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Abstract – Emergent properties of eusocial insect colonies (e.g., nest architecture and defense) highlight benefits of
group living. Such emergent properties, however, may only function as a benefit if the group is large enough. We
tested the effect of group size on colony-level fever in honey bees. When a colony is infected with Ascosphaera
apis , a heat-sensitive brood pathogen, adult bees raise the temperature to kill the pathogen and keep brood disease
free. In relatively large colonies, we show a rhythm to honey bee fever: colonies inoculated with A . apis generated a
fever in the afternoon and at night but not in the morning. In comparison, relatively small colonies did not generate a
fever following inoculation, although they invested more in thermoregulation on a “per bee” basis than control
colonies. Thus, in small colonies, honey bee fever could be regarded as a cost of group living: individuals futilely
exerted valuable energy towards fighting a pathogen.

group size constraints / behavioral immunity / thermoregulation / sociality

1. INTRODUCTION

Group living comes with costs and benefits
(Wilson 1975). Some of the most successful
group-living organisms on earth are social insects,
which exhibit a range of social organization
(Wilson 1975). At the pinnacle of social evolution
and cooperation are the eusocial insects: individ-
uals work so well together en masse ; they can be
called a superorganism (Wheeler 1910). In order to
successfully function as a superorganism, however,
the colony likely needs to host a large enough

workforce. This is likely the case when it comes
to group-level defense, such as social immunity.
For our purposes, we use Meunier (2015)’s defini-
tion of social immunity: any collective or individ-
ual mechanism that has emerged and/or is main-
tained at least partly due to the anti-parasite defense
it provides to other group members.

Many studies have examined the effect of group
size on survival and social immunity in ants and
termites. For example, following fungal infection,
dampwood termite survival is lower in isolated
nymphs than those in groups (Rosengaus et al.,
1998). Accordingly, infected dampwood termites
show increased immunocompetence and survivor-
ship when raised within a group rather than singly
(Traniello et al., 2002). In addition to termites,
larger sub-colonies of fungus-infected ants showed
quicker rejection of waste and lower mortality
rates than their smaller counterparts (Leclerc and
Detrain 2018). For these studies, however,
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artificial groups were constructed in the lab. While
such studies have added to our understanding of
the evolution of sociality in the face of disease, it is
also important to consider the natural context of
the nest and the social interactions that may occur
(Stroeymeyt et al., 2018).

Honey bees (Apis mellifera ) are a particularly
useful study system to investigate the effect of
group size on the success of the superorganism
within the context of the nest. First, honey bee
population sizes are easy to estimate (see Bonoan
et al., 2017), and honey bees can be kept in
observation hives for accurate in-nest data collec-
tion. Second, honey bee colony sizes vary natu-
rally and exhibit different strengths: Harbo (1986)
found that colonies with 35,000 bees produced the
most honey (i.e., energy for overwinter survival)
per bee, however, colonies with 4500 bees pro-
duced the most brood (i.e., reproductive fitness)
per bee. In testing different population sizes,
Harbo (1986) found 9000 bees to be the optimal
colony size for a balance in honey and brood
production, or colony survival and reproductive
fitness. Third, honey bees act as a superorganism
to protect the hive from both macro- and micro-
invaders via thermoregulation, a behavior that can
be easily observed and quantified in observation
hives and is likely affected by group size.

When Japanese honey bee (Apis cerana japoni-
ca ) hives are invaded by giant hornets (Vespa
mandarinia japonica ), worker bees form a ball
around the hornet (Ono et al., 1987; Sugahara and
Sakamoto 2009). The worker bees, who can with-
stand temperatures of up to 48–50 °C (Coelho
1991), collectively contract thoracic muscles and
heat the hornet to a lethal temperature of 45–47 °C
(Ono et al., 1987). While one guard bee initiates the
“balling” behavior, it takes a group of 180–300
worker bees to heat the hornet to lethal levels. Adult
honey bees also combat micro-invaders via thermo-
regulation. When the brood is infected with a heat-
sensitive fungal pathogen, Ascosphaera apis, work-
er bees use the same contractions of thoracic mus-
cles to actively raise the colony temperature, or
generate a behavioral fever (Starks et al., 2000).

A . apis is a brood pathogen that causes a disease
known to beekeepers as “chalkbrood” (reviewed in
Aronstein and Murray 2010). A temperature-
sensitive pathogen, A . apis , enters the larval gut

through spores in infected food. Disease symptoms
develop only when brood comb temperatures are
chilled from the normal 32–36 (Seeley 1995) to
30 °C or lower (Maassen 1913). If the in-hive
temperature is favorable, chalkbrood spores germi-
nate in the hindgut of infected larvae and grow into
white hyphae that penetrate the gut and the sur-
rounding tissue (Jensen et al., 2013). Larvae over-
taken by this mycelial growth dry out and become
chalk-like “mummies” (Maassen 1913; Evison
2015). In response to a chalkbrood infection, worker
honey bees generate a behavioral fever by isometri-
cally contracting their thoracic muscles to warm the
hive just enough to protect the brood and prevent
disease (Starks et al., 2000). For this reason,
chalkbrood typically only affects honey bee colonies
in the early spring, when ambient temperatures are
cooler, or when colonies are already too weak to
regulate temperature (Aronstein and Murray 2010).

Here, we use thermal imaging and natural varia-
tion in colony size to (1) validate the timing of
methods carried out by Starks et al. (2000) to track
honey bee fever and (2) investigate efficiency of
honey bee fever in large versus small colonies fol-
lowing A . apis infection. Similar to what is shown
in ants and termites, we hypothesize that larger
colonies (i.e., groups) will be able to elicit a behav-
ioral fever, as measured by an increase in in-hive
temperature following inoculation, while smaller
colonies will not have a large enough workforce to
properly function as a superorganism. As such, we
predict that larger colonies will generate a successful
fever and prevent disease symptoms while smaller
colonieswill not be able to generate enough heat and
ultimately, be overtaken by the disease.

2. MATERIALS AND METHODS

2.1. Study system

In both 2016 (June) and 2017 (July), eight 2-
frame observation hives (53 cm × 48 cm × 5 cm)
were filled with honey bees and installed in a
temperature-controlled facility at the Starks Lab
Apiary on the Tufts University campus in Med-
ford, MA, USA (see Bonoan et al., 2014 for
diagram of set-up). All observation hives were
queen-right, contained two frames of mixed brood
and food, and had similar brood area. After
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installation, the facility was kept at a constant
early New England spring-like temperature of
approximately 19 °C and was continuously mon-
itored (HOBO UX100-011 Temperature/Relative
Humidity data logger). Following installation,
bees were left alone to acclimate to the new loca-
tion for 3 days. During this time, each colony was
fed 150 ml 1:1 sucrose water. Upon inoculation,
colonies in 2017were significantly smaller than in
2016 (ANOVA on LM, F = 9.42, df = 1, p =
0.022) (Figure 1).

2.2. Inoculation with A . apis

Following acclimation, half the colonies
(N 2016 = 4, N 2017 = 4) were fed inoculated 1:2 su-
crose water while the other half (N 2016 = 4,N 2017 =
3) were fed 1:2 sucrose water without the pathogen.
For each inoculum, one chalkbrood mummy (i.e.,
bee overtaken by the fungus, obtained from the
USDA-ARS Bee Research Laboratory) was ground
and added to 150ml 1:2 sucrose water (Jensen et al.,
2013). All colonies were fed the corresponding su-
crose solution in inverted 1-pound queenline jars
each day for 3 days. This method was used in both

2016 and 2017. To carry out field inoculations safely
and correctly, we obtained approval (registration
#2016-MIA18) and proper certification from the
Tufts University Biosafety Office and worked close-
ly with the Massachusetts Department of Agricul-
tural Resources Apiary Program. To ensure the in-
oculation was successful, we counted the total num-
ber of mummies in each hive on days 4, 7, and 9
post-inoculation (PI) at 08:00 and 16:00.

2.3. Collection of temperature data and
colony size

In 2016, we used the FLIR ONE (Gen 2 for
Android, emissivity = 0.95) personal thermal imager
to collect temperature data. Using the FLIR ONE,
we recorded the temperature at the central point of
each side of each frame in the observation hive for 5-
day pre-inoculation and ten-day PI. A healthy honey
bee colony should develop a colony-level fever (>
30 °C) to fight the disease and clean out any mum-
mified larvae within 10 days (Jensen et al., 2013).
Following Starks et al. (2000), we collected temper-
ature data at 00:00, 08:00, and 16:00 each day. We
estimated the adult population three times a week
(Monday,Wednesday, Friday) after thermal imaging
at 08:00. Colony size was estimated according to
Sammataro and Avitabile (2011): a standard deep
frame entirely covered by one layer of bees is
roughly 2000 adult individuals, estimateswere taken
in increments of 250 bees.

In 2017, we used the FLIR E6 thermal imager
(emissivity = 0.95). Using the FLIR E6, we re-
corded the average temperature of each side of
each frame in the observation hive at 08:00, and
16:00, and 00:00 each day for 3-day pre-inocula-
tion and 10-day PI. We estimated the adult popu-
lation (see above) every day after thermal imaging
at 08:00. In 2017, we used in-hive sensors
(BroodMinder) to validate hive surface tempera-
tures determined via thermal imaging as a proxy
for internal colony temperature (Supp. Figure 1).
In 2019, we used both thermal imaging cameras
and protocols to record temperatures of non-
experimental colonies. We confirmed a significant
correlation (Spearman correlation, S = 364.28,
df = 38, p < 0.001, rho = 0.963) between the two
cameras, and thus, we confidently compare
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Figure 1. Adult population at the onset of inoculation
was in about two times larger in 2016 than in 2017.
Gray area shows the range between the first and third
quartiles (interquartile range), whiskers denote the low-
est and highest values within 1.5 × interquartile range,
and the bold black line is the median adult population.
N = 8 colonies in 2016, 7 colonies in 2017.
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temperature data collected in 2016 with data col-
lected in 2017 (Supp. Figure 2).

In both years, the order in which data were
collected from each colony was randomized
(using random.org to generate random lists) for
each collection period.

2.4. Data analysis

All analyses were done using car, MASS, plyr,
lme4, and glmmTMB in R version 3.3.2 (2016-
10-31) (R Core Team 2018).

Infection status was confirmed using a zero-
inflated generalized linear mixed model (GLMM)
with a Poisson distribution in glmmTMB( ) (Brooks
et al., 2017) for each year. The models tested for
independent and interaction effects of treatment and
day PI (mummies = treatment × day PI).

Colony size in 2016 was compared with colony
size in 2017 using a linear mixed model (LM) with
fixed effects of year and colony on number of adult
bees (number adult bees = year + colony) at the
onset of inoculation. To determine significance, we
used marginal hypothesis tests, implemented with
the Anova() function. Data fit a normal distribution.

In both years, we used the temperature collected
during the five (2016) or three (2017) day pre-
inoculation to calculate an average baseline temper-
ature for each colony. We then used this baseline
temperature to calculate the mean temperature
change from baseline for each colony. Thus, each
colony served as its own internal control. We ran
LMMs that tested for independent and interaction
effects of treatment and day PI on temperature
change from baseline (temperature change = treat-
ment × day PI), with colony added as a random
effect. We ran one model for all data pooled, data
collected in themorning (08:00), data collected in the
afternoon (16:00), and data collected at night (00:00)
for a total of four models per year. Again, we used
marginal hypothesis tests, implemented with the
Anova() function. Data fit a normal distribution.

We also examined the “per bee” effort of
warming the hive by dividing the average tempera-
ture of the hive by the number of adult bees estimat-
ed in the hive that morning. To determine if there
was a significant difference in the “degrees per bee”,
we ran Gaussian family, log link, and generalized
linear models (GLMs) that tested for independent

and interaction effects of treatment and day PI (de-
grees per bee = treatment × day PI). Again, to deter-
mine significance, we used marginal hypothesis
tests, implemented with the Anova() function. As
above, we ran four GLMs: one for all the data
together and one for each time of day separately.

3. RESULTS

At the onset of inoculation, colonies in 2016
were approximately twice as populous in 2016
(3263 ± 395 bees) compared with 2017 (1470 ±
265 bees) (Figure 1). Inoculated colonies had
significantly more mummies than control colonies
in both 2016 (glmmTMB, Χ 2 = 50.19, df = 1,
p < 0.001) and 2017 (glmmTMB, Χ 2 = 22.47,
df = 1, p < 0.001) (Figure 2). In both years, hives
took longer than 4-day PI to show symptoms of
the infection (i.e., mummies).

When all 2016 temperature data were com-
bined, there was a near-significant trend of
inoculated colonies exhibiting a higher temper-
ature than control colonies (ANOVA on LMM,
Χ 2 = 3.56, df = 1, p = 0.059). There was no
significant effect of inoculation on temperature
change in the morning (ANOVA on LMM,
Χ 2 = 1.49, df = 1, p = 0.222) (Figure 3A). In
the afternoon and at night, however, inoculated
colonies had significantly higher temperatures
than control colonies (afternoon: ANOVA on
LMM, Χ 2 = 4.38, df = 1, p = 0.036; night:
ANOVA on LMM, Χ 2 = 4.06, df = 1, p =
0.043) (Figure 3B, C). Accordingly, inoculated
colonies invested significantly more in stabi-
lizing temperature on a per bee basis than
control colonies (Figure 4A–C) (Table 1).

In 2017, when our colonies were on average two
times smaller than our colonies in 2016 (Figure 1),
we did not detect a fever during any time of the day
(Figure 3D–F). Our thermal images showed that our
colonies likely did not reach pathogen-killing tem-
peratures: on day-3 PI, we saw one inoculated col-
ony reach 31 °C at both 00:00 and 16:00, however,
the following day, temperature was below 30 °C,
and the colony exhibited symptoms of the disease.
Althoughwe did not detect a fever in our colonies in
2017, we did find that on a per bee basis, inoculated
colonies invested significantly more in stabilizing
colony-level temperature (Figure 4D–F) (Table 1).
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This was true when all data were analyzed together
and for each time point separately. There was also a
significant effect of day PI, however, there was no
interaction of inoculation and time.

4. DISCUSSION

Overall, our data show: (1) a daily rhythm to
honey bee fever when colonies are large enough
and (2) despite their effort, small colonies are
unable to successfully generate an effective
colony-level fever.

In 2016, there was no difference in temperature
between inoculated and control hives in the morn-
ing at 08:00. At 16:00, however, inoculated colo-
nies showed an elevated temperature on days 5–8
PI (Figure 3B), and in the middle of the night at
00:00, inoculated colonies showed an elevated
temperature on days 4–6 PI (Figure 3C). While

the daily rhythm to honey bee fever may be ex-
plained by ambient conditions, we do not feel this
is the strongest explanation of the pattern. In order
to control for sun exposure and variation in ambi-
ent temperature, all observation hives were kept in
a temperature-controlled facility and had a small
(~ 4 cm diameter) tube for exiting and entering the
hive. Thus, during no time was the sun beating
down on the hives themselves. The rhythm of
honey bee fever in 2016 is more likely due to
the number of bees in the hive, similar to what
we see in 2017. During the early summer months
when we conducted this study, foraging activity
tends to peak in the morning (Rivera et al., 2015).
As such, there were likely fewer bees in the hive at
08:00 than later in the day.

In 2017, our colonies did not generate a fever
(Figure 3D–F). Although no fever was detected, we
did see symptoms of chalkbrood (i.e., mummies) in
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Figure 2. Total number of mummies in inoculated (N = 4 for both years) and un-inoculated (N 2016 = 4, N 2017 = 3)
hive days 7 and 9 post-inoculation (PI) in 2016 (left) and 2017 (right). In both years, there were no mummies in any
hives on day 4 PI, and inoculated hives tended to have more mummies than control hives by day 7 PI with and
significantly more mummies by day 9 PI (**p < 0.001).
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the inoculated colonies (Figure 2); therefore, our
inoculation procedure was successful. Since we did
not see an interaction of inoculation and day PI, the
smaller colonies may have already been trying to
elevate hive temperature beyond their abilities.
There is a significant main effect, however, of day
PI: the gap between the two treatments increased as
day PI increased (Figure 4). This is likely because
the inoculated colonies’ population continued to
decrease, but remaining workers still attempted to
keep temperature stable. Smaller colonies exerted
energy trying to fight this heat-sensitive pathogen,
even though the outcome was unsuccessful.

Consistent with our data, chalkbrood is known to
detrimentally affect honey bee colonies in early
spring when ambient temperatures are low or when
the colony is already too weak to defend itself
(Aronstein and Murray 2010). Since all colonies
were kept in the same facility with a controlled

ambient temperature, it is likely that our 2017 bees
were already too weak to adequately address the
experimental inoculation due to the smaller group
size. Our data show that this disease, which is nor-
mally easily fought via social immunity,
disproportionally harms small colonies. This is con-
sistent with data collected byHarbo (1986): different
colony sizes resulted in different outcomes.

In addition to group size, our 2016 and 2017
colonies differed in the presence of the parasitic
mite, Varroa destructor . There were more sightings
(personal observation, REB) of Varroa destructor , a
pest known to weaken honey bees and spread dis-
ease, in our 2017 colonies than our 2016 colonies.
Furthermore, our 2017 colonies exhibited patholog-
ical symptoms of a mite infestation, termed
Varroasis: unhealthy looking brood (spotty brood
pattern, signs of other brood diseases, punctured
brood cappings), and adults with deformed wings
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Figure 3. Mean difference in baseline temperature for control (purple) and inoculated (orange) hives over day PI in
2016 (top panels) and 2017 (bottom panels). Error bars show variation between colonies ± 1 SE. Data is broken
down as follows: (A, D) data collected in the morning; (B, E) data collected at the afternoon; and (C, F) data
collected at night. Note: y-axes are different for 2016 and 2017.
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(Sammataro et al., 2000) which is likely due to the
spread of Deformed Wing Virus (DWV). This was
true for both inoculated and control hives in 2017.
We did not see these symptoms in 2016. Since
Varroa mite populations increase in proportion of
uncapped larvae, these mites can quickly overrun a
colony and cause population die-off.

Our results highlight yet another possible down-
streameffect ofVarroasis: a smaller groupmadeupof
weakeradultsand thus, the inability to regulatecolony
temperature. While there is still much to be learned
about the effect of DWVon honey bee health, it has
been shown that DWV is a driver of overwintering
mortality (Highfield et al., 2009). Since honey bees
contract their thoracicmuscles inorder to generate the
heat necessary to survive the winter, as they do to
generate a behavioral fever,DWVmaycorrelatewith
thermoregulatory deficiencies. Furthermore, one
strain of the virus likely replicates in the thorax of
pupal honey bees (Martin and Brettell 2019); among

other things, proper development of thoracicmuscles
is vital to honey bee thermoregulation.

Further studies can use our methods to determine
a specific population threshold to honey bee fever.
Honey bees exhibit temporal polytheism where
younger workers are mainly responsible for tasks
inside the hive, such as protecting brood, and older
workers are mainly responsible for tasks outside the
hive, such as foraging. The distribution of tasks
within a colony is affected by both colony demogra-
phy (Huang and Robinson 1996) and infection status
(Lecocq et al., 2016; Stroeymeyt et al., 2018). If there
are not enough foragers, younger workers will begin
foraging earlier (Huang and Robinson 1996). Simi-
larly, infection with Nosema ceranae , a common
fungal pathogen, causes young workers to exhibit
behaviors typical of older bees (Lecocq et al., 2016).
In both cases, precocious bees are likely not as good
at performing tasks as their older counterparts. The
same may be true for honey bee fever and
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Figure 4.Mean degree celsius per bee in control (purple) and inoculated (orange) colonies over time in 2016 (top
panels) and 2017 (bottom panels). Error bars show variation between colonies ± 1 SE; dashed line shows the day at
which colonies were inoculated. Data is broken down as follows: (A, D) data collected in the morning; (B, E) data
collected at the afternoon; and (C, F) data collected at night. Note: y-axes are different for 2016 and 2017.
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thermoregulation in general: with a small population
size may come bees that are not necessarily good at
their job because they are essentially “filling in.”

More broadly, we show evidence for a threshold
group size to the proper functioning of this super-
organism within the natural context of the colony.
As such, in honey bees, defense is a context-
dependent benefit to group living. Future studies
can use similar methods to investigate the behav-
ioral immune response of various bee
species—from eusocial to solitary—to this natural-
ly occurring heat-sensitive pathogen. Such studies
can lead to a better understanding of the evolution
of sociality and the benefits of group living in bees.
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Le bénéfice social nécessite une communauté : l'influ-
ence de la taille de la colonnie sur l'immunité sociale
chez les abeilles.

taille des groupes / immunité comportementale / ther-
morégulation / socialité.

Sozialer Nutzen erfordert eine Gemeinschaft: der
Einfluss der Volksstärke auf soziale Immunität bei
Honigbienen.

Gruppengröße / Einschränkungen / soziale Immunität /
Temperaturregulation / Sozialverhalten.

Table 1. Statistical results for mean degrees per bee. All
GLMs tested for fixed effects of treatment, day PI, and
the interaction. No interactions were significant

Time of day Fixed effect df Χ2 p

2016

08:00 Treatment 1 23.93 < 0.001

Days PI 4 30.56 < 0.001

16:00 Treatment 1 24.68 < 0.001

Days PI 4 29.27 < 0.001

00:00 Treatment 1 23.75 < 0.001

Days PI 4 29.96 < 0.001

2017

08:00 Treatment 1 72.12 < 0.001

Days PI 10 61.42 < 0.001

16:00 Treatment 1 75.80 < 0.001

Days PI 10 64.50 < 0.001

00:00 Treatment 1 71.08 < 0.001

Days PI 10 68.78 < 0.001
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