groups among honeybee workers
(nurses, guards, entrance fanners and foragers), our final experi-
ment tested whether these task groups differ in their probability of
fanning and thermal thresholds. Taken together, the results from
this study address how individual behavioural thresholds can
interact with social context to shape division of labour in social
insects, as well as in animal societies in general.

METHODS
General

Ten Apis mellifera L., ‘Italian’ colonies on University of Colorado
campus were used for these experiments. Colonies were main-
tained in 10-frame wooden hive bodies with plastic frames. Sup-
plemental feeding of a 1M sucrose solution was performed at the
beginning of the season due to dry conditions. All experiments
were conducted between 1 May and 1 October 2012.

Collection

Task groups

These experiments required bees from four distinct task groups
(nurses, guards, fanners and pollen foragers), which were defined
using established behavioural criteria, described below. Our focus
was on behavioural role, rather than chronological age of the bees.
Behavioural castes were determined by observing the behaviour of
bees in colonies.

Nurses. We identified a nurse as a bee seen with her head in a
brood comb cell. This method follows the methods of Sakagami
(1953), Huang et al. (1994) and Wagener-Hulme et al. (1999).
While it is possible that not all bees we categorized as nurses were
providing care, for the purpose of identifying nurses we felt this
method was reasonable.

Guards. We identified guards as a subset of the bees on the
entrance landing board. Guards show a distinctive posture with

their wings spread and the their abdomen slightly tilted upward.
They are also active in examining incoming bees. This method of
identifying guards has been used extensively in studies of this task
group. Moore et al. (1987) gave a detailed description of guard
behaviour and subsequent studies include Downs & Ratnieks
(2000), Hunt et al. (2007) and Pacheco & Breed (2008). Breed
et al. (2004) reviewed defensive behaviour of honeybees and give
an overview of the role of guards in honeybee colony defence.

Fanners. Fanners were also a subset of the bees collected on the
entrance landing board. These bees fan their wings to ventilate the
colony. Their distinctive posture and orientation relative to the
entrance allowed us to distinguish fanners from foragers that
briefly fanned before departing, or from other bees that signalled
using their Nasanov gland (Free 1987) or other defensive behav-
iours, as occurs in the presence of intruders (Yang et al. 2010). Egley
& Breed (2013) recently described entrance fanning for ventilation
in honeybees. For this study we identified a bee as a fanner only
after it had performed fanning behaviour for at least 10s. We
recognize that bees in other locations in the colony may also
perform fanning for ventilation purposes, but we focused on
entrance fanners because they were easily collected in a field
context and because Egley & Breed (2013) suggested that entrance
fanners are relatively uniform in age.

Pollen foragers. We used one type of forager, pollen foragers, in this
study. Pollen foragers are easily identified because they fly back to
the nest with corbiculae (pollen sacs) full of pollen (Huang et al.
1994; Wagener-Hulme et al. 1999; Pankiw & Page 2001).
Excluding other forager types reduced task variance among bees in
our experiment, as nectar foragers may represent a broader range
of ages than pollen foragers (Pankiw & Page 2001). Also, nectar
foragers are difficult to identify without expressing the crop con-
tents, a method that may disrupt subsequent behaviour. Bees
returning to the colony without pollen loads include nectar for-
agers, water foragers, guards that have made short flights and
younger bees on orientation flights. To collect pollen foragers, we
used steel mesh placed over the colony entrance to keep bees from
entering the colony. Pollen foragers were then easily identified and
collected.

Treatment Groups

Our experiments required isolation of one, three or 10 bees for
testing in the laboratory. For any given replicate, each isolated in-
dividual or group came from the same task group and hive. Thus,
we had, for example, single isolated guards, guards in groups of
three and guards in groups of 10. We collected bees opportunisti-
cally, as we observed a bee performing one of the focal tasks.

We collected bees from a chosen task group one at a time using
forceps and placed them into a mesh cage (4 x 4 x 4 cm). During
collection, we randomly placed bees into the three treatment
groups of individuals, three or 10 bees. We then transported them
back to the laboratory. Time and date of collection were recorded at
this time. Our sample size was 20 of each of the treatment group
sizes for each task group, and we attempted to maintain approxi-
mately equal colony representation across task group and treat-
ment group size. The overall sample size was 240 treatment groups.

Temperature Regime and Behavioural Assay

The overall experimental design assessed the frequency of fan-
ning and the temperature at which fanning was initiated in our
treatment groups. The mesh cage containing the bees was placed
into a 2-litre glass container (9 x 24 cm), which sat on a heating
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unit. The bees were allowed to acclimate for 25 min, which was
chosen based on the amount of time required in preliminary trials
for the activity level of the bees to stabilize. After the acclimation
period, we began to increase the jar temperature at a rate of 1 °C
per minute, starting at room temperature (an average of 28 °C).
Temperatures were taken at approximately the centre of the jar
using a Cole Parmer high accuracy (+0.3 °C) digital thermometer
probe that was fed through a fitted hole through the top of the jar.

Bees were observed continuously during the heating regime.
Fanning during the heating regime was characterized as an indi-
vidual standing still but fanning her wings for at least 10 s; this is
the same criterion applied when entrance fanners were collected in
the field. We recorded the initial temperature at which any indi-
vidual bees fanned (hereafter, ‘thermal threshold’) and the pro-
portion of bees fanning in a treatment group. We used the first
temperature at which bees fanned as the threshold because (1) we
wanted to focus on the initial response of the bees and (2) typically,
once a bee fanned, others either joined in during that initial bout or
did not fan during the entire trial.

Analysis

We used a generalized linear mixed model to analyse both
probability of fanning and thermal thresholds. Both models used
four task groups and three group sizes (one, three or 10 bees), both
categorical factors. Group size and task group were fixed effects,
while colony was a random effect. This representation of colonies
was important to control for colony-level effects, so colony was
included in the statistical analysis as a random effect.

We used a binomial error distribution (logit link) for our prob-
ability analysis and we used a two-column response variable of the
number of bees that did fan and the number of bees that did not fan
in the group. We used a Gaussian error distribution for our tem-
perature threshold analysis, as our response variable was temper-
ature. We started with a full model to examine two-way
interactions between treatment group size and task. We used
backward selection; therefore, when an interaction was not sig-
nificant (alpha = 0.05), it was dropped from the model and the
model was rerun. To explore the magnitude of the effects of each
treatment variable, we performed a type II ANOVA (Wald chi-
square tests), and for each of the significant main effects, we per-
formed a post hoc (Tukey) analysis. We used R v.2.15.0 (R
Development Core Team 2012) for all data analysis and library
Ime4 for generalized linear mixed model analysis (Bates et al.
2012).

RESULTS
Hypothesis 1: Probability of Fanning Depends on Group Size

Group size was a significant predictor of probability of fanning
(Table 1). Worker honeybees were significantly more likely to fan
when assayed in groups of 10 than when assayed singly (Tukey test:
z =3.088, P = 0.00533; Fig. 1). Fanning was performed by 15 of 80

Table 1
ANOVA (type Il Wald chi-square) testing the factors influencing the probability of
fanning in honeybees
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Figure 1. Probability of fanning in honeybees as related to group size. Points are
averaged probabilities; dotted lines are 95% confidence limits. Letters indicate signif-
icance as analysed in a post hoc (Tukey) test.

(18.8%) bees while isolated, 79 of 240 (32.9%) bees in groups of
three and 381 of 800 (47.6 %) bees in groups of 10. Fanning was
observed in 68 of 80 trials of groups of 10, compared with 15 of 80
in isolated bees and 45 of 80 trials in groups of three.

Hypothesis 2: Thermal Threshold Depends on Group Size

Group size was the only significant predictor for thermal
threshold (Table 2). As group size increased, thermal threshold
significantly decreased (Fig. 2). Bees in groups of 10 fanned at
mean + SE temperature of 38.92 + 0.766 °C (N = 68), a significantly
lower temperature than bees in groups of three, which fanned at
42.56 + 0.83 °C (Tukey test: z= —2.951, N = 42, P = 0.00849). Bees
in groups of 10 also fanned at a significantly lower temperature
than single bees, which initiated fanning at a mean temperature of
4797 +0.524°C (z=-4.820, N=15, P=0.0001). Additionally,
bees in groups of three fanned at a significantly lower temperature
than single bees (z = —2.699, P = 0.01826).

Hypothesis 3: Probability of Fanning Depends on Caste

Behavioural caste was a significant predictor for fanning prob-
ability (Table 1). Across all treatment group sizes, fanners were the
most likely to fan (Tukey test: z = 3.795, N = 60, P < 0.001), while
foragers were the least likely (z = —6.636, N = 60, P < 0.001; Fig. 3).
An ANOVA based on our generalized linear model also showed a

Table 2
ANOVA (type Il Wald chi-square) testing the factors affecting thermal threshold for
fanning behaviour in honeybees

Model term b df P Model term b df P

Group size 24917 2 0.000003885 Caste 4.3029 3 0.2306
Caste 44.248 3 0.000000001337 Group size 27.1107 1 0.00000214
Group size*caste 23.94 6 0.0005357

Probability of fanning was the response variable. There were a total of 240 obser-
vations from three group size treatments for four behavioural castes. Hive was
controlled for as a random variable. Only significant interactions are shown.

The response variable was thermal threshold (°C). Data were collected from 240
observations, which included three treatment group sizes for four behavioural
castes. Hive was controlled for as a random variable. Interactions were tested but
were not significant, so they are not included in the final model.
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Figure 2. Thermal fanning threshold of honeybees by treatment group size. Box plots
show median, quartiles and range (there were no outliers). Letters indicate significance
as analysed in a post hoc (Tukey) test.

significant interaction between group size and caste (Table 1). This
is because foragers did not show increased fanning probability
while in the treatment groups of 10 (GLMM: z=-2.219,
P=0.02652). No other group size—caste pairwise interaction
showed a significant effect.

Hypothesis 4: Thermal Threshold Depends on Task Group

Although a generalized linear model revealed no significant
effect of behavioural caste on thermal threshold, foragers tended to
have a higher threshold (Fig. 4). Further analysis of these data, by
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Figure 3. Probability of fanning as related to honeybee caste. All treatment group sizes

are included. Points are averaged probabilities; dotted lines are 95% confidence limits.
Letters indicate significance as analysed in a post hoc (Tukey) test.
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Figure 4. Average thermal fanning thresholds by honeybee caste. Box plots show
median, quartiles and range (there were no outliers). Letters indicate significance as
analysed in a post hoc (Tukey) test.

isolating the thermal threshold data by caste, revealed no signifi-
cant effect of caste on thermal threshold. We then analysed only
treatment groups of 10 bees (i.e. those for which we had observed
the most fanning behaviour). Foragers in groups of 10 fanned at the
highest mean temperature, 42.08 + 1.44 °C (N = 16), followed by
fanners (N=17) at 40.02+154°C, guards (N=15) at
37.07 £ 1.68 °C and nurses at 36.84 +1.30°C (N = 20), but these
differences were not significant.

DISCUSSION

Our results show that social context influences worker bee
performance of a critical thermoregulatory behaviour. Honeybees
were significantly more likely to initiate fanning when they were in
groups than when they were alone. Bees in small groups also
showed significantly lower thermal thresholds than isolated bees.
While fanners were most likely to fan, foragers were least likely to
fan. Effects of probability of fanning within behavioural castes were
independent of thermal threshold, as there was no significant effect
of caste on fanning threshold. Our results suggest that social
context may play a more important role in the division of labour in
societies than previously believed.

At the colony level, honeybees show a thermal response
threshold at which fanning behaviour commences (Jones et al.
2004). In previously published work, this conclusion was based
on observations of bees in entire colonies (Egley & Breed 2013). Our
finding that the response threshold for fanning is dependent on the
presence of other bees is, to our knowledge, unique in studies of
honeybee division of labour. This result suggests that response
thresholds for other behavioural tasks should be examined to
determine whether expression depends on social context.
Furthermore, Pacala et al. (1996) found that, compared to small
groups, larger groups are more efficient at tracking changing en-
vironments. Our results are consistent with the theme that worker
interaction rates are important in division of labour (Gordon 1989;
Fewell 2003).

Our results also show that there was a significant difference in
probability of fanning across castes. For all treatment group sizes,
foragers had the lowest probability of fanning, while fanners had
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the highest. Specifically, even foragers in larger groups were less
likely to fan than the other groups. While castes differed in their
probability of fanning, they did not differ in their thermal response
thresholds. In the context of crucial hive behaviours, this makes
sense; individuals can vary in the likelihood that they will perform
some important behaviour, but to accomplish the task effectively,
the ones that perform the behaviour must be coordinated at some
level. Given the highly efficient nature of colonial thermoregulation
in honeybees, our results provide further evidence of this coordi-
nation (Southwick & Moritz 1987). A future direction may be to
explore thresholds and probability of fanning in reserve bees that
are not seen performing a specific task (Johnson 2002).

Environmental cues, such as temperature and concentration of
gasses, play a key role in influencing fanning behaviour (Seeley 1974;
Egley & Breed 2013), as indicated by bees fanning before a destruc-
tive temperature or CO, concentration is reached. However, our
results may indicate the ability of worker bees to use the presence of
other individuals to evaluate whether and when they should
perform a task. Honeybees have an extensive social communication
repertoire, including pheromones (Pankiw & Page 2003), vibrations
from other bees (Donahoe et al. 2003) and antennal contact with
others (Gordon 1989; Cao et al. 2007). Although our results suggest
that worker bees utilize both environment and social cues when
making behavioural decisions, they leave open the question of what
cues elicit fanning, or whether bees actually make an assessment of
the number of bees around them.

Other studies have investigated the role that the presence of
other individuals has on behaviour. Ruel et al. (2012) found that,
below a critical number of workers in the colony, a queen is not
likely to be replaced if she is lost. They also found that smaller and
larger colonies produce around the same number of queens, but
larger colonies have a better chance at rearing a successful new
queen (Ruel et al. 2012). Nest size and caste ratio has also been
implicated in division of labour among workers. Individual workers
are seen doing more specialized tasks in larger colonies, suggesting
that a more strict division of labour becomes established as group
size increases (Holbrook et al. 2011). Another study also found that,
in smaller colonies, foragers spend more time looking for food and
eating alone, while workers in larger colonies are more likely to
recruit others when they locate a food source (Burkhardt 1998).
Alternatively, Sempo & Detrain (2010) found that no significant
change in behavioural repertoire or activity level in major workers
when minor workers were depleted, although they speculated that
regulation of colony function may take place as active workers
switch to accomplish tasks important for colony survival. These
studies indicate that workers in social groups can alter their be-
haviours based on the number of individuals around them, and
perhaps based on colony need.

Honeybee division of labour appears to be largely structured by
age (reviewed in Robinson 1992), response thresholds to stimuli
(Robinson et al. 1989) and the physiological state of individual bees
(Toth & Robinson 2005; Toth et al. 2005). In these models, task
choice depends more on the priming of workers for task perfor-
mance than on physical proximity to work that needs to be done. In
contrast, a ‘foraging for work’ model for division of labour suggests
that workers should engage in tasks that need performing based on
their physical proximity to the site of task performance (Tofts &
Franks 1992; Tofts 1993; Pinter-Wollman et al. 2011). We found
that honeybee workers shared thermal threshold regardless of the
task they were performing when collected. Our results suggest that
fanning may not be a distinct task for a specialized group of bees
and that workers can switch from other tasks to fanning as needed.
This fits more closely with a foraging-for-work model for division of
labour than the temporal and genetic models often thought to
apply to honeybees.

Honeybees perform fanning behaviour in a variety of locations
within the nest. A recent study (Egley & Breed 2013) found that
fanners at the colony entrance often transition to guarding and that
the frequency of fanning is correlated with ambient temperature.
While Egley & Breed (2013) treated entrance fanners as a distinct
group, fanning in other spatial contexts may not fit this model. Our
results indicate that members of tested behavioural castes can
perform fanning, although the bees that we behaviourally labelled
as fanners were more likely to fan than were the other castes we
distinguished. Further experimental test are needed to understand
the specific role that fanning behaviour plays in the division of
labour.

Studies have not explored the effect of learning in honeybee
thermoregulation, although this has been explored in different
species of bumblebees. Duong & Dornhaus (2012) found that
B. impatiens workers showed no change in temperature threshold if
they had previously fanned, indicating that they do not use a self-
reinforcement model for thermal threshold. However, the authors
concluded that the differences in observed response thresholds
could be due to an increased probability of performing a given task,
instead of an exhibited variation in perceived thermal threshold for
a perceived stimulus (Duong & Dornhaus 2012). The large variation
in fanning threshold among bees probably allows the colony to
thermoregulate more efficiently than if there were little variation
among fanners (Jones et al. 2004; Jones & Oldroyd 2007). Addi-
tionally, O’'Donnell & Foster (2001) found that although Bombus
bifarius nearcticus workers differ in their thresholds, they do not
seem to specialize in thermoregulation.

Furthermore, while social learning has been extensively studied
in social animals (reviewed in Galef & Laland 2005), social influence
has not. Social influence is when behaviour is altered by the pres-
ence of conspecifics (Whiten & Ham 1992). While task specializa-
tion can be socially induced in solitary bees (Jeanson et al. 2008),
the increase in efficiency of a particular task based on the interac-
tion of nestmates has not been explored in the context of social
influence. Webster & Fiorito (2001) further parsed out social in-
fluence into several more specific categories, including social
facilitation and social support. Social facilitation involves the
initiation of a behaviour based on a conspecific performing the
behaviour, while social support posits a situation where simply the
presence of another individual is enough stimuli to trigger a change
in its motivational state (Whiten & Ham 1992; Webster & Fiorito
2001). Further experiments are needed to explore whether the
initiation of fanning is being induced because of social support or
because of social facilitation.

The bees used in this study were removed from their normal
nest environment, a procedure that could affect their behaviour.
Removals in this way are very much a part of the experimental
procedures used in studies of behavioural thresholds, with a large
literature having developed around assays of sucrose response
thresholds (integrated sometimes with olfactory thresholds) in
single harnessed bees (Pankiw & Page 1999; Scheiner et al. 2004).
The behaviour of bees in our assays corresponded well to the
observed behaviour of fanning bees in colonies, with the typical
thermal thresholds in our assays corresponding to thermal re-
sponses of fanners at colony entrances documented by Egley &
Breed (2013).

If response thresholds are being considered as organizing fea-
tures, or factors that drive self-organization in societies, then the
social context in which the threshold is measured must be
considered. For fanning by worker honeybees, our results show
that shifting thermal threshold and group size effects could have
nonlinear outcomes in models of labour allocation. A number of
studies have addressed how the rate of social interactions affect
behaviour and task performance in social insects (Cole & Cheshire
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1996; Pinter-Wollman et al. 2011). Our study differs in that we
explore how social context can alter the methods by which in-
dividuals respond to environmental stimuli. While it is unclear
what social cues operate in our system, the social modulation of
response thresholds should be explored in other behavioural con-
texts and in other social insect species. Our results also provide
insight into how analogies might be drawn between social insect
societies and the importance of social awareness in other animal
societies.
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