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Even after considerable effort and debate, it remains unclear why honey bee queens
frequently mate with 10 or more males. We address both why polyandry is adaptive to
queens and how queens obtain such extreme numbers of mates. We review a
manipulative experiment which tested the hypothesis that multiple mating reduces the
genetic load caused by the honey bee sex determination system. Our results suggest
that multiple mating (i.e., mating more than once) increases a queen’s fitness by
lowering the probability that she produces a high proportion of inviable, diploid males
within her brood. Furthermore, we examined the relationship between a queen’s
mating behavior and her mating number. We propose that “extreme” polyandry in
honey bees (i.e., mating numbers > 10) may be inadvertent consequences of a queen’s
mating behavior, therefore additional adaptive arguments are not needed to explain
why honey bees have some of the highest mating numbers among the social insects.

Introduction

Throughout his career, W. D. Hamilton dis-
cussed the impact that multiple mating by social
insect queens, or polyandry, has on the genetic
structure of colonies (Hamilton 1964, Hamilton
1972, Hamilton 1987). Haplodiploidy in the
social Hymenoptera results in asymmetries in
genetic relatedness among colony members and

creates high coefficients of relatedness between
sisters. High relatedness enables altruism to
evolve because inclusive fitness effects derived
from donating personal fitness to a nestmate are
an inverse function of genetic relatedness (i.e.,
Hamilton’s rule). Polyandry, however, lowers
the average genetic relatedness among female
nestmates, and thus lowers their potential inclu-
sive fitness. To overcome this cost, there are
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likely to be one or more benefits to multiple
mating, the mechanisms of which have gained
increased attention in evolutionary biology.

Polyandry may increase female fitness by
any number of direct or indirect mechanisms
(Table 1; see also recent reviews by Arnqvist &
Nilsson 2000, Jennions & Petrie 2000). In social
insects, direct benefits (e.g., resource defense
polyandry or nuptial gifts; Thornhill & Alcock
1983) probably do not affect the fitness of
reproductive females because of their life histo-
ries (see Table 1). Crozier and Page (1985)
discussed several hypotheses that are more ap-
plicable to polyandry in the social Hymenoptera,
including sperm limitation (Cole 1983), sperm
competition (Parker 1984), and several possible
benefits of increased genetic diversity (Oster &
Wilson 1978, Page 1980, Moritz 1985). Several
additional theories have since been proposed
(see Palmer & Oldroyd 2000, Crozier & Fjerd-
ingstad 2001). Hamilton (1987) and Sherman et
al. (1988) proposed a mechanism that is analo-
gous to the ‘Red Queen’ hypothesis for the
evolution of sex (Hamilton et al. 1990), where-
by increased genetic diversity reduces the preva-
lence of disease within a colony. Fuchs and
Moritz (1999) proposed that rare ‘specialist’
tasks are favored only at low frequencies within
a colony, so that increased genetic diversity
reduces the costs of over- or under-expressing
those traits.

Any single hypothesis is insufficient to ex-
plain why polyandry is widespread in the social
Hymenoptera (Crozier & Fjerdingstad 2001).
Comparative studies are helpful to determine
trends across taxa (e.g., Keller & Reeve 1994,
Boomsma & Ratnieks 1996, Pedersen & Booms-
ma 1999, Schmid-Hempel & Crozier 1999), but
manipulative experiments (e.g., Baer & Schmid-
Hempel 1999) are desirable to test individual
hypotheses at the species level. Honey bees
(Apis mellifera) are a model system to investi-
gate polyandry in social insects because mating
number can be experimentally controlled using
the technique of instrumental insemination (Laid-
law 1977). Moreover, queen bees exhibit some
of the highest mating frequencies in the Hy-
menoptera (Page 1986), mating with upwards of
24 males (Neumann et al. 1999). The purpose of
this paper is to review a recent set of experi-

ments that investigated polyandry in honey bees.
First, we tested the effects of polyandry on
queen fitness as a function of the sex determina-
tion system. Then we determined if honey bee
queens optimize their mating numbers by study-
ing mechanisms of their mating behavior. We
argue that it was necessary to take this multi-
level approach to understand the evolution of
polyandry in honey bees.

Sex determination and multiple
mating

Page (1980) presented a hypothesis for the evo-
lution of polyandry in honey bees based on their
genic mechanism of sex determination. Many
species within the insect order Hymenoptera,
including honey bees, have a sex determination
system based on a single gene that determines
the developmental fate of larvae (Mackensen
1951, Cook & Crozier 1995). There are numer-
ous allelic forms of the sex gene, ranging from
six to 17 among different honey bee populations
(Woyke 1976, Adams et al. 1977). Haploid
individuals are hemizygous at the sex locus and
are male. Diploid individuals that are hetero-
zygous at the sex locus are female. Diploid
individuals that are homozygous, however, are
sterile males which, in Apis mellifera, are canni-
balized by workers soon after hatching from
their eggs (Woyke 1963). If a queen and her
mate both possess a common sex allele, then
half of their diploid offspring will not develop
and the viability of their brood will be reduced.
This sex determination system, therefore, im-
poses a genetic load onto a colony and may
affect its fitness.

The expected viability of worker brood with-
in a colony is a binomial function of the effec-
tive number of mates by its queen and the
number of sex alleles in the population. Let n
equal the number of mates by a queen that, for
simplicity, are equally frequent in their fertiliza-
tion of eggs. The proportion of diploid males is
determined by the number of a queen’s mates
that carry a sex allele in common with her, y,
which ranges between 0 and n. The probability
that a queen produces a given proportion of
diploid males depends on the number of differ-
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ent sex alleles in the population, k, which are
expected to be near equal frequency in the
population (Laidlaw et al. 1956, Yokoyama &
Nei 1979). There is a 2/k probability that any
given male carries a sex allele identical to one in
a queen. Therefore, the probability that y males
share a common sex allele with a queen can be
determined by the binomial expansion

w2y (k-2
EY:,V) z(y)(k) (k) »Y 20,1,...,}1 (1)

The proportion of viable diploid brood produced
by a queen, therefore, is:

V=1-2 )
2n

produces a low propor-
tion of viable diploid off-

spring.

0.90 1.00

All queens within a population are expected to

produce an average brood viability, V = %
Although the average brood viability does not
change as a function of mating number, the
variance in brood viability decreases around the
population mean as n increases (Adams et al.
1977, Page & Marks 1982). If there are ten
equally-frequent sex alleles in a population, the
expected viability is 90% for all diploid off-
spring in the population, and is independent of
the mating numbers by queens (Fig. 1; see also
Page & Marks 1982, Cook & Crozier 1995).
When a queen is inseminated by only one male,
she has a 0.2 probability of producing 50%
viable brood and a 0.8 probability of producing
100% viable brood (note that 0.2 x 0.5 + 0.8 x
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1.0 =0.9, the population average viability). As n
increases, the probability decreases that a queen
produces either extreme brood viability, and the
probability increases that her brood viability is
closer to the population average. In other words,
polyandry reduces the variance in the proportion
of diploid males among queens (colonies) with-
in a population.

It may benefit a queen to mate multiply if the
fitness costs of diploid males are disproportion-
ately greater for colonies with low brood viabili-
ty than they are for colonies with brood viability
at or near the population average (Page 1980,
Crozier & Page 1985, Page 1986, Pamilo et al.
1994, Schmid-Hempel 1994, Cook & Crozier
1995). In other words, according to this model,
polyandry is favored if the relationship of colo-
ny fitness to brood viability is concave around
the average viability of the population. A con-
vex fitness relationship would select against
polyandry and favor monandry, and a linear
relationship would not favor either mating sys-
tem. The description of the fitness relationship
is, therefore, critical for testing the sex determi-
nation hypothesis for the evolution of polyan-
dry.

We tested the sex determination hypothesis
(Tarpy 2000) by establishing a population of
colonies that varied with respect to their brood
viabilities and determined the relationships be-
tween brood viability and several measures of
colony fitness. To vary brood viability, we in-
strumentally inseminated super sister queens (G
= 0.75) each with the mixed sperm of three of
their own brothers. This mating scheme control-
led the number of common sex alleles that the
queens and males carried, enabling us to pro-
duce queens that laid viable diploid brood rang-
ing from 50% to 100% while holding “mating”
number constant. Note that the genetic effects of
other loci (unless they are highly linked to the
sex locus) would be random among all the
diploid offspring of the population, and thus
there is no confounding effect of inbreeding. We
placed each queen into her own newly-estab-
lished colony in the early summer to simulate
the foundation of a swarm. We measured brood
viability following standard methods (Macken-
sen 1951) soon after each queen began to lay

eggs. Details of our experimental methods may
be found in Tarpy (2000).

We evaluated the colonies to determine the
effect of brood viability on colony fitness. At
three week intervals, we inspected each hive and
estimated several variables, including the total
number of adult workers, the change in colony
biomass, and the total surface areas of the brood
nest, honey comb, and pollen stores. We sus-
pended the measurements during the winter, but
we inspected each colony periodically to deter-
mine if it was still alive. We resumed the
evaluations in the spring, and ended the experi-
ment in the mid-summer (see Tarpy 2000).

All of the internal colony variables were
highly correlated with each other. The most
significant correlations — both statistically and
biologically — were those with adult worker
population, since a colony’s phenotype is a
reflection of the tasks performed by its workers.
Indeed, a colony’s population affects its fitness
in two ways. First, a larger colony is able to
collect more nectar and store more honey during
the active foraging season, thereby increasing
the food reserves that are necessary for it to
survive the winter (Seeley 1985). Second, a
larger colony is more likely to issue one or more
swarms after its rapid population increase in the
spring (Lee & Winston 1987). Worker popula-
tion, therefore, is an important indicator of colo-
ny fitness and is arguably the best variable to
distinguish non-linear effects of brood viability.
We observed a significant concave relationship
between brood viability and worker population
at the end of the first active season, approxi-
mately 18 weeks after the colonies were estab-
lished (1> =0.29, p < 0.05).

A colony’s brood viability also significantly
influenced the probability that it survived the
winter, a direct component of fitness. All colo-
nies survived the winter that were above the
median brood viability of 72%. In contrast, only
37.5% of the colonies below the median brood
viability survived the winter (Fig. 2). Polyandry
decreases the probability that a queen produces
brood with a viability below 72% (see Fig. 1),
thereby demonstrating the direct fitness advan-
tage of polyandry.

It is critical to distinguish among the genetic
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Fig. 2. Winter survival of colonies as a function of
their brood viability (from Tarpy 2000). Colonies with
brood viabilities in the lower half of the experimental
population (left of the vertical dashed line) were
much more likely to die during the winter than did
colonies with brood viabilities in the upper half.

diversity hypotheses because, given the proper
conditions, they all predict that increased genet-
ic diversity can increase colony fitness (Crozier
& Fjerdingstad 2001). Our experimental design
(see Tarpy 2000) provided an independent test
of the sex locus hypothesis. Each experimental
queen was inseminated with three males derived
from their own mother. Thus the total genetic
diversity did not correlate with brood viability
among the colonies. These results, therefore,
cannot be explained by other potential benefits
of increased genetic diversity.

There are several genetic and ecological fac-
tors that impact how the sex locus influences the
mating systems of social insects. First, the time
at which diploid drone larvae are removed,
which affects the efficiency of cell use in the
brood chamber, has been suggested to be a
selective factor for mating number (Ratnieks
1990). Second, polyandry is favored if selection
occurs during the asymptotic phase of a colo-
ny’s growth cycle, as it would for a swarming
species such as honey bees (Page 1986). On the
other hand, monandry is favored if selection acts
during the exponential phase, as it would for
solitary-founding species such as Bombus ter-
restris and Solenopsis invicta (Pamilo et al.
1994). Third, greater allelic variation at the sex

explain polyandry in Apis, but also the predomi-
nantly monandrous mating systems of Bombus
and Solenopsis. As Crozier and Pamilo (1996)
point out, however, these few examples do not
imply that the sex locus accounts for all social
insect mating systems, but they do demonstrate
the potential impact that the sex determination
system has on the biology of social insects.

Mating behavior and extreme
polyandry

It may be advantageous for a honey bee queen to
mate multiply and ensure that she does not
produce a brood of low viability, but such a
benefit is subject to diminishing returns. The
costs of mating — such as the risks of predation
and physical injury — will always favor a lower
mating number (Crozier & Fjerdingstad 2001)
and are likely to outweigh the asymptotic benefit
of polyandry after only a few matings. It has
been argued, therefore, that the sex locus mech-
anism cannot explain polyandry above 6-10
matings (Palmer & Oldroyd 2000), and that
additional or alternative adaptations are respon-
sible for “extreme” polyandry in honey bees
(e.g., Queller 1993, Fuchs & Moritz 1999).
Queens of Apis mellifera, however, have
effectively mated with fewer than five males in
23.3% of reported cases, and fewer than ten
males in 47.8% of reported cases (D. Tarpy
unpubl.; effective mating number takes into
account unequal paternity among the males
(Pamilo 1993), and is the mating number by
which benefits are accrued at the colony level).
It appears, therefore, that only a slim majority of
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queens mate with a number of males that exceed
the level considered “extreme”. The question
becomes why some queens mate with an ex-
treme number of males while others do not. To
address this issue, it is necessary to understand
the mating behavior of queens and the mecha-
nisms by which they assess their mating status.

Like queens of many social Hymenoptera, a
queen honey bee mates during a brief period
soon after she becomes an adult and stores the
sperm that she uses throughout her egg-laying
life. A queen mates outside her nest at a ‘drone
congregation area’ where she copulates with
many males in rapid succession before she re-
turns to her colony. A queen may take as many
as three mating flights (Ruttner 1956), storing a
small proportion of each male’s sperm in her
spermatheca (Page 1986). A queen never mates
again after she begins to oviposit.

A queen’s mating number is a consequence
of her mating behavior. Queens are expected to
optimize their mating numbers based on the
relative costs and benefits of multiple mating.
We investigated how the duration and number
of mating flights by a queen affect the number of
times she mates (Tarpy & Page 2000). If there is
an extreme optimal number of mates for queens,
then they would be expected to adjust their
mating behavior on the basis on the number of
times they have mated. In other words, we asked
the question “can honey bee queens ‘count’ their
mates?”

We monitored 30 queens during their nuptial
flights (see Tarpy 2000, Tarpy & Page 2000 for
detailed methods). With minimal disturbance to
the queen and colony, we estimated the duration
of a queen’s nuptial flight by recording her exit
and re-entry times. If queens actively optimize
the number of times they mate, then there should
be little variation in mating numbers among
queens independent of flight time. If queens do
not adjust their flight times to influence mating
number, then there should be a weak correlation,
if any, between flight duration and mating
number, with significant variance among queens
for both measures.

If a queen attempted a second mating flight
after her first mating flight, then we prevented
her from exiting the colony by blocking the
entrance with queen excluder material. A queen

that did not attempt a second flight began to lay
eggs within a few days. Thus we recorded two
groups of queens that had an equal number of
mating opportunities (i.e., one mating flight) but
differed in their motivation to continue mating:
(1) those that started to lay eggs after their
mating flight and (2) those that attempted, un-
successfully, to take second mating flights. If
queens have been selected to optimize their
mating number, then queens that attempted sec-
ond flights presumably had a lower mating suc-
cess on their first flights. We predicted, there-
fore, that queens in group 1 had mated more
times than queens in group 2.

We sampled adult workers from each colony
to obtain the progeny of each queen. We deter-
mined the genotypes of each worker at five loci:
the allozyme malate dehydrogenase (Nielsen et
al. 1994), two RAPD-PCR markers (Lewis &
Snow 1992), and the microsatellites A76 and
A107 (Estoup et al. 1994). Based on these
markers, a standard paternity analysis of the
workers (e.g., Haberl & Tautz 1999) yielded an
estimate of the effective mating number of each
queen (Pamilo 1993). We correlated the estimat-
ed mating numbers of the queens to their mating
behavior to determine how selection for extreme
polyandry has influenced a queen’s behavior on
her nuptial flight.

Queens flew for an average of 24.2 + 9.21
minutes on their mating flights, which is consist-
ent with previous findings (Roberts 1944, Rut-
tner 1956). On those flights, queens effectively
mated with 4.6 £ 3.47 males (mean + SD). There
was no significant correlation between flight
time and mating number (¢,s =-0.27, p = 0.79, r?
= 0.003). Only 26.7% of the queens attempted a
second mating flight. We compared the effective
mating numbers between the two groups of
queens (group 1: n=22,4.7 +3.50; group 2: n =
8, 4.3 £ 3.60) and found no significant differ-
ence between them (z,3 = 0.28, p = 0.78). Thus
we found no evidence that queens adjust their
mating behavior in response to the number of
males with which they mate.

The observed variation in effective insemi-
nation numbers on a single flight (0 to 8.67) is
not expected if queens have been selected to
optimize their mating numbers. Low worker
samples (Pamilo 1993) or sperm clumping (Franck
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Fig. 3. The effect of the honey bee mating system
on effective mating numbers of queens. The results
of Tarpy and Page (2000) indicate a high variance in
mating number for queens on a single mating flight
(4.6 £ 3.47 males). Queens may take up to three
mating flights before they begin to oviposit. Assum-
ing that mating number is additive with each succes-
sive flight, the inability of queens to assess their
number of mates produces extremely large variation
in their final mating numbers. Extreme polyandry
may occur in some queens by chance rather than by
design.

et al. 1999) may partially account for this varia-
bility, but it is likely that queens cannot directly
assess (count) the number of times they mate
(Tarpy & Page 2000). The high variation in
mating numbers on a single flight, coupled with
the inability of queens to assess their mating
numbers and subsequent mating flights, may
result in extreme final mating numbers (Fig. 3).
Extreme polyandry in Apis, therefore, may not
require an additional benefit beyond reducing
the probability of producing a large proportion
of diploid males because differences in the mat-
ing behavior among queens may inadvertently
result in extreme mating numbers. This argu-
ment presumes that the fitness costs of mating
are relatively low, which is a matter that remains
to be fully resolved (Ratnieks 1990, Tarpy &
Page 2000; c.f. Moritz 1985, Palmer & Oldroyd
2000). Future research must determine the rela-
tive costs associated with mating, the biological
cue that prompts a queen to take more than one
mating flight, and the factors that contribute to
the variation in mating number on a given
mating flight.

Conclusions

We demonstrate a significant fitness effect of the
sex determination system of honey bees. As a
consequence, queens that mate more times are
expected to reduce the probability of having
lower brood viability and, on average, survive
better and produce more populous colonies.
This does not exclude the existence of other
potential benefits derived from increasing the
genotypic diversity within a colony. Indeed, we
maintain a pluralistic view of how polyandry
may benefit a colony. It is necessary, however,
to perform controlled, manipulative experiments
that independently test those other genetic diver-
sity hypotheses — such as the parasite and
pathogen hypothesis (Sherman ef al. 1988) — to
determine their relative fitness consequences.
Nonetheless, we believe that it is not necessary
to evoke a complex argument to explain why
extreme polyandry evolved in honey bees. Giv-
en the manner in which matings are acquired,
we feel the unusually high levels of polyandry
reported for honey bees is best explained as an
inadvertent consequence of mating behavior rath-
er than an adaptive optimal solution to a need
for even more genotypic diversity.
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