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Influence of brood pheromone on honey bee colony establishment and queen
replacement
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aDepartment of Entomology & Plant Pathology, North Carolina State University, Raleigh, NC, USA; bBiology graduate program—Ecology &
Evolution, North Carolina State University, Raleigh, NC, USA; cNorth Carolina State Beekeepers Association, Hubert, NC, USA

(Received 14 October 2020; accepted 14 December 2020)

There is both anecdotal and empirical evidence to suggest that honey bee queen longevity has decreased in recent
years, leading to premature supersedure and queen failure. This is particularly evident when beekeepers create new col-
onies from packages, where many queens are immediately rejected or replaced after only a few weeks. Relatively little
is known about the mechanisms that trigger supersedure in honey bees, although previous studies have shown a strong
link with open brood suggesting that brood ester pheromone (BEP) may be involved. We installed new packages into
hive equipment with either no treatment (Control), exposure to BEP during package transport and for the first 10 days
after installation (BEP), or one frame of open brood (Brood). We found that over the course of the 12-week experi-
ment, Control colonies grew the least, Brood colonies started stronger but leveled off similar to Control colonies, and
BEP colonies grew slowly initially but continued positive growth through the end of the experiment. Moreover, we
found a highly significant effect of treatment on Outcome—whether the initial queens were immediately Rejected
(within 5weeks), Superseded (after 5weeks), or Accepted, with Brood, BEP, and Control colonies having 86.7%, 53.3%,
and 33.3% acceptance, respectively. Finally, we found that the open-brood:adult-bees ratio significantly diverged 3weeks
prior to queen replacement between accepting and replacing colonies. We suggest that while BEP alone is insufficient
to deter premature supersedure, there are clear benefits to queen longevity and package-installation success when
establishing new colonies with frames of young brood.

Keywords: Apis mellifera; queen replacement; colony establishment; collective decision making

Introduction

Given the central role that honey bee queens play in
colony function and cohesiveness, it is not surprising
that recent trends in their reduced longevity and other
problems are of concern for beekeepers and the apicul-
ture industry. Historically, the median lifespan of queens
was 25.8 ± 0.498months and thus beekeepers were rec-
ommended to replace their queens every 2 years
(Szabo, 1993). However, in recent years a high percent-
age of queens fail to live more than 1 year (Tarpy et al.,
2013), are prematurely superseded (Withrow et al.,
2019), or lay unfertilized eggs at a very young age
(Pettis et al., 2016). Indeed, these numerous “queen
events” have been identified as one of the top manage-
ment concerns for colony mortality in the US
(vanEngelsdorp et al. 2013), with an average 22.4% of
beekeepers reporting queen failure to explain why their
colonies have died in annual surveys from 2008 to 2016
(Kulhanek et al., 2017 and references therein).

Of particular concern is the package industry in
North America, where newly installed queens can often
be replaced within a matter of weeks or months. Braun
(1943) estimated that only 17.3% of package queens

were replaced in their first year including the 11.7% of
them that were rejected during installation. More
recently, however, Withrow et al. (2019) demonstrated
that 27.2% of 195 package queens were rejected within
6–8weeks after installation. At issue are numerous
environmental factors, including extreme temperature
exposure during transport (McAfee et al., 2020; Pettis
et al., 2016), disease (Alaux et al., 2011; Chaimanee
et al., 2014), and pesticide exposure (Chaimanee &
Pettis, 2019; Chaimanee et al., 2016; Sandrock et al.,
2014; Walsh et al., 2020; Williams et al., 2015). While
no one single factor can explain all of the queen installa-
tion problems, the increased losses of newly mated
queens during new colony formation is a troubling
trend in the industry and of great concern
to beekeepers.

While the regulation of swarming (reviewed by
Grozinger et al., 2014; Winston, 1987) and emergency
queen rearing (Fell & Morse, 1984; Tofilski &
Czekonska, 2004) has been well studied, the mecha-
nisms that govern supersedure (queen replacement in
the presence of a laying queen) have been more difficult
to ascertain in part because there is no easy means to
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induce it (Butler, 1957; Gary, 1959). Previous studies
have used the construction of queen cells as a proxy
for supersedure intent of the colony (Melathopoulos
et al., 1996; Ni~no et al., 2012; Pettis et al., 1997). While
there is a debate about whether or not queen mandibu-
lar pheromone (QMP) is an honest signal of queen qual-
ity (Kocher & Grozinger, 2011; Strauss et al., 2008), it
appears that a lack of QMP alone is not responsible for
queen rearing. Melathopoulos et al. (1996) showed that
while the addition of synthetic QMP inhibited queen
rearing when applied in the first 24 hours after queen
loss, both QMP and worker larvae were required to
fully deter queen rearing in later stages. Moreover,
Pettis et al. (1997) showed that both QMP and open
larvae suppressed queen rearing more effectively than
QMP alone. As such, it appears that open brood is a
secondary fecundity signal used in the collective deci-
sions of workers to replace their queen.

Brood pheromones, particularly brood ester phero-
mone (BEP) (Pankiw, 2004a), have been identified (Le
Conte et al., 1990) and shown to have many different
effects on the social physiology of colonies, including
increasing colony pollen foraging (Metz et al., 2010;
Pankiw et al., 1998), brood rearing (Sagili & Pankiw,
2009), initiation of foraging by individual workers (Le
Conte et al., 2001), nursing behavior (Traynor et al.,
2014, 2015), and capping of the cell (Le Conte et al.,
1990). Through these effects, brood ester pheromone
has been shown to increase queen egg laying rate, feed-
ing, and ultimately colony brood area growth trajectory
(Sagili & Pankiw, 2009). Brood ester pheromone has an
equivocal history of use in managed apiaries with both
positive (Sagili & Breece, 2012) and negative (Peso &
Barron, 2014) impacts on colony growth. This variation
in response is likely due to regional variance in popula-
tion response, the bidirectional effect of relative dose,
and colony level conditions (reviewed in Metz
et al., 2010).

Given the central role that brood and brood ester
pheromone may play in queen replacement during ini-
tial colony establishment, we investigated how this
might help reduce supersedure of newly installed pack-
ages. Our hypothesis is that the prolonged absence of
BEP by workers may help trigger queen replacement,
so we either transported packages with BEP or
installed them into hives with open brood compared
to controls.

Materials and methods

Brood ester pheromone (BEP)

We formulated brood ester pheromone following Metz
et al. (2010) using the proportions originally communi-
cated by Yves LeConte (3.0mg methyl palmitate, 3.0mg
ethyl palmitate, 17.0mg methyl stearate, 7.0mg ethyl
stearate, 25.0 mg methyl oleate, 8.0mg ethyl oleate,
2.0mg methyl linoleate, 1.0 mg ethyl linoleate, 21.0mg

methyl linolenate, and 13.0 mg ethyl linolenate). We dis-
solved 5,000 larval equivalents (LEq), each consisting of
560 ng total esters, in 1.0mL 95% n-Hexane along with
0.05% w/w t-butyl hydroquinone (TBQ) to serve as an
antioxidant to render the diluted pheromone shelf-sta-
ble. For the control treatment, we prepared a similar
volume of 95% n-Hexane with 0.05% TBQ. This dose
was predicted to approximate that promoting colony
growth (Pankiw et al., 2004).

Packaged bees

We purchased 45 standard 3-pound packaged bees
(�10,000 adult workers) with newly mated queens
from Gardner’s Apiaries (Baxley, GA). The day packages
were created, we traveled to the commercial apiary to
assist with the package installation. Just prior to when
the bees were shaken into 15 packages, we pipetted
1.0ml synthetic Brood Ester Pheromone (BEP; n¼ 15)
onto individual 3 3=4 x 6-inch sections of tinfoil-wrapped
cardboard (¼foil plates), briefly allowed each to air dry
(�20min), and placed them into the bottom of the
empty packages immediately prior to the bees being
shaken into them. We did not add blank foil plates into
the remaining packages. We transported the packages
to Hubert, NC within 18 hours of their creation. The
following day, we established the experimental colonies
by shaking the packages into hive equipment.

Experimental colonies

The study was completed over a period of 12weeks
from the installation of packaged bees on 21 March
2020. We established three experimental groups of 15
colonies each. All hives were custom-made six-frame
nucleus hive bodies each with one frame of drawn
comb, three frames of undrawn wax foundation
(depending on treatment group; see below), and one
division-board frame feeder filled with 1:1 v:v sucrose
solution (¼syrup) that was provided ad libitum through-
out the course of study. We organized the apiary with
alternating placement of test groups, and we reduced
drifting by painting the hive bodies in four different col-
ors (blue, yellow, orange, or green). We spaced the
hive bodies 5 feet apart and repeated the color pattern
so that treatment and hive color were not confounded.

Treatment 1 colonies (“Control”) were established
from standard packages following the standard method
of colony establishment from packaged bees (Laidlaw &
Page, 1997). Each colony received a blank foil plate (for-
mulated as above, but using 1.0mL of 95% n-hexane as
a solvent control) by pinning it to the top bar of an out-
side frame. Treatment 2 colonies (“BEP”) were estab-
lished from the 15 packages with BEP on the foil plates
placed at the time the package was first created in
Georgia. We similarly pinned each foil plate to a frame
and replaced with fresh BEP daily between 8 am and 10
am for the first 10 days of the experiment. Treatment 3
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colonies (“Brood”) were established from standard
packages with blank foil plates, but in place of the frame
of drawn comb we placed one frame of open brood
from an unrelated source and without adult bees adher-
ing to them.

We inspected each colony weekly for 12weeks fol-
lowing Delaplane et al. (2013). All evaluations were per-
formed by a single observer (ET) and recorded on a
field data sheet by a volunteer scribe. We took

photographs of frames containing the queen, queen
cells, or both. For each frame in each hive, we recorded
the number of frames of adult bees (to the nearest 10%
of frame coverage), queen status (present, virgin, cells,
laying workers, or drone-layer), number of new queen
cells, estimated number of frames with capped brood,
estimated number of frames of open brood (larvae),
relative brood pattern (0 to 5; very poor to excellent),
and estimated number of frames of eggs.

Figure 1. Top: The association between colony population (number of frames of adult bees) and total frames of brood (sum of
capped and open brood). Different colors (blue to gray to red) signify the dates recorded. The different symbols distinguish the three
different experimental treatments: Control (normal package¼ open circle), BEP (brood-ester pheromone added to the package and
installed colony¼ cross), and Brood (package installed onto open brood¼ diamond). Trend lines are designated by dashed lines,
which are statistically different from each other as indicated by different letters. Bottom left: The same association between colony
population and capped brood only. Bottom right: The same association between colony population and open brood only.
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We performed all statistical analyses in JMP Pro 14
with a¼ 0.05, and all means are reported with ± SEM
unless otherwise noted.

Results

Colony development

We compared the colony population (as measured by
the number of frames with adult bees) with the amount
of brood within the colonies (Figure 1). We applied a
full-factorial ANOVA model including experimental
treatment, date, and frames of bees as independent vari-
ables. We found a highly significant, positive relationship
between colony population (frames of bees) and the
total frames of brood (capped plus open brood frames)
(F1,480¼ 60.9, p< 0.0001). Date was also highly signifi-
cant (F1,480¼ 77.1, p< 0.0001), which is not surprising
since colonies would be expected to grow in size over
the course of the experiment (see below). Importantly,
experimental treatment was also highly significant
(F1,480¼ 14.2, p< 0.0005), suggesting that the relation-
ship between population size and brood rearing was
measurably different depending on how the new colo-
nies were established. Colonies established onto open
brood had a slightly but significantly higher efficiency of
rearing brood for a given population, those established
from normal packages had slightly lower efficiency, and

those established from packages onto BEP were statis-
tically intermediate. These same relationships were the
same when separately comparing capped brood only
and open brood only (Figure 1).

We also measured colony growth over time, using
the total frames of brood as a proxy for colony size
and strength (Figure 2). As would be expected, upon
establishment colonies had little to no brood but soon
grew in strength in the following weeks, on average pla-
teauing after 5–6weeks. Using a full-factorial ANOVA
mixed model, we analyzed the total frames of brood
using experimental treatment, date, and adult population
as independent variables. As above, there were highly
significant effects of worker population (F1,480¼ 68.2,
p< 0.0001) and date (F1,480¼ 86.3, p< 0.0001) with no
significant interaction terms. Interestingly, there was
also a significant effect of treatment (F1,480¼ 7.98,
p< 0.0005), with Control colonies growing the least,
Brood colonies starting stronger (since they were
shook into hives with one frame of open brood) but
leveling off similar to Control colonies, and BEP pack-
ages starting slowly initially but continued positive
growth through the end of the experiment.

Propensity of queen rearing

Of the 45 colonies in this experiment, nearly half
(48.9%) raised queen cells within the first 12weeks of

Figure 2. The total frames of brood over the course of the experiment. Standard box plots are given for each inspection period and
different lines signify the average trendlines for the three experimental treatments (grey dotted: Control; blue dashed: BEP; brown
solid: Brood). These results demonstrate that the established colonies grew normally and as expected, with some subtle but statistic-
ally significant differences among the experimental treatments.
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colony establishment. The likelihood for a colony to
raise queens was significantly dependent on the experi-
mental treatment (v2 ¼ 6.84, df ¼ 2, p< 0.05), with
Control colonies having a significantly higher likelihood
(73.3%) of rearing queens, Brood colonies having a
lower likelihood (26.7%), and BEP colonies being inter-
mediate (46.7%). Interestingly, there was wide variation
in when queen-cell construction was initiated among
the colonies, with some rearing new queens almost
immediately (weeks 1–2) and others only raising queens
much later after colony establishment (weeks 11–12).
We therefore make a distinction between those that
raised new queens and replaced the original package
queen based on whether or not the colony population
had turned over from the original packaged bees; prior
to 5weeks, the colony consisted of predominantly unre-
lated package bees, whereas after 5weeks the vast
majority of the population were the daughters of the
package queen. As such, we had three separate
“Outcomes” for the initially installed queens in these
packages: those that rarely if ever raised queen cells
and accepted the original queen (“Accepted”), those
that reared queens and replaced the original package
queen early in the establishment phase (“Rejected”),
and those that successfully superseded the package
queen after population turnover (“Superseded”).

There were significant differences in the Outcome of
queens depending on package treatment (v2 ¼ 13.7, df
¼ 4, p< 0.01; Figure 3). Brood colonies had queens
that were significantly more likely to be accepted than
either Control (v2 ¼ 12.7, df ¼ 2, p< 0.005) or BEP
colonies (v2 ¼ 8.13, df ¼ 2, p< 0.05), and there was no
significant difference between Control and BEP accept-
ance rates (v2 ¼ 1.47, df ¼ 2, p¼ 0.48). Installing the
package into a hive with one frame of open brood
(Brood treatment) resulted in 86.7% acceptance of the
original queen, whereas the BEP and Control treat-
ments resulted in 53.3% and 33.3% acceptance,
respectively.

Numbers of queen cells

Of the 22 colonies that raised queen cells at some point
during the 12-week experimental period, there was high
variation among them as to the total number of new
queen cells recorded. Colonies that built queen cells
constructed on average 5.07 ± 1.09 total cells, with one
colony building 25 distinct queen cells (and all in the
last week of the experiment). The distribution is not
normal, however, and thus the data were natural-log
transformed for subsequent analyses. We should note
that cells were not double-counted in this total because
only new queen cells were recorded each week. Many
were torn down before virgin queens emerged (see
above), but each individual cell was not tracked further
so we do not know the specific fate of each. There
were three colonies that built 1–2 queen cells but were
torn down by the following hive inspection and thus

were not considered supersedure attempts. As would
be expected, there was a significant difference in queen
cell number among Outcomes (F2,42¼ 124.8,
p< 0.0001), although there was not a significant differ-
ence between Rejected (9.38 ± 2.39) and Superseded
(13.4 ± 2.08) queens (Tukey post-hoc test, p> 0.05). As
such, it does not appear that the number of con-
structed queen cells is a measure of how ardent a col-
ony is to replace its queen.

There was a weak but statistically significant effect of
colony treatment on the total number of new queen
cells constructed (F2,42¼ 3.54, p< 0.05), such that
Brood colonies had significantly fewer constructed
queen cells (1.87 ± 1.10) compared to Control colonies
(8.13 ± 2.16) with BEP colonies being intermediate
(5.2 ± 1.97). A full-factorial ANOVA with both
Treatment and Outcome was highly significant
(F7,37¼ 34.4, p< 0.0001) with Outcome being the only
significant factor (F2,37¼ 99.5, p< 0.0002) because colo-
nies that Accepted their package queen built few if any
queen cells compared to those that Rejected or
Superseded them (Figure 4).

Comparison of last 4weeks

In an attempt to compare the colony status among
those that retained or replaced their queen, we

Figure 3. The proportion of colonies in each experimental
treatment that did not rear any queens and accepted the pack-
age queen (“Accepted” ¼ white), those that reared new
queens and replaced the package queen before the colony
population turned over (“Rejected” ¼ red), and those that suc-
cessfully superseded the package queen after the colony con-
sisted of her offspring (“Superseded” ¼ black). There were
statistically significant differences among the three experimental
treatments with respect to the outcome of queen replacement,
with the Brood treatment having a significantly higher accept-
ance rate than the BEP or Control groups. � p< 0.05;��� p< 0.005.
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adjusted the timeline for each colony to include only
the last 4weeks in which the original package queen
was present. For the “Accepted” queens, those were
the last 4weeks of the experiment (Weeks 9–12), but
for the “Rejected” or “Superseded” queens they were
whichever 4weeks preceded the original queen no lon-
ger being seen within a given colony and with docu-
mented queen-rearing activity. Some of the Rejected
colonies replaced their queens within the first month of
establishment, and as such those were only included for
less than 4weeks.

Because of the high variation in the number of queen
cells built by the various colonies, we attempted to see
if any of the colony variables were associated with the
initiation of queen rearing. We therefore used a full-fac-
torial mixed ANOVA model with new weekly queen
cells as the dependent variable and week and Outcome
as independent variables with either frames of adult
bees, capped brood, open brood, and brood viability as
covariates (including all four colony measurements into
a unified model was not possible because of a limited
degrees of freedom). While Outcome (F2,158¼ 21.8,
p< 0.0001) and week (F3,158¼ 11.4, p< 0.0001) were
highly significant, none of the phenotypic covariates
were significantly associated (adult population:
F1,158¼ 0.21, p¼ 0.64; capped brood: F1,158¼ 0.79,
p¼ 0.38; open brood: F1,125¼ 1.51, p¼ 0.47; brood via-
bility: F1,158¼ 0.27, p¼ 0.60).

The most associated variable with Outcome over
the last 4weeks for each queen was the ratio of open
brood to adult bee population (Figure 5), which was
normalized by ln þ 1 transformation. A two-way
ANOVA with week, Outcome, and their interaction

showed no effect of week (F3,162¼ 1.50, p¼ 0.22) or
interaction (F6,162¼ 1.04, p¼ 0.40) but a highly signifi-
cant effect of Outcome (F2,162¼ 20.3, p< 0.0001). Four
weeks prior to the original queens’ fate, there were no
significant differences in the open-brood:adult-bees ratio
among colonies, but starting 3weeks prior to final
queen fate the ratios significantly diverged between col-
onies that accepted its queen and those that replaced
them (Figure 5).

Discussion

While it is well-known anecdotally that newly estab-
lished packages frequently attempt supersedure, it has
neither been well quantified nor demonstrated to be so
highly variable depending on the initial starting condi-
tions or treatment of the packages. Our results clearly
demonstrate a positive effect of installing packaged bees
into hives with some open brood, both in terms of col-
ony growth but especially for reduced supersedure
attempts. This was not seen with the BEP treatment so
it appears that the effect is mediated by more than just
brood ester pheromone.

The effect of brood ester pheromone in this experi-
ment was generally intermediate to that of added
brood. This implies that at least some brood signal is
responsible for the perception of the queen as viable,
and that the extended loss of brood signal during pack-
age shipment, queen installation, and the rearing of the
first generation of workers appears to trigger supersed-
ure. Brood ester pheromone does not appear to be the
complete signal, but may constitute part of an honest—

Figure 5. The ratio of frames of open brood to frames of adult
bees (ln-transformed) for colonies that Superseded (black),
Rejected (red), or Accepted (white) their original package
queen for the last 4weeks leading up to the queen’s final fate.
Box plots with different letters are significantly different at
a¼ 0.05 using Tukey post-hoc tests. The open-brood:adult-
bees ratio was equivalent among all three Outcome groups
4weeks prior to queen fate, but such ratios became divergent
starting 3weeks prior to the final inspection in which the ori-
ginal queen was seen in the colony.

Figure 4. The total number of queen cells (ln-transformed) con-
structed by colonies that either Accepted, Rejected (within
5weeks), or Superseded their queens (after 5weeks). Colonies
that successfully replaced their queen during the 12-week
experimental period built significantly more queen cells (���
p< 0.0001) but were not significantly different among experi-
mental treatment (grey¼Control; blue¼BEP; brown¼Brood).
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if not always accurate—signal of queen fertility. One
possible component to consider is volatile brood phero-
mone (vBP, or E-b-Ocimene). vBP is preferentially
released by young larvae (Carroll & Duehl, 2012), while
BEP increases in quantity dramatically in older larvae
(Maisonnasse et al., 2010). Interestingly, vBP also effects
colony-level pollen consumption and may therefore be
expected to elicit similar effects on colony growth
parameters. Thus, signals of both young and old larvae
may be necessary to suppress the supersedure response
in newly installed packages.

There is an equivocally positive effect of hiving pack-
ages onto open brood, providing additional fecundity
signaling to the package workers as well as decreasing
the time to first replacements for the colony. Our
results suggest that this affects the initial strength of the
colony without necessarily affecting the rate of growth
(Figure 1). Shaking packages onto brood rather than
foundation appears to be an easy, if potentially more
laborious, method for promoting colony growth.
Colony growth over time differed among the three
treatments, suggesting that the fecundity signal alone, if
a sufficiently effective signal is elucidated and applied, is
enough to promote colony growth from package instal-
lation. Previous research supports this assertion, with
simulated packages provided brood pheromone rearing
significantly more brood over a 4week period
(Pankiw, 2004b).

The installation of packages onto brood obviously
should provide colonies with a head-start in growth,
productivity, and longevity. What is surprising in our
findings is that this seems to translate to the longevity
of the queen as well. The presence of brood sensu
stricto should elicit no effect on intrinsic drivers of mor-
tality, and brood was provided independent of any
knowledge of the queen’s reproductive quality.
Therefore, the decrease in queen supersedure must be
due to a change in worker response to the queen as a
result of the presence of brood. Previous research with
BEP suggests this to be the case; simulated packages
treated with brood pheromone had queens that laid
more eggs, were fed for longer, and workers that spent
more time preparing cells for larval rearing (Sagili &
Pankiw, 2009). This suggests an effect of brood signals
on queen behaviors either directly or through changes
in worker tending efforts ultimately promoting the very
behaviors hypothesized to generate the signals that pre-
vent her supersedure.

The number of queen cells raised by a colony does
not seem to be a function of its strength, which has
been shown before (Butler, 1957; Gary, 1959). As such,
we do not have a good understanding of what governs
the number of queen cells that colonies build or around
which larvae, suggesting that factors other than major
internal colony variables are responsible for cell number
(e.g., age demographics, the paternity of available brood,
nutrition). The number of queen cells may therefore

not be as good a proxy for “relative intent” of super-
sedure since cell number does not translate to out-
come, but until a better alternative is demonstrated it
remains the most logical empirical measure.

To conclude, establishing new packages into hives
with at least one frame of open brood clearly helps to
hedge against colonies wanting to reject the queen
immediately after installation. Brood ester pheromone
(BEP) alone does not fully mimic brood in this context,
but it shows promise that more-complete proxy brood
signals may serve in the place of brood to stimulate
package growth and promote queen survival in
this context.
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