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Abstract The extended phenotype of a social insect
colony enables selection to act at both the individual level
(within-colony selection) and the colony level (betweencolony selection). Whether a particular trait persists over
time depends on the relative within- and between-colony
selection pressures. Queen replacement in honey bee
colonies exemplifies how selection may act at these
different levels in opposing directions. Normally, a honey
bee colony has only one queen, but a colony rears many
new queens during the process of colony reproduction.
The replacement of the mother queen has two distinct
phases: queen rearing, where many queens develop and
emerge from their cells, and queen elimination, where
most queens die in a series of fatal duels. Which queens
are reared to adulthood and which queens ultimately
survive the elimination process depends on the strength
and direction of selection at both the individual and
colony levels. If within-colony selection is predominant,
then conflict is expected to occur among nestmates over
which queens are produced. If between-colony selection
is predominant, then cooperation is expected among
nestmates. We review the current evidence for conflict
and cooperation during queen replacement in honey bees
during both the queen rearing and queen elimination
phases. In particular, we examine whether workers of
different subfamilies exhibit conflict by acting nepotistically toward queens before and after they have emerged
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from their cells, and whether workers exhibit cooperation
by collectively producing queens of high reproductive
quality. We conclude that although workers may weakly
compete through nepotism during queen rearing, workers
largely cooperate to raise queens of similar reproductive
potential so that any queen is suitable to inherit the nest.
Thus it appears that potential conflict over queen
replacement in honey bees has not translated into actual
conflict, suggesting that between-colony selection predominates during these important events in a colony’s life
cycle.
Keywords Polygyny · Nepotism · Colony reproduction ·
Reproductive conflict · Levels of selection

Introduction
The social insects have long fascinated biologists because
of the extreme cooperation among the workers of their
colonies (Wilson 1971). The advent of “selfish-gene”
thinking, however, has led to the recognition that there are
many potential conflicts among colony members (reviewed by Bourke and Franks 1995; Crozier and Pamilo
1996; Keller 1999). To study the interface between
cooperation and conflict within social insect colonies, it is
helpful to use a multilevel selection approach. Natural
selection acts on the phenotype of organisms, and the
genes responsible for certain traits are the entities that are
ultimately transmitted over generations. However, genes
of social insects produce individual-level phenotypes, and
individuals produce colony-level phenotypes. The extended phenotype of a social insect colony enables
selection to act at the individual level or the colony
level, or both (Ratnieks and Reeve 1992; Sundstrm and
Boomsma 2001). For example, genes for a particular
selfish behavior may be selected for at the individual level
(if they increase the proportional reproductive output of
their carriers relative to other colony members) but
selected against at the colony level (if they decrease the
colony’s overall reproductive success). Thus whether or
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not such genes will persist, and hence whether conflict or
cooperation prevails for a particular trait, depends on the
relative magnitudes of within-colony (individual-level)
and between-colony (colony-level) selection.
The honey bee (Apis mellifera) has been a model
organism for studying the interplay between conflict and
cooperation. Two aspects of potential intracolony conflict
concern the ratio of female and male sexuals and the
frequency of male production by workers, both of which
have been studied in great detail (reviewed by Bourke and
Franks 1995; Crozier and Pamilo 1996). These two
potential points of conflict, however, do not translate into
actual conflict in most colonies because honey bee queens
mate with several males (see Oldroyd et al. 1998; Tarpy
and Nielsen 2002). By creating numerous subfamilies
within a colony, polyandry alleviates the potential conflict
over the sex ratio by aligning the genetic interests of the
workers with that of the queen (e.g., Moritz 1985).
Similarly, polyandry minimizes worker reproduction
within a colony by lowering the genetic value of a
worker’s nephews compared to her brothers, causing the
workers to police each other’s egg laying (e.g., Woyciechowski and Lomnicki 1987; Ratnieks 1988). Thus, for
these two aspects of reproduction, colony-level selection
has minimized intracolony conflict in favor of cooperation.
A third reproductive conflict concerns which queens
will represent a colony in the next generation. Workers
may potentially benefit by behaving nepotistically, raising
their super sisters (G=0.75) rather than their half sisters
(G=0.25) as the new queens, thus increasing their
inclusive fitness (Hamilton 1964). However, this potential
for conflict may not be translated into actual conflict if
differential treatment of super and half sisters incurs costs
at the colony level that outweigh the benefits to nepotistic
individuals (Ratnieks 1989; Carlin et al. 1993; Sundstrm
and Boomsma 2001). For example, if nepotism results in
a decrease in colony efficiency (e.g., fewer or poorer
queens get produced), then all members within the colony
may experience a net decrease in inclusive fitness and
Fig. 1A–E The two phases of
queen production: queen rearing
and queen elimination. A A
queen cell (centered) modified
from a worker cell on the brood
comb. B Queen cells constructed experimentally from “grafted” worker larvae. C–E Queen
elimination by dueling rivals

nepotism might be selectively disfavored. It is interesting
that while multiple mating decreases potential conflict
over those mechanisms of reproduction, it creates potential conflict over queen production by forming multiple
subfamilies of workers with different genetic interests.
While this aspect of colony reproduction has a direct and
obvious influence on colony fitness, the process of queen
replacement has been less well studied than other
reproductive conflicts.
In this review, we will examine the balance between
conflict and cooperation, hence the respective roles of
within-colony and between-colony selection, in the context of queen replacement in honey bee colonies. We will
do so by considering whether the workers behave
conflictually to favor close relatives among the queens
produced by their colony, if they behave cooperatively to
optimize the reproductive “quality” of the queens, or if
they do both.

Queen replacement in honey bees
A honey bee colony replaces its mother queen when she is
old and failing and so needs to be superceded, during
“emergencies” when she is the victim of predation or
human intervention, or when she leaves in a swarm during
colony fission (reproduction). All instances of queen
replacement are accomplished in two distinct phases. The
first phase is “queen rearing”, which is triggered by
numerous colony and environmental factors (reviewed by
Winston 1987). A colony constructs one to two dozen
queen cells, which are larger than worker or drone cells
and hang down vertically on the wax combs. Queen cells
are initiated when workers either construct special queen
“cups” into which the queen lays eggs or when they
construct queen cells from worker cells that contain eggs
or young larvae (Fig. 1A). The cells are elongated by the
workers as the queen larvae grow and develop, and are
sealed when their occupants are 5-day-old larvae
(Fig. 1B). The total development time of a queen is
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approximately 15 days (e.g., DeGrandi-Hoffman et al.
1998).
The second phase of queen replacement is “queen
elimination”, where the total number of virgin queens is
reduced from many to one (what Tarpy and Fletcher 1998
term “polygyny reduction”). Upon emerging from her
cell, a mature queen may either depart the natal nest in a
secondary swarm (also known as an afterswarm) with
several thousand workers to found a new nest, or she may
remain in the natal nest and attempt to kill any other
virgin queens in the colony. A queen may kill her rivals
either by “assassinating” them before they emerge from
their cells (Huber [1926/1792]; Boch 1979; Gilley 2001)
or by stinging them during combat (Gilley 2001; Schneider et al. 2001; Fig. 1C–E). In most species of social
insects, the workers kill supernumerary queens (Wilson
1971; Michener 1974; Fletcher and Ross 1985; Heinze
1993), but in honey bees, the workers leave it to the rival
queens to kill each other (Gilley 2001; Schneider et al.
2001; Gilley and Tarpy, submitted for publication). While
this curious fact has been known for centuries (Huber
[1926/1792]; Darwin 1859), the interactions among
queens and workers—during what Visscher (1993) calls
the “afterswarming syndrome”—have been investigated
in detail only recently. Anecdotal accounts of queen fights
were provided in studies that described communication
signals during swarming, such as queen piping and
worker shaking (Grooters 1987; Kirchner 1993). Visscher
(1993), in an important theoretical paper, outlined the
reproductive interests of a queen as she decides to depart
in a swarm or engage in fights. He made numerous
predictions about the mechanisms regulating queen
emergence, queen fighting ability, and swarm departure,
and supporting evidence has since been obtained for some
of them. Gilley (2001) provides a detailed account of five
queen “duels” in observation hives. He describes the
pertinent queen behaviors and worker–queen interactions,
including queen cell “patrolling”, queen piping, worker
grooming, worker shaking, and numerous forms of
worker aggression toward queens. These acts of aggression can vary greatly among queens. He and others also
report that a queen can eject a liquid from her abdomen
that the workers react to strongly (Post et al. 1987; Page et
al. 1988; Bernasconi et al. 2000) and that this “spraying”
behavior may be a fighting tactic that immobilizes rivals
in worker aggregations (Gilley 2001; Tarpy and Fletcher
2003). The ultimate outcome of queen replacement is one
queen that claims the parental nest and perhaps additional
queens in swarms that establish new nests.
It is clear that both the pre- and post-emergence phases
of queen replacement involve complex interactions
among queens and workers. It is plausible, therefore, that
these interactions enable workers to bias the outcomes of
these events in favor of certain queens. If the outcomes of
queen rearing and queen elimination are biased by
workers in favor of more-closely related queens (nepotism), then it would demonstrate actual conflict during
queen replacement, indicating that selection has been
acting at the individual level (within colonies). If,

however, the outcomes favor queens of higher reproductive quality, then it would demonstrate significant cooperation during queen replacement, indicating that
selection has been acting at the colony level (between
colonies).

The queen rearing phase of queen replacement
Conflict (nepotism) during queen rearing
Nepotism in honey bees has been investigated mostly in
the context of queen rearing. Visscher (1998) makes the
distinction between studies that have investigated processes (i.e., the social interactions of nurse bees with
queen larvae) and those that have investigated products
(i.e., the number of queens accepted). Here, we categorize
the literature according to the three general methods that
have been used in attempts to detect the preferential
rearing of queens in favor of more-closely related kin.
The first approach has been to perform reciprocal
transfers of young worker brood (eggs and larvae)
between colonies of varying relatedness to determine if
the proportion of queens raised from more-related individuals is higher than the proportion of those raised from
less-related individuals (reviewed by Breed et al. 1994;
Visscher 1998). A summary of these studies is given in
Table 1. The methods of the different experiments vary
widely. Some studies simply exchanged combs of brood
between colonies and determined how many “emergency”
queen cells were constructed on each (Breed et al. 1984;
see also Page and Erickson 1986a). Others studies
transferred worker eggs (Woyciechowski 1990) or larvae
(Breed et al. 1984; Page and Erickson 1984; Tarpy and
Fletcher 1998; Mohammedi and Le Conte 2000), or both
(Visscher 1986), by employing a commercial practice
known as “grafting” (Laidlaw and Page 1997; Fig. 1B).
The grafting procedure is accomplished by transferring
brood into queen cups that may or may not contain a drop
of royal jelly (“wet” vs “dry” grafting, respectively). This
procedural difference is worth noting because several
authors (e.g., Visscher 1998) have suggested that royal
jelly may mask acceptance cues, and may therefore
explain why some studies that dry-grafted brood have
shown significant results while those that wet-grafted
brood have not. Another difference among the studies is
the genetic relationships of the developing queens to the
workers in the queen-rearing colonies. Some studies used
colonies headed by queens that were instrumentally
inseminated, hence containing just one or a few subfamilies or “patrilines”, while other studies used colonies
headed by queens that mated naturally with a (presumably) large, unknown number of males, hence containing
many subfamilies. There are two other studies worth
noting that are not included in Table 1. Page and Erickson
(1986a) reared queens from different subfamilies in twosubfamily colonies that varied in their ratio of workers
from each subfamily. While their experimental design
could not detect whether more-closely related individuals
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Table 1 Summary of the different studies that tested nepotism during queen rearing in
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were preferentially raised as queens, they did find that
certain subfamilies were preferred over others during
queen rearing (see following discussion). More recently,
experiment 3 by Mohammedi and Le Conte (2000)
involved reciprocal transfers of worker larvae, but they
did not measure queen acceptance (as they did in
experiments 1 and 2; Table 1). Rather, they compared
the combined weights of queen larvae and brood food
between sister and unrelated queens, and they did not
observe significant differences between the two treatments during either the summer or winter trials.
The second approach to testing for nepotism in queen
rearing has been to look for significant associations
between queen larvae and workers (particularly the nurse
bees that raise them) of the same subfamily, with the
expectation that workers will preferentially tend queen
larvae to which they are more related (see also Hannonen
and Sundstrm 2003). Noonan (1986) investigated the
queen-rearing behaviors of workers in five colonies
housed in observation hives. The workers of each of
these colonies belonged to one of two phenotypically
distinct subfamilies (“cordovan” vs “dark”) produced by a
recessive genetic marker for cuticular color. While she
found no significant differences between the two subfamilies of each colony in the number of queens reared,
she observed that workers of the two subfamilies
preferentially visited, fed, and maintained queen cells
containing larvae of their own subfamily. The results of
this study have been questioned, however, because the
workers lacked the normal amount of genotypic variability (i.e., they consisted of only two subfamilies) and
because there was no control for the recessive cuticular
marker (see Breed et al. 1994 for discussion). Page et al.
(1989) performed a study similar to Noonan (1986), but
the nestmates belonged to one of three subfamilies that
were distinguishable only by the malate dehydrogenase
(MDH) allozyme. They, too, observed that workers were
significantly more associated with developing queens that
were more closely related to themselves. However,
Oldroyd et al. (1990) reanalyzed their statistical methods
and found a systematic flaw that biased their results in
favor of rejecting the null hypothesis. An independent
analysis by Visscher (1998), on the other hand, showed
that Page et al.’s (1989) results are consistent with the
predictions of nepotism in three ways. First, he found
significant heterogeneity between the counts of nurses
and worker larvae in each subfamily, suggesting that
nurse bees are not a random sample of the colony’s
workers (see also Robinson et al. 1994; Pankiw 1997).
Second, he found significant heterogeneity between the
counts of queen larvae and worker larvae in each
subfamily, suggesting that queens are not raised randomly
from a colony’s brood (see below). Third, he showed that
the goodness of fit between the queen and nurse bee
distributions to be closer than that of the nurse bee and
larvae distributions, which would be expected if nurse
bees more closely associate themselves with more-related
queens. Thus it seems that the Page et al. (1989) study
provides evidence of nepotism in queen rearing after all.

Finally, a recent study by Schneider and DeGrandiHoffman (2002) showed that workers within hybrid
European and Africanized colonies demonstrated positive
kin preferences for queen cell visitations, but not for other
measures of queen rearing behavior.
The third approach to testing for nepotism in queen
rearing has been to look for significant differences
between the distributions of worker subfamilies and
queen subfamilies using PCR-based molecular paternity
analyses. If nepotism exists, then some subfamilies will
be observed more frequently in queen brood than in the
worker brood, particularly those subfamilies that have a
numerical majority of workers. The first to use this
approach was Estoup et al. (1994) in a ground-breaking
study utilizing microsatellite DNA markers. They found
that the distribution of subfamilies within a single
colony’s worker brood was the same as the distribution
of subfamilies within the colony’s queen brood, suggesting an absence of nepotistic queen rearing. The relatively
small sample size of genotyped queens, however, greatly
limited the possibility that they would be able to detect
nepotism. Frank et al. (2002) similarly did not detect any
queen rearing biases in six colonies headed by naturally
inseminated, mate-limited queens. Tilley and Oldroyd
(1997), on the other hand, were able to detect that queens
were not reared randomly from worker brood because
certain subfamilies were consistently over-represented in
queen brood (see also Page and Erickson 1986a; Visscher
1998). They interpret their results as supporting an
alternative hypothesis; queens of certain subfamilies are
more likely to be reared as queens for reasons other than
nepotism (e.g., increased attractiveness to nurse bees).
Osborne and Oldroyd (1999) rejected this “royalty
alleles” hypothesis in favor of nepotism because they
found higher levels of subfamily heterogeneity in colonies
related to the queens than in unrelated “discriminator”
colonies. Since the subfamily proportions of queen larvae
are more skewed towards certain subfamilies when the
workers are related to the brood, their findings are
consistent with nepotism during queen rearing. Most
recently, Chline et al. (2003) found that one subfamily
represented a higher proportion of queen brood than
expected in a colony undergoing emergency queen
replacement. This effect was not detected in a second
colony, however, suggesting that nepotism is either weak
or not always present.
Despite the accumulated evidence for and against
nepotism that has been obtained by these many studies, it
is difficult to draw robust conclusions about nepotism
during queen rearing in honey bees. The diversity of
approaches lends strength to the body of data, but
unfortunately it is inappropriate for a meta-analysis
(e.g., Arnqvist and Wooster 1995) because the methodologies are so different from one another. In their
previous reviews, Breed et al. (1994) conclude that there
is little if any nepotism during queen rearing in honey
bees, and Visscher (1998) concludes that nepotism does
occur, although the data are equivocal and the effect is
most likely weak. Thus while the issue of nepotistic queen
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rearing remains unresolved, it seems clear that the
evidence indicates that strong nepotism is not manifested
during queen rearing. Even if weak nepotism does exist,
the biological relevance of the behavior during this stage
of queen replacement in honey bees is questionable.
Cooperation during queen rearing
Queen rearing by honey bees involves numerous individuals because no single worker can rear a queen on her
own; it requires copious amounts of royal jelly to raise a
honey bee queen, much more than one worker can secrete
over the 5-day period of a queen larva. Even though
workers may have divergent genetic interests (see above),
they have a common interest in producing queens of high
reproductive quality. Determining if workers affect queen
quality during queen rearing will reveal the extent of
cooperation between different worker subfamilies.
A queen’s reproductive “quality” is a function of her
mating success, fecundity, and offspring viability (Futuyma 1998; Gilley et al. 2003). While workers influence a
queen’s mating success or brood viability only indirectly,
there are two means by which they can influence a
queen’s fecundity directly. The first is by feeding a queen
larva a diet rich in protein and sugars (reviewed by
Herbert 1992; Page and Peng 2001). Royal jelly contains
more glucose and fructose than worker brood food, and
includes additional substances such as vitamins and 10HDA (a precursor to the major queen mandibular
pheromone). Every queen larva literally floats on a pool
of royal jelly; they are always provided with more food
than they can consume (Herbert 1992). Thus unless a
colony suffers from a serious food shortage (Schmickl
and Crailsheim 2002), workers cooperate to ensure that
queen larvae are fully fed, thereby ensuring the production of high-quality queens.
The second means by which workers can influence
queen fecundity is by initiating queen rearing with brood
of an appropriate age. A queen’s quality can be quantified
by measuring her external morphological characters (e.g.,
weight, thorax width, and wing lengths) and her internal
reproductive organs (e.g., ovary weight, ovariole number,
and spermatheca volume), all of which are highly
correlated to each other (Eckert 1934; Woyke 1971;
Clarke 1989; Hatch et al. 1999; Gilley et al. 2003) and
many of which are strongly correlated with brood
production (Avetisyan 1961; Makarov 1969). A queen’s
quality is negatively correlated with the initial age at
which an egg or larva is fed royal jelly (Woyke 1971;
Hatch et al. 1999; Gilley et al. 2003). For example, a
queen that is raised from a 2-day-old worker larva will be
of lesser quality compared to a queen raised from a larva
that has recently hatched from its egg casing.
Queen rearing is regulated by workers performing two
behaviors non-randomly. First, workers build queen cells
preferentially from worker cells that contain older worker
eggs or from younger larvae (Fletcher 1978; Fell and
Morse 1984; Hatch et al. 1999; Fig. 2). Second, workers

Fig. 2 The number of queen cells constructed from modified
worker cells depends on the age of the egg or larva from which it is
constructed. Furthermore, the proportion of initiated cells which are
torn down increases as a function of age. This may suggest that
workers are selectively destroying queen cells with poorer quality
queens. The remaining queens have similar reproductive potentials,
as measured by their similar ovariole numbers (means€SE; adopted
from Hatch et al. 1999)

tear down queens cells after they have been sealed (Allen
1956; Gary and Morse 1962; Fletcher 1978; Winston and
Taylor 1980; Melathopoulos et al. 1996; Schneider et al.
2001), and cells that are started with older brood are
destroyed significantly more often than cells initiated
with eggs (Hatch et al. 1999; Schneider and DeGrandiHoffman 2002). The bias in cell destruction suggests that
workers are affecting the outcome of queen rearing by
decreasing the variation in queen reproductive potential
(Winston 1987). Indeed, the resultant queens in the Hatch
et al. (1999) study did not differ significantly with respect
to several measures of fecundity. Most notably, there
were no significant differences in ovariole number
between the queens produced from different age cohorts
(Fig. 2), which is arguably the most direct measure of a
queen’s reproductive value. Thus workers may be
“weeding out” low-quality queens during queen rearing
by preferentially destroying their cells. However, the
conclusive experiment of this hypothesis has yet to be
performed (e.g., comparing queens from cells destined to
be destroyed to those that are not destroyed). Thus the
current evidence, perhaps intuitively, suggests that
colonies have evolved elaborate mechanisms to maximize
the reproductive quality of the queens that they rear.
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The queen elimination phase of queen replacement
Nepotism (conflict) during queen elimination
Honey bee colonies raise many more queens than will
survive to head the colonies they produce. Studies of
queen rearing, therefore, have investigated only the first
phase of queen replacement. The queen elimination phase
involves complex interactions among queens, as well as
between workers and queens (see above). The intense
interactions between workers and virgin queens creates a
high potential for selection to act on colony members to
bias the outcomes in favor of certain queens. Given that
queen survival is the ultimate end of queen replacement,
it is surprising that so few studies have examined the
mechanisms by which the final replacement queen is
determined.
As in studies of queen rearing, supporting evidence for
nepotism during queen elimination would be observed if
queens that are more related to the workers of a colony
have a higher probability of surviving to head a colony
than queens that are less related to the workers. The first
study to test this hypothesis (albeit indirectly) was Page
and Erickson (1986b), who established numerous observation arenas in 135 ml cardboard cups, each of which
contained ten super sister workers and one queen that was
either a half sister or a super sister to the workers. A
second queen, which was either a half sister or a super
sister to the workers and resident queen, was added to the
arenas after 0.5 to 6.0 h. They found that queens had a
survival advantage after 8 h if they were more related to
the workers and less related to their rival queen. However,
they did not demonstrate a significant survival advantage
of queens that were super sisters to the workers (42 alive
vs 36 dead) compared to those that were half sisters to the
workers (58 alive vs 26 dead). As the authors point out,
their experimental design may not reflect the full suite of
behaviors during polygyny reduction because it involved
an artificial environment, not a normal colony.
Another experiment, by Tarpy and Fletcher (1998),
simultaneously placed pairs of virgin queens that were
reared in a common colony into four-frame “nucleus”
colonies. Each pair of queens consisted of one that was a
half sister or a super sister of the colony’s workers and
one queen that was unrelated to the colony’s workers.
They found that queens that were related to the workers
had a significantly higher probability of surviving after
48 h compared to queens that were unrelated to the
workers. Their study, however, tested queens that were
genetically unrelated to the workers in colonies that
lacked control over the number of subfamilies within
them. Since nestmate recognition has a (small) genetic
component (reviewed by Breed 1998), it is unclear
whether their observed advantage of related queens is
due to nepotism or nestmate recognition.
A third study, by Schneider and DeGrandi-Hoffman
(2003), demonstrated that virgin queens of African
paternity (when reared in European colonies) exhibited
greater piping activity, eliminated more of their rival

queens, and were more likely to become the replacement
queen than their half sisters of European paternity. They
also showed that African-patriline queens received more
shaking signals from workers, which is associated with
longer survival and greater fighting success (Schneider et
al. 2001; Schneider and DeGrandi-Hoffman 2003).
Workers of African paternity were more likely to perform
these signals, and they exhibited a greater tendency to
perform shaking signals on super sister queens. They
conclude, however, that a queen’s paternity has a stronger
influence on shaking signaling than relatedness because
African-patriline queens were preferentially shaken by
workers independent of whether the workers were super
or half sisters. Thus while these results indicate that
workers may bias the queen elimination phase in favor of
particular queens, they do not necessarily demonstrate
nepotism during queen elimination.
Most recently, Gilley (2003) used a powerful experimental design to test nepotism in unmanipulated colonies
undergoing natural queen replacement. Using microsatellite DNA markers, he genotyped hundreds of workers that
were involved in aggressive worker–queen interactions
with 27 dueling queens in swarming colonies in observation hives. He found that workers that harassed queens
were neither more-closely nor more-distantly related to
the queens than were workers selected at random. A
subsequent power analysis showed that these results are
unlikely to be due to a type II error (false negative). While
it is possible that nepotism may occur via other worker–
queen interactions (such as infrequent trophallactic interactions), this experiment is strong evidence that nepotism
is not a factor during the queen elimination phase.
In fire ants (Solenopsis invicta), workers do not favor
their mother during fights between co-foundress queens
(Balas and Adams 1996; Bernasconi and Keller 1996;
Bernasconi et al. 1997). Despite some conflicting evidence, it is most likely that honey bee workers also do not
favor more-closely related sister queens. Clearly more
studies are required in the context of queen elimination
before any robust conclusions can be drawn. The
complete lack of kin-biased interactions between workers
and queens during queen duels strongly suggests that
workers do not bias the queen elimination process in favor
of super sisters. Thus it is unlikely that nepotism occurs
during the queen elimination process, again suggesting
that there is minimal conflict during queen replacement.
Cooperation during queen elimination
If selection has acted on colonies to maximize the
reproductive value of replacement queens, it is plausible
that workers would bias polygyny reduction in favor of
queens with higher reproductive potential. Unfortunately,
only a few studies have investigated this possibility.
Using the same experimental assay as Tarpy and
Fletcher (1998), Tarpy et al. (2000) placed into nucleus
colonies pairs of queens that differed in either their actual
or initial-rearing ages. In their first experiment, they
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found that 3-day-old (“old”) queens survived significantly
more often than 1-day-old (“young”) queens, which
suggests that either older queens have an inherent survival
advantage or that workers bias fights in favor of older
queens. In their second experiment, they found that
queens reared from <12-h-old larvae (“high quality”
queens) did not survive significantly more often than
queens reared from 2-day-old larvae (“low quality”
queens), which suggests that higher quality queens do
not have an inherent survival advantage and are not
favored by workers over lower quality, same-aged sister
rivals. The low-quality queens in their study, however,
were not significantly different from their high-quality
counterparts with respect to many morphological measures (and none if a Bonferroni correction is implemented). It is possible that a greater difference in queen quality
between the two treatments would have yielded different
results.
Schneider and DeGrandi-Hoffman (2003) investigated
the relationship between queen size and survival, although it was not the primary focus of their study. They
reported no difference in the dry weights between
winning and losing queens. Likewise, queens that eventually survived or were killed did not differ in thorax
length or width (S. Schneider, personal communication).
However, they observed significant, positive correlations
between queen size, the number of rivals eliminated,
piping activity, and the rate at which workers performed
shaking signals on queens (S. Schneider, personal communication). Smaller queens, however, survived significantly longer, which most likely accounted for the overall
lack of a significant relationship between queen size and
success. Thus, while queen quality (as measured by dry
weight) does not determine the ultimate outcome of queen
elimination, it may influence the dynamics of the process.
Most recently, Gilley et al. (2003) examined cooperation during queen elimination by using methods similar
to those of Tarpy et al. (2000). They created queens of
high quality, low quality, and very low quality by rearing
queens from newly hatched eggs, 2-day-old larvae, and 3day-old larvae, respectively. They placed the developing
queens in swarming colonies in observation hives and,
upon the queens’ emergence, recorded the rates of six
worker–queen interactions. They predicted that workers
would have more frequent antagonistic interactions (e.g.,
“chasing” and “grabbing”) and fewer beneficent interactions (e.g., trophallaxis and grooming) with lower-quality
queens than with higher-quality queens. However, they
found no consistent effect of queen quality on the rates of
worker–queen interactions, suggesting that workers do
not actively cooperate to choose high-quality queens
during queen elimination. This study has several strengths
that make this finding unlikely to be a false negative: (1)
genetic variation among the experimental queens was
reduced by rearing them from the brood of one singly
inseminated queen, (2) there was a significant effect of
the queen treatment on both external morphology and
internal organs of the experimental queens, and (3) a
power analysis showed that even small differences in

interaction rates would have been detected given the
experiment’s sample size and the variance in the data.
It appears, from the few studies available, that a
queen’s quality has little bearing on the outcomes of the
queen elimination phase of queen replacement, but more
data are needed before definitive conclusions can be
drawn.

Conclusions
Much remains to be learned about conflict and cooperation during queen replacement in honey bees, since
much of the evidence presented above is negative or
equivocal. Nonetheless, it is possible to draw tentative
conclusions about the relative roles of individual- versus
colony-level selection during this important reproductive
process in honey bees (Table 2). When colonies rear
queens, there may exist a small amount of conflict over
which individuals to raise as queens based on genetic
relatedness, but the workers mostly cooperate in both
constructing and destroying queen cells so that the queens
which emerge are of high reproductive quality. When the
queens mature and emerge from their cells, they interact
significantly with the workers and engage in mortal
combat with each other, but it is unclear whether these
interactions favor queens of certain subfamilies or of
higher reproductive quality. Thus, it appears that queen
replacement in honey bees is largely a cooperative
venture, where workers cooperate to raise high-quality
queens so that whichever queen eventually survives the
elimination phase is a suitable replacement for the
departed mother queen. Just as potential conflict over
male production and the sex ratio does not translate into
actual conflict, the potential conflict over queen production appears to be minimized in favor of cooperation.
Theoretically, colonies should always maximize the
reproductive quality of queens because they are under
constant selective pressure—both at the individual and
colony levels—to ensure that replacement queens are of
the highest reproductive value. It is less clear, however, if
selection should always favor individuals that behave
nepotistically (e.g., Griffin and West 2002; Queller and
Strassmann 2002). For example, Breed et al. (1994) point
out that directional selection for nepotistic queen rearing
would cause the trait to become fixed in the population.
Thus, in the absence of other costs, selection would
maintain the trait even though the net effect of the
preference is neutral because all subfamilies would
express it. So far, the evidence seems to be consistent
with these arguments.
The largest gaps in our knowledge of the queen
replacement process relate to the following questions. Do
workers preferentially tear down queens cells of lower
quality queens? and Why do workers interact so intensely
with queens during queen duels? One possibility is that
these interactions enable the workers to limit the selfish
sororicide of the queens, thus ensuring sufficient queens
for the colony, including secondary swarms it might

Workers may bias the outcomes of
Workers do not differentially interact
queen duels, but probably not in
with queens of different reproductive
favor of more-related queens
quality
Colony-level selection is predominant over individual-level selection, so
neither too many nor too few queens are eliminated
Adaptive significance

Workers exhibit little, if any,
Workers strongly cooperate to
nepotism toward developing
raise queens of high reproductive
queens
quality
Colony-level selection is predominant over individual-level
selection, so queens of high reproductive potential are reared

Very few
Many
Many

Relative number of studies
devoted to the issue
General conclusion from the
current body of evidence

Few

Conflict
Cooperation
Conflict

Cooperation
Queen elimination
Queen rearing

Table 2 Summary of evidence for conflict and cooperation during the queen rearing and queen elimination phases of queen replacement in honey bee colonies
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produce. In future investigations into these questions, it
will be important to study the queen replacement process
in its entirety (i.e., both the queen rearing and queen
elimination phases), and to bear in mind how different
levels of selection can shape the respective behaviors of
queens and workers.
“...We ought to admire the savage instinctive hatred
of the queen-bee, which urges her to destroy the young
queens, her daughters [sic], as soon as they are born, or
to perish herself in the combat; for undoubtedly this is
for the good of the community; and maternal love or
maternal hatred, though the latter fortunately is most
rare, is all the same to the inexorable principle of
natural selection” (Darwin 1859).
Even though he mistook sister–sister competition for
mother–daughter competition, Darwin recognized the
importance of colony-level selection. Indeed, it was
natural selection acting on the colony phenotype that
enabled Darwin to reconcile the evolution of worker
sterility in social insects with his fledgling theory of
natural selection. This group-selection thinking has been
rejected historically almost wholesale by biologists in
favor of selection acting solely at the individual level
(Wilson 1997). As Dawkins (1982, 1989) argued, however, the distinction between individual- and groupselection is a matter of which level of biological
organization serves, in his words, as the “vehicle” of
gene propagation. While most higher-level groups of
organisms, such as flocks of birds or schools of fish, lack
sufficient cohesion to serve as effective vehicles of gene
propagation, many authors have argued that colonies of
social insects may be well suited to do so because their
members have common genetic interests (reviewed by
Keller and Reeve 1999). Unlike the cells of a metazoan
organism, however, the genetic interests of colony
members can differ, leading to a complex mix of conflict
and cooperation. Queen replacement in honey bees
exemplifies this mix of conflict and cooperation because
colony members simultaneously have different genetic
interests yet share a common goal. By examining this
interface, and hence the relative within- and betweengroup selection pressures, we can better understand how
selection has shaped the behavior of nestmates during a
critical point in a colony’s life cycle.
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