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Summary. Interest in how often female social insects mate
is particularly intense because of its impact on sociality and
because of the well-known extreme multiple mating in
honeybees. With multiple mating, worker to brood relat-
edness decreases but worker versus queen interests often
converge. The overwhelming majority of species of social
ants, bees, and wasps mate only once. Even those species
where some females mate multiply typically have effective
mate numbers close to one. Ants have effective mate numbers
of 1.43, which drops to 1.15 if the advanced fungus growers
(2.14) and harvester ants (6.76) are excluded. Honeybees
have effective mate numbers of 12.48. Stingless bees and
bumblebees have effective mate numbers of only 1.06 and
1.02 respectively. Polistine wasps have effective mate num-
bers of 1.01. Vespine wasps have effective mate numbers of
1.12 excluding only Vespula which has effective mate num-
bers of 3.68. Favoring the very low mate numbers we observe
for nearly all female social insects is the narrow time window
for mating, lack of material gain from males, lack of male
ability to harass females (who must move their sting aside to
mate in most species), and lack of paternal care. Single
mating may be further favored by the apparent lack of any
post-copulatory sperm discrimination mechanisms. Leks and
male territories, which are common in social insects, make it
easier for females to choose the single best mate, further con-
tributing to low mate numbers. Multiple mating is a rare,
derived trait in a generally single-mating group. Single
mating may have facilitated the origins of sociality in the
Hymenoptera because it confers higher relatedness among
potential workers and the brood they care for. The rare excep-
tions to low mate numbers all come from highly social spe-
cies with single queens, morphological castes, and many
workers. Multiple mating might be stable in highly social
species because their highly specialized workers have few
selfish responses to lowered relatedness. The unusual cases
of multiple mating are most likely to be selected for because
they increase genetic diversity in the brood, though empirical
support for specific genetic diversity hypotheses has proved
to be elusive. What is clear is that single mating is predomi-

nant in this large, evolutionarily and ecologically successful
group.
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Introduction: why females mate more than once

The realization that females of many species from chimpan-
zees (Gagneux et al., 1999) to pseudoscorpions (Zeh and
Zeh, 1994) mate more than once has stimulated much in-
vestigation into possible advantages (e.g. Thornhill and
Alcock, 1983; Eberhard, 1985, 1996; Andersson, 1994;
Gowaty, 1994; papers in Choe and Crespi, 1997; papers in
Birkhead and Mgller, 1998; Arngvist et al., 2000; Arnqvist
and Nilsson, 2000; Jennions and Petrie, 2000). Postulated
gains to females that mate multiply include (1) need for more
sperm, (2) material gains, (3) costs of avoiding males, (4) dif-
ficulties in identifying the best male, (5) genetic compatibil-
ity issues, (6) difficulties of access to the best possible male,
and (7) advantages of a genetically diverse brood.

The most basic asset acquired by females at mating is
sperm to father their progeny. It is possible that under some
circumstances sperm could be limiting. There should be
strong selection for individual males to provide all the sperm
a female needs, but males that have already mated with other
females may have depleted their sperm reservoirs, partic-
ularly if sperm is not replenished in adulthood.

Material gain may take the form of nuptial gifts or nutri-
tive spermatophores (Thornhill and Alcock, 1983; Boggs,
1990; Bissoondath and Wiklund, 1995). For example, the
moth, Utetheisa ornatrix receives pyrrolizidine alkaloid,
which she transmits to the eggs to protect them (Lamunyon,
1997). Nutritive spermatophore contents are common in
the Lepidoptera, which are prominent in studies of female
choice because of their frequent multiple mating and the ba-
roque complexity of the female reproductive tract (Eberhard,
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1985, 1996; Bissoondath and Wiklund, 1995; Morrow and
Gage, 2000).

Sometimes females mate multiply because it is forced on
them by males, something that is called convenience
polyandry (Arnqvist, 1997; Rowe et al., 1994). In these cases
mating is simply less costly than avoiding males that occupy
an important resource for the females. In water striders males
monopolize water surfaces where females lay their eggs.
Though males may harass females into mating, the females
have some control over which male actually fertilizes their
eggs (Arnqvist and Danielsson, 1999; Pizzari and Birkhead,
2000). Mating may be the price female pseudoscorpions pay
for access to harlequin beetle backs for transport, something
which may explain their advanced post-copulatory mate
choice talents (Zeh et al., 1998; Zeh and Zeh, 1992).

Multiple mating in the absence of force or material bene-
fits may most commonly be the result of difficulties in iden-
tifying the highest quality mate. This would work only if
post-copulatory choice mechanisms between males improv-
ed on the choice at first mating. It is now clear that genetic
variation in males can be maintained even if males provide
no other resources (see Jennions and Petrie, 2000, for an ex-
cellent review of this topic). In some birds there is clear evi-
dence that females prefer higher quality mates, and that there
is additive genetic variance for the chosen traits (Birkhead and
Moller, 1992; Kempenaers et al., 1992, 1997; Pomiankowski
and Meller, 1995; Johnson et al., 2000). If multiple mating is
the result of difficulties in choosing the best mate, we would
expect more multiple mating in species where males are
harder to assess and choose as compared to males in leks
where the best male can be identified more easily. How much
choice a female actually has depends on the species and the
type of lek, and may differ between insects and vertebrates
(Bradbury, 1985).

A strategy of females that appears to be widespread is to
mate rather unselectively with a first male to assure some
mate at all, then to mate very selectively a second time, with
the second male’s sperm taking precedence (Walker, 1980;
Thornhill and Alcock, 1983; Eberhard, 1996; Simmons and
Siva-Jothy, 1998). If a female has chosen to mate a second
time, whether it is sperm competition or female actions that
causes that male’s sperm to dominate, both are in her inter-
ests (Simmons and Siva-Jothy, 1998). Second male prece-
dence in insects is associated with complexities in female
sperm storage organs (Walker, 1980; Eberhard, 1996). Fe-
males also may mate more than once in case the first male
was sterile (Krokene et al., 1998).

If females accidentally mate with males of other species,
it will be to their advantage if the sperm that fertilizes their
eggs is from a conspecific male. This has been shown in Dro-
sophila to be the results of characteristics of seminal fluid
interaction with the conspecific female’s reproductive tract,
and can override second male sperm precedence (Price,
1997). There can also be other finer level differences among
males that might be assessed after mating. Multiple mating
may reduce the risk of inbreeding (Stockley et al., 1993).
Genetic compatibility may also vary among males, making
different males optimum for different females (Wilson et al.,
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1997; Kempenaers et al., 1999; Newcomer et al., 1999, Zeh
and Zeh, 1996, 1997). In sea urchins, sperm with alleles at
the bindin locus that match those of the female are more suc-
cessful (Palumbi, 1999).

If males and females pair up to rear babies, then a fe-
male may be unable to choose the best male as a social mate
because he is already taken, but she could still copulate with
him. Of course she would also copulate with her less attrac-
tive social mate if she expects him to help care for the young.
This reasoning may explain the frequency of extra-pair copu-
lations in passerine birds with pair bonds (Gowaty, 1996;
Westneat et al., 1990, Birkhead and Mgller, 1998).

Genetic diversity among progeny may be advantageous in
highly variable environments, in circumstances where pro-
geny compete especially intensely, the same circumstances
where sex itself is advantageous (Williams, 1975; Ridley,
1993). Genetic diversity among progeny may also increase
disease resistance (Schmid-Hempel, 1998; Baer and Schmid
Hempel, 1999) and facilitate task differentiation in social
insects (Fewell and Page, 1993, Page et al., 1995; Cole and
Wiernasz, 1999).

Multiple mating does not necessarily imply multiple
paternity in the young. If females have post-copulatory ways
of discriminating, then some males may have a much greater
chance of fertilizing eggs. Only the sperm depletion hypo-
thesis and the genetic diversity hypothesis require that
females use more than one male’s sperm to obtain the advan-
tage. We are gaining increasing understanding of the ways
that females can select sperm from some matings over others
(Eberhard, 1996). Often these involve multi-compartmented
spermathecae (Eberhard, 1996 but see Ridley, 1989). These
female choice factors can reduce the number of mates actu-
ally fathering brood in multiply mated species. Of course
males will be selected to behave in ways that increase the
probability that their sperm will actually fertilize eggs, but
they are at a power disadvantage since they are often away
from the scene by the time actual fertilization takes place.
This conflict between the sexes may cause the observed ra-
pidity of evolutionary change in genitalia shapes in species
that mate multiply as compared to those with females that
mate only once (Arnqvist, 1998).

The cost of mating should influence how readily a fe-
male will mate multiply (Thornhill and Alcock, 1983). Risks
of mating include increased exposure to predators, waste of
time, risks of injury by males, and disease transmission (Sim-
mons and Siva-Jothy, 1998). In Drosophila melanogaster the
products of male accessory glands have been shown to be
toxic to females, reducing their longevity (Chapman et al.,
1995). This cost of sexual selection to the females can be
reduced if females and males are forced into monogamy and
allowed to evolve over many generations (Holland and Rice,
1999). In spite of these costs, females in D. melanogaster
regularly mate with multiple males in the wild (Imhof et al.,
1998; Harshman and Clark, 1998). Females may be exposed
to pathogens when they mate, and to more different ones
when they mate with more males. Westneat and Rambo
(2000) found that red-winged blackbird females were ex-
posed to more kinds of bacteria in semen when they mated
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multiply. Males in the bean weevil damage the female’s
genital tract with hard spines, reducing female longevity
(Crudgington and Siva-Jothy, 2000).

If the costs are low, then the advantages to multiple
mating can be slight and various, which may explain why
attempts to find a single cause for multiple mating have
failed. If this is the case, then we would expect multiple
mating to be as common and widespread as some authors
claim (e.g. Eberhard, 1996). In fact, careful studies of the
frequency of polyandry are rare (see Arnqvist, 1998 for an
excellent example).

The impact of multiple mating on within-colony
conflicts in social insects

Variation in queen number and mate number, and its impact
on within-colony genetic conflicts has provided a rich arena
for the investigation of kin selection (Hamilton 1964, 1972;
Ratnieks, 1988; Bourke and Franks, 1995; Crozier and Pami-
lo, 1996; Queller and Strassmann, 1998). Multiple mating
and multiple queens change the predictions for sex ratios,
who should produce the males, queen succession, caste pro-
portions, and within-colony kin preferences (e. g. Trivers and
Hare, 1976; Starr, 1984; Page, 1986; Sundstrom, 1994; Kel-
ler and Reeve, 1994; Boomsma and Ratnieks, 1996; Peters et
al., 1999). Perhaps the two most investigated areas are sex
ratios and male production. Since males are haploid in the
Hymenoptera and pass on identical sperm, sisters from a
colony with a single, once-mated queen are related by 0.75.
This means that on relatedness grounds workers will favor a
3:1 female-biased sex ratio in colonies with single once-
mated queens, a prediction that provided the first robust evi-
dence of worker control (Trivers and Hare, 1976). Worker sex
ratio preferences will converge with those of the queen as
mate number increases, or will lead to split sex ratios, with
colonies headed by once-mated queens producing females
and colonies with a multiply mated queen producing males
(Boomsma and Grafen, 1990). Unmated workers as well as
queens can produce males. This is another important area
where the preferences of the workers and the queen change
with mate number. Above a threshold of two mates in single
queen colonies, workers prefer to rear the queen’s sons rather
than the sons of other workers (Starr, 1984; Ratnieks, 1988;
Woyciechowski and Lomnicki, 1987). A queen can therefore
obtain a more compliant workforce, at least with respect to
male production and sex ratios, simply by mating multiply.
Of course this argument depends on workers being able to
determine how often their queen has mated, something that
has been demonstrated for Formica truncorum (Sundstrom,
1993).

On the other hand, a reluctance to mate multiply will pre-
serve elevated relatedness and facilitate the maintenance of
sociality under more modest benefits relative to costs. How-
ever it is not obvious how this result could actively select
for single mating by queens before a colony is formed. Of
course it would be in the workers’ interest to forbid any male
from entering the colony and mating with their mother,
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something that might have forced mating into a narrow time
window. Perhaps the finding (detailed below) that multiple
mating is regular only in species with very large colonies and
morphologically distinct workers is because these are the
ones where workers have the fewest non-social options so
that the mother’s multiple mating does not lead to the loss of
sociality.

Multiple queens are often posited as another way to ar-
rive at genetically variable progeny, but the power situation
there is very different since acceptance of multiple queens
could be controlled by workers or queens (Boomsma and
Ratnieks, 1996). Both workers and queens will end up with
lower relatedness to brood if queens are added. For this
reason, queens are more likely to favor multiple mating over
multiple queens as a means of attaining genetic variation in
the brood.

Hypotheses for multiple mating in social Hymenoptera

Of the seven hypotheses for multiple mating given in the
introduction, three seem unlikely to apply to social insects:
(1) material gain, (2) cost of avoiding males, (3) difficulties
of access to the best possible male. Males do not provide
nutritive mating plugs or gifts (Baer and Schmid-Hempel,
2000). They do not provide nests or territories or participate
in the care of progeny or provide any other resource that
would make mating for resources likely. A female must gene-
rally move her sting aside in order to copulate, reducing
the probability of forced mating. Since there is no paternal
care, females will not be forced to mate with a male to
obtain his care for her young. Two other hypotheses seem
unlikely because the requisite post-copulatory discrimination
mechanisms required have not been demonstrated in social
Hymenoptera. These two hypotheses are (1) difficulties in
identifying the best male before mating with him, and (2)
difficulties in identifying the most genetically compatible
male. Even if either of these two did occur, they would not
have a great impact on the social structure in the colony,
since both result in the preponderance of the preferred
male’s sperm. Actual studies of multiple mating in social
Hymenoptera show little evidence for preferential sperm usage
or for clumped sperm though few studies have been done
(Boomsma and Sundstrom, 1998; Haberl and Tautz, 1998).
The remaining hypotheses for multiple mating that might
apply to social insects are that females mate multiply be-
cause of: (1) the need for more sperm, and (2) the advantages
of a genetically diverse brood (Page and Metcalf, 1982; Cole,
1983; Crozier and Page, 1985; Ross, 1986; Ratnieks, 1990a;
Keller and Reeve, 1994; Boomsma and Ratnieks, 1996;
Sherman et al., 1988; Schmid-Hempel and Crozier, 1999).
Social insects may have particular reasons both for more
sperm and for a genetically diverse brood. They may have a
particular need for more sperm since they mate only at one
brief time, but then may live for many years, producing not
only female reproductives with the stored sperm, but also
thousands of workers (Cole, 1983). A genetically diverse
brood can also be advantageous for special social insect
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reasons. The workers remain together in close proximity,
which could facilitate disease transmission among them, so a
genetically diverse brood could be more resistant to diseases
(Schmid-Hempel and Crozier, 1999). Another advantage of
a genetically diverse brood is that it could facilitate task
specialization (Fewell and Page, 1993).

In addition to these two hypotheses there are two special
social insect hypotheses. The first is based on the sex deter-
mining mechanism (Crozier and Page, 1985). An egg devel-
ops into a male if it is homozygous at the sex-determining
locus. Normally this happens because the egg is haploid, but
if it is homozygous at this locus, a diploid male will result,
and they are usually sterile. Multiple mating might reduce the
cost of diploid males if they could be identified and removed
early in development (Crozier and Page, 1985; Ratnieks,
1990b; Pamilo et al., 1994). The second special social insect
hypothesis concerns the reduction of queen/worker conflict.
A queen might mate multiply to force workers into agree-
ment with her regarding male production (Starr, 1984;
Pamilo, 1991).

Data on mate number in social Hymenoptera

Boomsma and Ratnieks (1996) set new standards for evalua-
ting mating frequency of social insect females. Earlier tech-
niques for inferring multiple mating such as comparing male
and female sperm counts, observations of apparent cou-
plings, and genetic data uncontrolled for queen number are
unreliable (Boomsma and Ratnieks, 1996). DNA microsatel-
lite genotyping of female’s spermatheca contents are best for
assessing mate number (Evans, 1993; Peters et al., 1995).
Mate number of the queen can also be determined from the
genotypes of brood if there is a single queen in the colony
(Boomsma and Ratnieks, 1996). These techniques may not

Table 1. Paternity in fungus growing ants (Attini, Myrmicinae)

Rarity of multiple mating in social Hymenoptera

detect multiple mating in the cases where the sperm from
only one male is retained. However when there is multiple
mating, the sperm from more than one male are typically
represented quite evenly in the brood (Boomsma and Sund-
strom, 1998).

In Tables 1-7 effective paternity is given as estimated by
the original author, as estimated by Boomsma and Ratnieks
(1996), or as estimated from relatedness among daughters
from a single queen using the relationship M= 0.5/(r — 0.25)
from Pamilo (1993). All estimates are based on genetic mar-
kers, either allozymes or DNA microsatellites.

Mate number in ants

Boomsma and Ratnieks (1996) did a careful survey of mate
number in ant queens, concentrating on species with robust
genetic data (Tables 1-2). They found single mating to pre-
dominate, with effective mate number of only 1.16 on aver-
age across the 19 species for which complete genetic data
were available. Perhaps multiple mating is limited by male
discrimination because of limits to their sperm stores since
additional sperm are not produced after maturity (H6lldobler
and Bartz, 1985). Against this general background of single
mating, there are some species with queens that usually mate
multiply. The ants are too large a group, and studies of mating
are too few as of yet, to look for patterns across the entire
group, but some specific groups have been closely studied.

The ponerine Rhytidoponera sp. 12 has reproductive fe-
males that typically mate only once (96 of 99 spermathecae
examined, Tay and Crozier, 2000). This is in accord with the
single mating found in all species with females that call in
mates rather than joining mating swarms.

The fungus growing ants (Myrmicinae, Attini) have been
studied in the most detail. Clearly, all 6 lower attines for

Higher or lower Species Effective Sample size? Reference
attine paternity
Lower Apterostigma collare 1 10 Villesen et al., 1999
Lower Apterostigma mayri 1.09 Murakami et al., 2000
Lower Cyphomyrmex costatus 1.04 5 Murakami et al., 2000
Lower Cyphomyrmex longiscapus 1 11 Villesen et al., 1999
Lower Cyphomyrmex rimosus 1.14 5 Murakami et al., 2000
Lower Myrmicocrypta ednaella 1 5 Villesen et al., 1999;
1.11 8 Murakami et al., 2000
Higher Acromyrmex echinatior 2.23 13 Bekkevold et al., 1999
Higher Acromyrmex octospinosus 3.9 10 Boomsma et al., 1999
2.50 5 Murakami et al., 2000
Higher Atta sexdens 2.3 6 Fjerdingstad and Boomsma, 2000
Higher Atta colombica 1.87 Fjerdingstad et al., 1998;
3.13 11 Murakami et al., 2000
Higher Sericomyrmex amabilis 1.85 5 Murakami et al., 2000
Higher Trachymyrmex isthmicus 0.94 Murakami et al., 2000

a Sample size is number of monogynous colonies evaluated or number of queens evaluated if queens are collected independently of their colonies and

allowed to reproduce in the lab, or have their spermatheca evaluated.
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which we have data have effective mate numbers of one, or
very close to one (Table 1). By contrast, 5 of 6 higher attines
have effective mate numbers above two (Table 1). Thus mul-
tiple mating is derived in the tribe Attini (Villesen et al., 1999;
Murakami et al., 2000). Multiple mating in higher attines has
been attributed to increased sperm stores (Fjerdingstad and
Boomsma, 1997) in accord with Cole’s hypothesis (Cole,
1983). However queens in Atta colombica and Acromyrmex
versicolor have been shown to store only the number of
sperm provided by a single male, which argues against this
hypothesis (Fjerdingstad and Boomsma, 1997; Reichardt and
Wheeler, 1996 but see Fjerdingstad and Boomsma, 1998).
Multiple mating is also attributed to advantages of genetic
diversity (Murakami et al., 2000, Villesen et al., 1999;
Boomsma et al., 1999; Reichardt and Wheeler, 1996). Exact-
ly why genetic diversity is advantageous in higher and not

Table 2. Effective paternity in the non-fungus growers
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lower attines is not clear, but may be due to the complexity of
maintaining fungus cultures, to the advantages of a diverse
work force, or to enhanced disease resistance (Villesen et al.,
1999; Reichardt and Wheeler, 1996; Boomsma et al., 1999).
No support was found for the hypothesis that multiple mating
reduces the burden imposed by diploid males (Boomsma et
al., 1999).

The only other Myrmicine found to have high levels of
multiple mating is Pogonomyrmex occidentalis, with an
effective mate number of 6.76 (Cole and Wiernasz,1999,
2000a). If the colonies have multiple queens, something they
could not entirely rule out, mate number may be lower (Fjer-
dingstad and Keller, 2000). Colonies with lower relatedness
among workers, presumably due to multiple mating by the
queen, had higher growth rates which the authors attributed
to the advantages of genetic diversity (Cole and Wiernasz,

Subfamily Species Effective paternity Sample size® Reference
Ponerinae Rhytidoponera sp. 12 1.01 99 Tay and Crozier, 2000
Myrmicinae Aphaenogaster rudis <1.02® 47 Crozier, 1973, 1974
Harpagoxenus sublaevis <1.02° 49 Bourke et al., 1988
Leptothorax nylanderi 1 12 Foitzik et al., 1997
Leptothorax pergandei 1.04° 12 Heinze et al., 1995
Myrmica rubra 1.21 22 Boomsma and Ratnieks, 1996;
Seppd and Walin, 1996
Myrmica ruginodis 1.07° 34 Seppd, 1994
Myrmica sulcinodis 1.06 23 Pedersen and Boomsma, 1999
Pogonomyrmex occidentalis 6.76 1492 Cole and Wiernasz, 2000
Solenopsis geminata <1.02° 30 Ross et al., 1987, 1988
Solenopsis invicta <1.01° 55 Ross and Fletcher, 1985
Solenopsis richteri <1.02° 58 Ross et al., 1987, 1988
Dolichoderinae Conomyrma insana <1.09° 34 Berkelhamer, 1984
Formicinae Colobopsis nipponicus 1.03° 59 Hasegawa, 1994; in Boomsma
and Ratnieks, 1996
Formica aquilonia 1.48° 113 Pamilo, 1993
Formica exsecta 1.35 56 Boomsma and Sundstrom, 1998
Formica exsecta at Joskar 1.16° 19 Pamilo and Rosengren, 1983, 1984;
Fortelius et al., 1987
Formica fusca 1.11 21 Boomsma and Sundstrom, 1998
Formica paralugubris 1.1 166 Chapuisat, 1998
Formica pressilabris 1.12° 46 Pamilo, 1982; in Boomsma
and Ratnieks, 1996
Formica rufa 1.47 79 Boomsma and Sundstrém, 1998
Formica sanguinea 1.31° 24 Pamilo, 1982; Pamilo and
Varvio-Aho, 1979
Formica transkaucasica 1.03° 60 Pamilo, 1982
Formica truncorum 1.43° 116 Sundstrom, 1989, 1993
Lasius niger at Amsterdam 1.46° 31 Van der Have et al., 1988
Lasius niger several pops. 1.04—1.42 535 Boomsma and van der Have, 1998
Lasius flavus <1.2°% 25 Boomsma et al., 1993
Lasius neglectus <1.36° 11 Boomsma et al., 1990

@ Sample size is number of monogynous colonies evaluated or number of queens evaluated if queens are collected independently of their colonies and

allowed to reproduce in the lab, or have their spermatheca evaluated.
b Effective paternity calculated by Boomsma and Ratnieks, 1996.
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1999). However reproduction was not associated with colony
size in this species (Cole and Wiernasz, 2000b)

Of the six species of Myrmica for which there are data,
three (M. tahoensis, M. punctiventris and M. lobicornis) are
singly mated and three are multiply mated, but maintain low
effective mate numbers (M. ruginodis, M. sulcinodis, and M.
rubra; Pedersen and Boomsma, 1999). Pedersen and Booms-
ma (1999) found that species with multiply-mated queens
were more likely also to have multiple queens per colony, an
association that goes directly against the genetic diversity
hypothesis, but is consistent with the hypothesis that the ele-
vated density of reproductives in a given area caused by
restricted dispersal results in both multiple queens and mul-
tiple mating. All species of the ecologically very successful
Solenopsis studied to date have exclusively singly-mated
queens (Ross et al., 1987; Ross and Fletcher, 1985). Single
mating is the rule for Leptothorax for which several species
have been studied (Table 2; reviewed in Foitzik et al., 1997).
The same is true for other Myrmicine species studied (see
Table 1 and references therein).

Two genera of Formicine ants have been studied for
mate number in some detail, Lasius, and Formica (Table 2).
Queens of Lasius generally mate only once and have effec-
tive paternity values from 1.04 to 1.46 (Table 2; Boomsma and
Ratnieks, 1996; Boomsma and Van der Have, 1998). When
queens of Lasius niger, the most common ant in Europe, mate
more than once it is in the second half of the mating flight
(Boomsma and Van der Have, 1998). Bad weather shortens
mating flights, reducing the chance of multiple mating
(Boomsma and Leusink, 1981). Mating frequency by queens
of Lasius niger varies among populations, and appears to be
dependent on the number of males in the mating swarms
(Boomsma and Van der Have, 1998). These results point to
the importance of mating circumstances in determining
mating frequency. There is no evidence for the diploid male
hypothesis since diploid males are unknown in this species
(Boomsma and Van der Have, 1998). There is also little evi-
dence for paternity skew of either the first or second male
(Boomsma and Van der Have, 1998).

Formica is the best-studied genus in the Formicinae
(Table 2; Pamilo et al., 1994; Boomsma and Sundstrom,
1998). All species studied to date have effective mate num-
bers under 1.5, indicating a preponderance of singly-mated
queens, but also appreciable frequencies of doubly and even
triply-mated queens (Boomsma and Ratnieks, 1996; Booms-
ma and Sundstrém, 1998; Chapuisat, 1998). Workers in colo-
nies with multiply-mated queens of Formica truncorum pro-
duce more males than colonies with singly-mated queens, in
accord with worker control and split sex ratios (Sundstrom,
1994). This means that it would not be advantageous for a
male to mate with an already-mated female since this might
cause her to produce sons (who do not have fathers) and not
daughters. Selection for such behavior in males might be dif-
ficult to achieve because any mistakes in assessment of the
female’s mating status would greatly reduce the male’s fit-
ness. If all queens mated multiply, selection for continent
males would disappear. In accord with this hypothesis,
Boomsma and Sundstrém (1998) found that the more fre-
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quent multiple mating was in a population, the more likely it
was that sperm from both males were equally represented in
the queen’s progeny, though the effect was not large, and was
dependent on one species. There is some evidence that dip-
loid males are more frequent in Formica species with multi-
ple mating, which would support this hypothesis for multiple
mating, but other hypotheses can also explain this pattern
(Pamilo et al., 1994). Chapuisat (1998) found no difference
in mating frequency between queens of Formica paralugu-
bris mating at safe locations near their natal nest, or mating
after the more risky dispersal to distant fields. He argues that
the occasional double mating in this species probably has no
adaptive significance.

Data on the impact of the mating situation on multiple
mating is hard to obtain in ants. They have two general kinds
of mating systems: (1) male aggregations that females join to
mate and (2) females calling males to them from the nest or
close to the nest (Holldobler and Bartz, 1985). Female calling
species are generally singly-mated. At the aggregations
males do not generally have territories. The males release
pheromones to attract females to them. Sites for matings are
often prominent and maintained from year to year (Woycie-
chowski, 1992). In Pogonomyrmex there was a tendency of
larger males to pair with larger females, and smaller males to
pair with smaller females (Davidson, 1982).

Mate number in social bees

The excitement about extreme polyandry in social insects
comes partly from studies of honeybees because queens in all
species of Apis studied to date mate multiply with effective
mate numbers between 5.6 and 25.7 (Table 3; Estoup et al.,
1994; Moritz et al., 1995, 1996; Oldroyd et al., 1995, 1997;
Haberl and Tautz, 1999; Franck et al., 2000). Drones con-
gregate at sites where the females go, and these sites may be
the same for decades (Ruttner, 1985). At mating sites, drones
always greatly outnumber queens. Their absolute density
varies considerably among honeybee populations, a factor
that has been considered to influence mate number in honey-
bee queens (Winston, 1987; Haberl and Tautz, 1998, 1999;
Tarpy and Page, 2000). The queens mate in the air (reviewed
in Ruttner, 1985, Winston, 1987, Seeley, 1985). They may
take multiple mating flights, increasing the number of mates
with each flight (Tarpy and Page, 2000). Males can mate only
once, and leave a large mating plug that does not preclude

Table 3. Effective mate numbers in honeybees as estimated by Oldroyd
etal., 1997

Species Effective No. Original reference
paternity  colonies
Apis mellifera 12.4 5 Estoup et al., 1994
Apis florea 10.1 5 Palmer and Oldroyd, 2001
Apis dorsata 20.0 4 Moritz et al., 1995
25.65 6
Apis andreniformis 9.1 4 Oldroyd et al., 1997
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future matings by the females (Ruttner, 1985). Even honey-
bees whose queens mate many times and produce many
daughters do not retain more sperm than a single typical male
can produce, arguing against the sperm depletion hypothesis
(Crozier and Page, 1985).

Since queens often go on multiple mating flights (Tan et
al., 1999), mating multiply is their choice, not inflicted upon
them by the males. The costs of mating are notoriously diffi-
cult to quantify. For honeybees the risk of dying on a mating
flight has been calculated at between 4.85% (Ratnieks,
1990a) and 6.25% (Tarpy and Page, 2000), or, alternatively,
as 0.26 % per minute of flight (Tarpy and Page, 2000).

The pet hypothesis for multiple mating in honeybees is
the genetic variability hypothesis (Fuchs and Moritz, 1998).
Colonies with greater levels of genetic variability have been
shown to be more responsive to environmental variation rele-
vant to foraging (Fewell and Page, 1993). Sperm is used ran-
domly, just the sort of mix best for a genetic variability hypo-
thesis (Haberl and Tautz, 1998). There has been no evidence
for an association between mating frequency and colony size,
success, or disease resistance (Neumann and Moritz, 2000).

Also in the Apidae are the stingless bees, the Melipo-
ninae, with hundreds of species across the tropics. Like the
honeybees, the stingless bees have single queen colonies
(excepting only Melipona bicolor), hundreds to thousands of
workers, and morphological differences between workers
and queens, though these differences are slight in Melipona
(Imperatriz-Fonseca et al., 1998; Michener, 2000). Stingless
bee males hover around colony entrances where a virgin
queen is likely to be available, and pursue her and mate with
her as she leaves the colony (daSilva et al., 1972; Imperatriz-
Fonseca et al., 1998). Stingless bee males leave a mating plug
that may deter subsequent mating (Imperatriz-Fonseca and

Table 4. Mating frequency in stingless bees as assessed from genetic
relatedness estimated from polymorphic microsatellite loci

Effective ~ No.
paternity *  colonies

Species

Melipona quadrifasciata 0.86 4 Peters et al., 1999
Melipona panamica 0.96 9 Peters et al., 1999
Melipona beecheii 1.16 10 Paxton et al., 1999
Scaptotrigona postica 0.82 4 Peters et al., 1999
Scaptotrigona postica 1.61 7 Paxton, 2000
Scaptotrigona 0.85 4 Peters et al., 1999
barrocoloradensis
Partamona near cupira  0.91 12 Peters et al., 1999
Schwarziana 0.93 4 Peters et al., 1999
quadripunctata

Peters et al., 1999

Tetragona clavipes 7
7 Peters et al., 1999

1
Trigona fulviventris 1.16
Nannotrigona 1.19 7 Peters et al., 1999
perilampoides
Lestrimellita limdo 1.22 2 Peters et al., 1999
Paratrigona subnuda 1.35 5 Peters et al., 1999
Plebeia near minima 1.43 5 Peters et al., 1999

* Probably overestimates because this assumes all mismatched indivi-
duals are due to multiple mating, not to queen turnover or to drifting
among colonies.

Review article 7

Zucchi, 1995). In Tetragonisca angustula two males were
observed to lose their genitalia which might have meant both
mated with the queen (Imperatriz-Fonseca et al., 1998).

Stingless bees generally mate only once, according to
DNA microsatellite data (Table 4; Peters et al., 1999), a result
in accord with earlier behavioral, sperm count, and allozyme
studies (Kerr et al., 1962; daSilva et al., 1972, Contel and
Kerr, 1976; Machado et al., 1984). Peters et al. (1999) found
all worker genotypes were consistent with a single once-
mated queen in seven of the 13 species they investigated
(Table 4). The very few anomalous genotypes in the remain-
ing species are most likely to be due to queen turnover.
Melipona beecheii and Scaptotrigona postica were found to
have low levels of anomalous genotypes which would result
in effective paternities of 1.1 and 1.4 respectively if they are
due to multiple mating (Paxton, 2000; Paxton et al., 1999).
They could also be explained by drifting workers from other
colonies. Peters et al. (1999) did not find a single case of
multiple mating in S. postica collected in the same part of
Brazil. Effective mate number for stingless bees overall is
1.03. This is a large, successful group whose queens mate
only once.

The stingless bees are an important challenge to the genet-
ic diversity hypothesis since the subfamily contains species
where it should be just as likely to apply as in the honeybees.
Colonies can be just as large, are just as generally single
queen, and have similar foods to which they recruit. Peters et
al. (1999) found that mate number differences predict many
of the differences between stingless bees and honey bees in
worker-queen conflicts over male production and which
queen leaves with the swarm.

Another important group in the Apidae is the bumble
bees, which have single queens that independently begin
nests in the spring, and have worker-queen caste differentia-
tion (Table 5; Schmid-Hempel and Schmid-Hempel, 2000).
Bumblebees mate on the substrate, and females appear to be
able to avoid undesired matings by pushing the males away,
keeping their genital opening closed, or even stinging the
males to death (Duvoisin et al., 1999; Djegham et al., 1994).
Mating takes longer in bumblebees as compared to honey-
bees, and the sticky mating plug may be harder to dislodge
(Duvoisin et al., 1999). This mating plug has no nutritive
value (Baer et al., 2000). A survey of 8 species across central
Europe found multiple mating only in B. hypnorum, in agree-

Table 5. Multiple paternity in Bombus from Schmid-Hempel and
Schmid-Hempel, 2000 (and data used therein from Estoup et al., 1995).
All species have single queens

Species Effective paternity No. colonies
B. terrestris 1 17
B. lucorum 1 12
B. hypnorum 1.12 17
B. pratorum 1 5
B. lapidarius 1 11
B. sicheli 1 2
B. hortorum 1 5
B. pascuorum 1 6
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ment with an earlier study, and the effective mate number
in that species was only 1.12 (Table 5; Estoup et al., 1995;
Schmid-Hempel and Schmid-Hempel, 2000). This is partic-
ularly interesting because colonies with forcibly multiply-
mated queens have fewer parasites (Baer and Schmid-Hem-
pel, 1999). Perhaps honeybees mate multiply because of
fewer opportunities for female choice when mating in the air
as compared to mating on the substrate the way bumblebees
and stingless bees do.

Mate number in social wasps

In some respects wasps have been the most difficult group
for assessment of multiple mating by queens because multi-
ple queens or usurping queens make it easy to confuse mul-
tiple queens for multiple mates (as Metcalf and Whitt, 1977,
probably did). Highly variable microsatellite loci, and geno-
typing sperm in female spermathecae has given us firm data
for two of the three subfamilies: Polistinae and Vespinae
(Tables 6 and 7). The Polistinae are exclusively singly-mated
(Table 6). This includes wasps with very different life histo-
ries. Polistes colonies have single queens that begin nests

Table 6. Evidence for single mating by females in Polistine wasps

Rarity of multiple mating in social Hymenoptera

alone and have no morphological difference between workers
and queens. The neotropical Epiponini are swarm-founding,
and colonies may be perennial but unlike bees or most ants,
they have many queens during most of their colony cycle and
slight or no caste differences (West Eberhard, 1978; Jeanne,
1991; Strassmann et al., 1991; Queller et al., 1993). Ropali-
diini comprise species with small colonies like Polistes and
large, many queen colonies like the Epiponini (Gadagkar,
1991).

The Vespinae differ from the Polistinae because they have
queens that are much larger than workers (Wilson, 1971).
Their colonies are annual and have single queens (Wilson,
1971). Multiple mating is common only in Vespula, which
has effective mate numbers of 1.9 to 7.1, not in the other
genera of vespine wasps (Table 7; Foster et al., 1999; 2001).
In multiply mated females, sperm are mixed and used in
equal proportions over time (Ross, 1986). Frequent multiple
mating is derived in the Vespinae since the basal genera have
mate numbers of 1 to 1.11 (Foster et al., 2001). However
Dolichovespula has effective mate numbers of 1 to 1.35 and
it is just as derived as Vespula (Foster et al., 2001).

Social wasps generally have a mating system similar to
ants in that males congregate in certain places, but differ

Subfamily Species No. Effective No. queens assessed Reference
paternity for mate number
Polistinae Polistes bellicosus 1 63 Arévalo et al., 1998; Field et al., 1998
Polistinae Polistes annularis 1.05 40 Peters et al., 1995
Polistinae Polistes carolina 1 56 Seppa et al., submitted
Polistinae Polistes dorsalis 1 6 Arévalo et al., 1998
Polistinae Polistes dominulus 1 60 Queller et al., 2000; Zacchi, 1998
Polistinae Parachartergus colobopterus 1 38 Goodnight et al., 1996
Polistinae Brachygastra mellifica 1 43 Hastings et al., 1998
Polistinae Polybioides tabidus 1 48 Henshaw et al., 2001

Table 7. Multiple paternity in Vespine wasps. All species have single queens

Higher or Species Effective No. colonies Original reference

lower Vespine paternity (cited in Foster and Ratnieks, 2001 a)
Lower Vespa cabro 1.11 14 Foster et al., 1999

Lower Dolichovespula media 1.08 10 Foster et al., 2001

Lower Dolichovespula maculata 1.00 10 Foster et al., 2001

Lower Dolichovespula arenaria 1.09 20 Ratnieks and Boomsma, unpubl.
Lower Dolichovespula sylvestris 1.15 10 Foster et al., 2001

Lower Dolichovespula norwegica 1.08 10 Foster et al., 2001

Lower Dolichovespula saxonica 1.35 10 Foster et al., 2001

Higher Vespula germanica 2.35 55 Goodisman et al., unpubl.; Ross, 1985
Higher Vespula maculifrons 7.14 30 Ross, 1985, 1986

Higher Vespula vulgaris 1.90 17 Foster and Ratnieks, 2001b

Higher Vespula squamosa 3.33 17 Ross, 1986
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somewhat in male behavior at those sites (Ross and Matt-
hews, 1991; Beani, 1996). In Polistes, males arrive at sites
attractive to females such as treetops, telephone poles, towers
or hibernacula, and there set up lek territories, fighting other
males, defending the territories, and often smearing them
with their gasters (reviewed in Beani, 1996). Females arrive
later and choose their mates (Post, 1980; Post and Jeanne,
1983; Beani, 1996). Vespine males patrol vegetation, moving
from place to place, with no clear territory (Post, 1980).
Patrolling was also observed in males of neotropical swarm-
founding wasps (Jeanne, 1991). These mating circumstances
may facilitate female choice.

Overview of mating frequency of females
in the social Hymenoptera

Of all the species of social Hymenoptera studied to date, only
members of Apis, Vespula, Pogonomyrmex, and a monophy-
letic group of advanced fungus-growing ants have queens
with effective mate numbers over two (Tables 1-7). All other
groups of social Hymenoptera for which there is good evi-
dence, from ants, to wasps, to bees, mate once, or if they mate
more than once, do so seldom enough to keep effective mate
numbers close to 1. For example, the highly successful, pan-
tropical stingless bees have single once-mated queens even
though they have large long-lived colonies with morphologi-
cally distinct workers that recruit to food sources as do honey-
bees. Another example comes from the polistine wasps where
single mating holds across tribes with highly divergent
colony longevities, colony sizes, and queen numbers.
Within many of these largely single-mating species are
examples of individuals that have mated more than once.
This means that there is not likely to be a general physical
constraint against multiple mating. Therefore it would seem
that if multiple mating were advantageous, it would be select-
ed and would occur more commonly. Instead it seems that
there is nothing intrinsic to sociality that strongly selects for
multiple mating. If multiple mating was advantageous as a
means for obtaining worker compliance in sex ratios and
male production, then it would be expected to be much more
common. If large, long-lived colonies were protected against
diseases and parasites by the genetic diversity afforded by
multiple mating, then we would expect it to occur in stingless
bees, wasps, and ants that have colonies that can endure for
years. If task specialization were much more effective with
multiple genotypes, then we would expect it in the stingless
bees and swarm-founding wasps where task specialization
has been demonstrated. If queens living for many years were
likely to run out of sperm, then we would expect them to mate
multiply. That none of these patterns hold across a broad
sampling of social Hymenoptera implies that multiple
mating is not generally advantageous to social living.
Careful studies of multiple mating groups and the single-
mating groups they derived from found no one hypothesis
favoring multiple mating. Perhaps the only hypotheses with
any support remaining are those based on the advantages of
genetic diversity, though even here support is equivocal, not
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favoring either a disease resistance or a task specialization
hypothesis consistently (Crozier and Page, 1985; Sherman et
al., 1988; Keller and Reeve, 1994; Boomsma and Ratnieks,
1996; Baer and Schmid-Hempel, 1999; Schmid-Hempel and
Crozier, 1999).

Perhaps there are differences between social Hymenop-
tera and non-social species that account for the rarity of mul-
tiple mating in social Hymenoptera. Social Hymenoptera do
not get any material gains from mating more than once. They
are not easily forced into mating, since they are particularly
well-armed with stings, though the stingless bees bite instead
of sting. The mating arenas may make it easier for social
Hymenoptera to identify the best male before copulation.
The lack of paternal care means they will not be constrained
from mating with the best male they encounter. Perhaps what
most sets social Hymenoptera apart is the generally narrow
time window for mating. Queens mate at synchronized
mating flights, just before hibernating, or during brief recep-
tive periods before retreating to the protection of their nest
(e.g. Ruttner, 1985; Beani, 1996). At these times multiple
mating could occur with relatively little increased cost, but
any cost to subsequent mating would be high since it would
involve leaving the nest. Workers would be strongly selected
not to let males enter the nest and mate with their queen
because it would lower the workers’ relatedness to brood.

The extreme multiple mating of honeybees stimulated a
lot of thought about how sociality might favor multiple
mating. But honeybees are a rare, almost singular exception
to social Hymenoptera in general, mating many more times
than any other group. In fact, sociality is usually expected to
disfavor multiple mating because of the potentially large cost
of reducing relatedness among brood. For a female in a prim-
itively social species to choose to rear her mother’s other
progeny instead of her own progeny will require larger bene-
fits relative to costs if the mother has mated multiply. This
may mean that sociality was lost or never got started in
groups where multiple mating was common. This would also
explain the current scattered distribution of multiple mating
in a few highly-social genera where workers have no non-
social options.
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