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Reproductive structure and reproductive roles
in colonies of eusocial insects

Laurent Keller and Edward L. Vargo

Variation in the number of queens in colonies of social insects has become
a subject of growing interest among sociobiologists. The increased concern
with colony queen number is partly due to the discovery that multiple
queen (polygynous) colonies are more common than previously recognized,
especially among ants, in which polygyny may be the predominant social
structure (Buschinger 1974; Rissing and Pollock 1988; Frumhoff and Ward
1992). More importantly, the mounting interest in polygyny stems from
the realization that the origin and subsequent evolution of polygynous
colonies from their presumed single-queen (monogynous) ancestors is an
evolutionary enigma (Holldobler and Wilson 1977; Nonacs 1988), present-
ing many of the same theoretical challenges as does the origin and main-
tenance of eusociality (see Ross 1988a, 1989). For this reason, Rosengren
and Pamilo (1983) referred to the evolution of polygynous societies from
monogynous ancestors as ‘sociality evolving a second time’. Thus research
into the origin and evolution of polygyny and eusociality are highly com-
plementary, with insights gained into one situation likely to shed light on
the other. ,

In this chapter we attempt to bring to light the complementary nature
of research into these two issues. We do this by explicit reference to
colony reproductive structure, defined as the manner in which reproduction
is partitioned among colony members. We have broken down the repro-
ductive structure of social insect colonies into its constituent parts as shown
in Table 2.1. Of course the major component is the all-important re-
productive division of labour into reproductive and worker castes. In
addition to this fundamental partitioning of reproduction according to
caste membership, there is further subdivision within each caste. There
can be variation in the number of reproducing individuals in each caste,
and when more than one caste member reproduces in a nest, there can be
variation in the level of individual reproductive activity.

Among the components of reproductive structure, reproductive division
of labour has been most thoroughly studied, in attempting to better under-
stand the evolution of worker sterility. The primary focus of such studies
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Table 2.1 The components of the reproductive structure
of eusocial insect colonies. The major distinction is the re-
productive division of labour into reproductive and worker
castes. Within each of these castes, variation exists in the
number of reproducing individuals and in the reproductive
output achieved by different individuals.

Individuals specialized in reproduction (reproductives)
Number of reproducing individuals
Variation in reproductive output

Individuals specialized in non-reproductive tasks (workers)
Number of reproducing individuals
Variation in reproductive output

is the extent to which workers are specialized in their role as non-
reproductive helpers and the mechanisms responsible for determining this
role. Although the other components have received some attention, there
have been relatively few attempts to compare the separate components
in order to see the degree to which the same or certain proximate and ulti-
mate mechanisms are involved in determining different aspects of colony
reproductive structure. It is our belief that such an approach will deepen
our understanding of social insect reproductive roles and the selective
forces that have shaped them. In this chapter we examine in some detail
the proximate and ultimate mechanisms regulating the reproductive division
of labour, the number of cohabiting queens, and variation in reproduction
among cohabiting queens. In considering the reproductive division of labour
we will be concerned with the prevalence of worker reproduction, i.e. the
extent to which workers reproduce directly and the factors regulating their
reproduction. The prevalence of worker reproduction as used here refers
to reproduction by the worker caste as a whole and does not address
the number of reproducing workers or the variance among workers in
reproductive output. These latter two subjects comprise the remaining
components of colony reproductive structure but to date have received
too little attention to be included in this review.

In this analysis we find that because the different components of re-
productive structure are subject to similar selective forces and are mediated
by similar proximate mechanisms, study of any one component has re-
levance for the others, including the evolution of a sterile worker caste.
It also appears that reproductive competition is a major force regulating
reproductive roles, being largely mediated by aggressive interactions.

Variation in colony queen number is a major focus of this chapter. It is
therefore important to point out here that there are two types of multiple
queen colonies recognized for social insects (Holldobler and Wilson 1977;
Rissing and Pollock 1988). Several newly mated queens may associate
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Table 2.2 (continued)

References

Variance in

Number of -
queens per
cotony 9

Effectiveness of
reproductive
inhibition®

Form of Degree of caste  Type of
dimorphism

colony

Taxon

reproduction

reproductive
inhibition®

among queens®

founding

Highly eusocial wasps

12,14

low?

generally
several

high

pheromonal

none-low

swarming

Swarm founding-

Polistinae

unknown 12,15

generally 1,

high

h

pheromonal

haplometrosis® generally high

Vespinae

sometimes
several

Highly eusocial bees

12,16

high

pheromonal

high

swarming

Honey bees
(Apinae)

12,17

1

¥ low-high

generally high behavioural

swarming

Stingless bees

(Meliponinae)

Other highly eusocial insects

low-high 12,18,19

1-several

X high'

generally high pheromonal

haplometrosis
pleometrosis
budding

Ants

(Formicidae)

haplometrosis generally high pheromonal high 1-several generally low? 20,21,22,23

pleometrosis
budding

Termites

(Isoptera)
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Notes to Table 2.2

2 The generalizations made here are necessarily tentative due to the incomplete knowledge Yor many taxa.
For instance, the type and effectiveness of reproductive inhibition are not well known for several
taxonomic groups. Similarly, variance in reproductive oulput among queens is generally inferred from
indirect evidence such as oviposition, but few data are available on the precise contribution to the
production of sexuals (males and potential queens; see¢ text). The table is essentially based on Fleicher
and Ross (1985) and contained references. Additional references are: (1} Ross and Matthews (1989a);
(2) Ross and Matthews (19895); (3) Turillazzi (1991); (4) Spradbery (1991); (5) West-Eberhard (1969);
(6) Reeve (1991} (D) Gadagkar (1991); (8) Michener (1974); (9) Michener (1990a); (10) Packer (this
volume); (11) Michener (1990b): (12) Bourke (1988); (13) Roseler and Van Honk (1990); (14) Jeanne
(1991); (15) Ross (1986); (16) Visscher (1989); (17) Engels and Imperatriz-Fonseca (1990); (18) Hélldobler
and Wilson {1990); (19) Heinze (this volume); (20} Liischer (1974); (21) Wilson (1971); (22) Thorne (1985);
(23) Noirot (1989).

5 The type of reproductive control refers to the mechanisms used by queens to inhibit reproduction by
workers. .

¢ The effectiveness of the reproductive inhibition refers to the competence of queens (O suppress worker
reproduction.

n_O:nnnm are defined in the sense given in the text, i.e. on their morphology in species exhibiting well
marked dimorphism and on their reproductive status in the others.

€ The variance is given for queens as defined underd.

f With the exception of Bombus atratis (Michener 1974).

2 A few species have been shown to use swarming ot pleometrosis (Matsuura 1983, 1991; Spradbery 1986)
as a mode of reproduction.

h Byt see Greene (1991).

i control of worker reproduction is at least partly exerted through the ritualization of cell provisioning
and oviposition (see Fletcher and Ross 1985).

I Melipona bicolor colonies may contain more than one queen with well developed ovaries (Bego 1989;
Engels and Imperatriz-Fonseca 1990).

K But see Peeters and Higashi (1989).
! But see Bourke (1988) and text.

Buschinger and Crozier 1987; Peeters and Crozier 1988). Although func-
tionally the same in both primitively and highly eusocial species, queens
and workers are defined differently, reflecting the difference in the degree
of morphological divergence between the castes in these two types of
societies. In the primitively eusocial insects, in which there is usually
little or no morphological distinction between castes, queens are mated
individuals that are primarily active in egg-laying (Michener 1974). In the
case of pleometrotic colony founding in which several females associate and
one emerges as the principal egg-layer while the others perform worker-like
tasks, we use the terms ‘dominant’ (= queens) and ‘subordinate’ foundresses,
respectively, reserving ‘worker’ for the non-reproductive progeny of the
foundresses. In the highly eusocial insects and the few primitively eusocial
insects in which queens and workers are morphologically distinct it is
useful to characterize the reproductive status of individual caste members.
For our purposes, ‘queens’ are reproductively active members of the queen
caste. Non-reproductively active members of the queen caste are referred
to as ‘gynes’ or ‘female sexuals’ if they have not yet participated in the
processes required to become functional queens (e.g. mating flight and
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at least two species of Vespula (Ross 1986) and in Apis mellifera (Visscher
1989) worker reproduction is extremely low in the presence of the queen,
in which case workers produce only about 0.1 per cent of the males.
However, in other species worker reproduction in the presence of the
queen can be extensive; for example, in Melipona subnitida electrophoretic
analysis showed that workers produce 40 per cent or more of the males in
queenright colonies (Contel and Kerr 1976). Within ants there is also a
great deal of variation in the extent to which workers reproduce directly.
In some species workers lack reproductive organs altogether or are totally
inhibited from laying eggs in queenright colonies. Workers in other species
lay only trophic (non viable) eggs when the queen is present, although in
queenless colonies they may lay viable eggs that develop into males (Passera
1969; Brian and Rigby 1978). At the other extreme, there are some species,
such as Myrmica rubra, in which workers probably produce most of the
males even in queeright colonies (see Bourke 1988 and references therein).

Queen number
Primitively eusocial insects

Characterizing the number of queens in colonies of primitively eusocial
species is difficult for two main reasons. First, colonies are generally started
by varying numbers of mated foundresses (Table 2.2), and their numbers
frequently change during colony ontogeny. For example, in the genus Polistes
the proportion of multiple-foundress colonies varies between O and 100
per cent (with a maximum number of 36 cofoundresses) depending on the
species and their geographic location (see Reeve 1991; Spradbery 1991).
Similarly, this proportion varies between zero and 93 per cent in the other
genera of independent founding wasps (Gadagkar 1991) with a maximum
number of 22 cofoundresses in some species. However, in most species
there is a sharp decrease in the number of cofoundresses by the time
the first workers emerge (e.g. Pardi 1948; Gamboa et al. 1978; Hughes and
Strassmann 1988; Gadagkar 1991; Reeve 1991), but this is not always true
(Hughes and Strassmann 1988). Second, cofoundresses may differ greatly
in their reproductive roles. In associations of most species dominance
hierarchies are established very quickly resulting in one or a few indivi-
duals becoming dominant (queens) and producing most of the eggs in
the colony (e.g. Pardi 1948; West-Eberhard 1969; Reeve 1991; Roseler and
van Honk 1990). Additionally, differential oophagy (Gervet 1964; West-
Eberhard 1969) may further increase differences in direct reproductive
success (see next section). Subordinate cofoundresses become worker-like
in their behaviour or they may become inactive or depart from the nest
(West-Eberhard 1969).

As a result of the frequent sharp reduction in the number of co-
foundresses and the ability of a few of them to monopolize reproduction,
the effective number of queens in primitively eusocial insects is generally
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low. This translates into high relatedness among nestmate females (see
next section).

Highly eusocial insects

Although polygyny is widespread in the highly eusocial insects, its taxo-
nomic distribution differs greatly among the major groups (Table 2.2 see
Ross and Carpenter 1991a for a phylogenetic approach). Polygyny is the
common state of most swarm-founding species, but queen number appears
to fluctuate considerably during the colony life cycle of many species
(West-Eberhard 1977; Jeanne 1991; Itd this volume; Hughes et al. this
volume). In the Vespinae polygyny is sporadic and mainly confined to a -
single restricted taxon, the Vespula vulgaris species group. Highly eusocial
bees (Meliponinae and Apinae) are typically monogynous with the ex-
ception of Melipona nigra, in which two or more queens may be present
in a single nest (Michener 1974; Bego 1989; Engels and Imperatriz-Fonseca
1990).

In the ants the available data suggest extreme plasticity in this social
trait at all levels. Virtually all subfamilies, and a great many genera and
species groups, contain both typically monogynous and polygynous species
(Wilson 1971; Hélldobler and Wilson 1977; Brian 1983; Rissing and Pollock
1988; Frumhoff and Ward 1992), and there is an increasing number of reports
of intraspecific polymorphism as well (Pamilo and Rosengren 1984; Ross
et al. 1987; Ward 1989; Elmes and Keller this volume; Rosengren et al.
this volume). Nevertheless, some ant taxa appear rather invariant in their
expression of queen number, e.g. monogyny in the army ants (subfamilies
Ecitoninae and Dorylinae; Gotwald 1988) and in most fungus growing ants
(tribe Attini; Brian 1983; Mintzer 1987).

Thus, in the highly eusocial Hymenoptera queen number is relatively
invariant at the level of the genus or higher in highly eusocial bees and
wasps, but this trait commonly varies within genera or even within spécies
in ants.

Thorne (1985) reviews the data on polygyny in termites. Mulitiple sup-
plementary or neotenic reproductives are relatively common in colonies
of some termite species, particularly the lower termites. The occurrence
of multiple alate-derived queens appears confined to the phylogenetically
advanced family Termitidae. In this family multiple imaginal queens have
been found coexisting in at least one colony in 38 species representing
15 genera scattered over all four subfamilies. As pointed out by Thorne
(1985), this is no doubt a conservative estimate, because the royal com-
partment housing the primary reproductives is often difficult to access. In
all termite species so far studied polygyny appears to be facultative, but
in at least a few species, such as Nasutitermes princeps, N. polygynus,
and N. costalis (Roisin and Pasteels 1985, 1986), it is the predominant
state. The presence of multiple alate-derived queens in termites is generally
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(Ross 1988b). However, although Ross tracked the relative contribution
of queens for over a year, it is not certain that this short-term variability
would translate into significant long-term differences in reproductive
success, because the queens probably live for six to seven years (inferred
from life-span of queens from monogynous colonies, Tschinkel 1988). It
is possible that variability in apportionment of maternity of female sexuals
is age-related, in which case life time reproductive skew could be lower.

Very few data exist on direct reproduction by termite queens in poly-
gynous colonies. Thorne (1985) reviewed the data on relative weights of
queens and found that in most cases nestmate queens were approximately
the same weight. Because queen weight is highly correlated with fecundity
in this group, these findings suggest that all females contribute to a similar
extent to reproduction.

Proximate mechanisms regulating reproduction

Differential participation among queens as well as between queens and
workers in the production of reproductives can arise by one or more of
the following means: (i) differential fecundity, (ii) differential viability of
eggs, (iii) differential probability of eggs developing into sexuals, (iv) dif-
ferential cophagy, and (v) differential survivorship of egg-layers (e.g. Keller,
in press; Keller and Ross, in press). The available evidence suggests that
all of these mechanisms contribute to differential reproductive success among
nestmate queens and between the queen and worker castes (see below).

The number of reproductive females and variation in their direct re-
productive output may be mediated through aggressive interactions among
femnales and/or pheromones (Wilson 1971; Fletcher and Ross 1985). This
section compares the importance of these two mechanisms for each of
the components of reproduction. The possible modes of action of phero-
mones will be discussed in the next section (see also Keller and Nonacs
1993).

Prevalence of worker reproduction

There is a clear trend in both the nature and effectiveness of repro-
ductive inhibition in relation to degree of social complexity (Wilson 1971;
see also Table 2.2). In most primitively eusocial species worker re-
production is generally inhibited by physical domination by the queen
(Wilson 1971; Fletcher and Ross 1985; see also Table 2.2), and indeed the
queen’s aggression is primarily directed at the workers with the greatest
ovarian development. Furthermore, in several species worker reproduction
is also inhibited by queen pheromones (Table 2.2; see also Fletcher and
Ross 1985). Worker reproduction is more prevalent in these species than
in highly eusocial species, indicating that reproductive inhibition is less
effective.
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Queen aggressive behaviour directed toward workers is much less fre-
quent in highly eusocial species and seems to be restricted to some wasps
in which queens attack workers with developed ovaries (see Greene 1991;
Jeanne 1991). The rarity of direct dominance and the convincing demon-
strations of chemical queen recognition have been used as evidence that
the inhibition of worker reproduction is pheromonal (see Wilson 1971;
Fletcher and Ross 1985; Bourke 1988; see also Table 2.2).

‘Number of queens

The number of queens in primitively eusocial species is regulated by
aggressive interactions among dominant and subordinant females. As
mentioned earlier, the number of cofoundresses frequently decreases when
workers first emerge, at which time the level of intracolonial aggression is
high (see Reeve 1991 and references). Workers of these species generally
behave aggressively toward non-nestmatés thus preventing usurpation by
foreign females (Gamboa et al. 1986).

In highly eusocial species workers seem 10 play a chief role in regulating
queen number. For example, in the ant fridomyrmex humilis workers
execute ¢. 90 per cent of the queens just before the period of sexual
production in spring (Keller et al. 1989). It is not yet known whether
queen execution by workers is nepotistic in this and other species. Similarly,
in most species workers behave very aggressively toward non-nestmate
queens trying to enter the colony (e.g. Fletcher and Blum 1983).

Queens also actively contribute to the regulation of queen number in
some species. In the swarm-founding vespine Metapolybia aztecoides,
queen reduction, which occurs after swarming, results from queens engag-
ing in dominance interactions coupled with high aggressivity by workers
toward subordinant queens (West-Eberhard 1977). As a result, all but one
of the queens disappear from the nest or start behaving like workers.
Reduction of queen number in pleometrotic ant associations is mediated
by aggressive interactions among queens in some species, whereas in others
workers are responsible for killing or expelling supernumerary queens
(see Heinze this volume).

In many termite species the loss of the primary reproductives results in
the production of numerous neotenics. However, the number of neotenics
is reduced following their production. In a manner very similar to some
hymenopteran species, supernumerary neotenics are eliminated through
the combined activity of dominant neotenics and members of other castes
(Liischer 1952; Lenz 1985).

Variance in reproductive output among nestmate queens

Aggressive interaction is the chief mechanism regulating reproductive out-
put by cofoundresses in primitively eusocial insects (see previous section).
Greater disparity in reproduction among cofoundresses appears to be
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The only empirical test of a possible association between worker re-
production and colony reproductive structure found that worker-laying is
less inhibited by queen presence in polygynous, as compared to monogynous
species (Bourke 1988). However, mating frequency by queens was not
considered in this study, and at present insufficient data exist to test
Nonacs’ (1992) prediction. Additionally, the degree of relatedness among
queens and the numerical sex ratio influence worker inclusive fitness
(Pamilo 1991), and therefore influence the extent of direct Enaoacmmo:
by workers. Interspecific variation in these two attributes are reviewed for
ants in this volume by Herbers. Genetic relatedness among queens appears
to be frequently low (Herbers this volume), and colony sex ratio appears
to be highly variable and probably associated with queen number, queen
mating frequency, and queen relatedness (Boomsma this volume; Nonacs
this volume). Thus worker reproduction can be influenced by many factors,
all of which are likely to influence each other. More detailed studies are
needed in order to assess the relative roles of these different factors in
influencing the reproductive activity of workers.

Evidence to date suggests that worker reproduction is less frequent
than expected (Nonacs 1992), a situation that could arise if queen-produced
males hide their sexual identity long enough during development to make
it unprofitable for workers to replace the queen’s (s’) sons with their own
(sexual deception, see Nonacs 1992). That workers might be unable to
discriminate the sex of queens’ offspring as late as the pupal stage has
recently been reported in the ant Camponotus floridanus, a finding con-
sistent with the ‘sexual deception’ hypothesis (Nonacs and Carlin 1990).

Overall, it appears that queen-worker conflict over male parentage is
governed by genetic interests, but these interests are constrained by the
cost of manipulation, e.g. reduced colony productivity (see also Schmid-
Hempel 1990; Ratnieks and Reeve 1992), and effectiveness of communi-
cation, e.g. errors in assessing sex and relatedness of nestmates.

With regard to the problem of queen-worker conflict an important
issue relates to the question of the role of queen pheromones in regulating
reproductive activity in workers and other nestmates. Although queen
inhibitory pheromones have frequently been viewed as a means by which
queens establish and maintain their reproductive dominance, it is more
likely that they serve as a means for other colony members to monitor the
presence of the queen and her reproductive performance in order to adjust
their own reproductive activity in a way that maximizes their inclusive
fitness (see Keller and Nonacs 1993).

Queen number

The evolutionary explanations of polygyny are largely the same as those
proposed for the evolution of eusociality. For reviews, see West-Eberhard
(1981), Nonacs (1988), Herbers (this volume) and Rosengren ef al. (this
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volume). Kin selection and mutualism are the most commonly invoked
explanations. An additional hypothesis to explain the evolution of poly-
gyny has been proposed by Elmes (1973), who suggested that polygyny
may be the result of parasitism by queens. Under this hypothesis, newly
mated queens invade existing colonies to the detriment of the current
residents (see Herbers this volume; Rosengren e al. this volume).

Although we still have much to learn about the adaptive regimes pro-
moting the reproductive division of labour between the queen and worker
castes and those promoting polygyny, it appears that similar selective
forces are at work in both cases. Thus, the number of queens and the
partitioning of reproductive effort among them in polygynous colonies
provides an alternative system for testing the roles of kin selection,
mutualism and parental manipulation in regulating reproductive roles. It
is worth considering some of the advantages and disadvantages of these
two systems for testing the relative importance of various selective forces
in shaping the reproductive structure of insect societies. ,

An important problem in studies attempting to elucidate the origin of
eusociality is that colony genetic and reproductive structure of most extant
eusocial taxa may be far removed from that of the stem groups having
given rise to the eusocial forms. As a result, only a few primitively eusocial
species are appropriate foci for questions of social origin and only a few
studies have considered the social and genetic structure of such species
(see Ross and Matthews 1989a,b). In contrast, queen number and variance
in reproduction among nestmate queens in polygynous colonies appear to
be highly variable within some taxa and even within some species, thus
providing good comparative systems for investigating the factors maintain-
ing colony reproductive structure.

In order to assess the relative roles of candidate selective forces in
shaping reproductive patterns, we have to understand the inclusive fitness
costs and benefits for the different parties involved. In the case of facul-
tative worker behaviour, it is necessary to compare the expected fitness
of a female nesting alone to that expected by forgoing reproduction and
helping raise offspring of her mother or other related individuals. A major
hurdle in these studies is that it is difficult, if not impossible, to assess
the probability that a female will succeed in starting her own colony in-
dependently. The problem is confounded by the fact that this probability
may vary in relation to various factors such as inter-individual differences
in size or timing of emergence. It is also very difficult to quantify the
degree to which helpers can aid relatives and the mutualistic advantages of
co-operation (see Strassmann 1989; Reeve 1991). As a result, establishing
the relative roles of the different selective forces favouring co-operation
is problematic (for other problems in comparing the inclusive fitness
of solitary versus helper females see Queller 1989; Gadagkar 1990; Nonacs
1991).
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reproductive structure and the proximate mechanisms used to resolve
the conflicts. From this survey it appears that reproductive competition is
a major force regulating reproductive roles. Evidently, females usually do
not forgo reproduction simply because they are more related to the brood
of the other female(s) than to their own, but, instead, they are actively
prevented from doing so by other colony members.

Physical aggression is the primary proximate factor governing the three
components of reproductive structure. The number of queens, their relative
share of reproduction and the prevalence of worker egg-laying are regulated
through dominance interactions which may occur among queens, among
workers, and between queens and workers. In the case of primitively euso-
cial insects, direct aggressive interactions primarily occur among potential
breeders, whereas in highly eusocial species workers seem (o play a pivotal
role in controlling the three components of reproductive structure. Frequently,
workers can increase their own inclusive fitness by behaving differently
in colonies with queens present than in queenless colonies. When queen
presence results in workers favouring colony level reproductive strategies
that also increase queen(s) inclusive fitness, both parties benefit from an
effective communication system that signals the queen’s presence. 1o a
large extent, queen ‘inhibitory’ pheromones probably serve this function
(see Keller and Nonacs 1993)

One common way to investigate the selective forces shaping reproductive
structure of social insects is by comparing the inclusive fitness of nestmate
females that differ in their reproductive roles (with the aim of testing whether
a female can increase her inclusive fitness by helping raise the brood of other
females). A major hurdle in such studies results from the difficulty of
assessing the reproductive strategies (¢.g. joining an association or not,
forgoing reproduction in an association or not) available to different
individuals in relation to size, fighting ability, and time of season they eclose,
etc. and their expected fitness return.

An alternative way to study the selective forces acting within colonies
of social insects is by correlating variation in reproductive structure with
ecological factors and examining how changes in one of the components
of reproduction affect the others. For example, queen number (or size of
foundress association) and variation in reproductive output are most likely
influenced by ecological factors such as the probability of succeeding in
solitary founding and/or increased colony survivorship with higher queen
number. Changes in these two components directly influence the colony
genetic structure, with higher queen number and lower variance in their
reproductive output resulting in decreased mean relatedness among colony
members. This, in turn, is likely to influence the prevalence of worker
reproduction.

For each of the reproductive components there is considerable inter-
specific variation. Only recently have students of social insects started to
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focus on intraspecific variability in the reproductive structure, and the
available data suggest that, for some species, this variability might be
greater than previously suspected. Both intra- and interspecific variability
provide suitable material for investigating the effects of ecological factors
on the different components of reproductive structure as well as the
interconnection among components. In this context, the high intra- and
interspecific lability in queen number is ideal for comparative studies,
especially in relation to the role of various ecological factors in shaping
queen number and in assessing how worker reproduction and colony sex
ratio are influenced by changes in queen number.

In conclusion we would like to stress that, although the components
underlying reproductive division of labour in eusocial insect colonies have
frequently been considered separately, they raise very similar evolutionary
questions and are under the control of similar proximate mechanisms.
Taking into account all of these components should therefore deepen our
understanding of reproductive partitioning among colony members. Having
a firm handle on the various factors promoting reproductive partitioning
among colony members is one of the keys to solving the related evolu-
tionary mysteries of polygyny and the existence of sterile castes.

Summary

Several previous authors have noted that the existence of stable queen
associations (polygyny) in social insect colonies poses similar challanges
to evolutionary theory as does the existence of eusocial organization. The
similarity in these two phenomena is examined in detail by viewing both in
the broader context of colony reproductive structure. We identify the major
components of colony reproductive structure as (1) the reproductive division
of labour (worker sterility), (ii) the number of reproducing individuals,
and (iii) the variance in reproduction among cohabiting reproductives. The
characteristics of each of these components is reviewed, and the proximate
and ultimate mechanisms determining these characteristics are discussed.
Reinforcing the notion that the different components of reproductive
structure pose similar evolutionary questions, we find that they are controlled
by similar proximate mechanisms and that similar uitimate explanations
apply to each. Thus comparative study of any one of these components
should shed light on the others and lead to a deeper understanding of
reproductive roles and reproductive partitioning in social insect colonies.
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Queen—-queen conflicts in polygynous societies:
mutual tolerance and reproductive skew

Hudson K. Reeve and Francis L. W. Ratnieks

In the years since Williams (1966) argued for an individual-selectionist
approach to phenotypic evolution, theorists have steadily lengthened the
list of potential conflicts within insect societies, even societies charac-
terized by a high average genetic relatedness. Whenever any genetic hetero-
geneity exists within colonies, asymmetries occur among colony members
in their relatednesses to potential colony propagules (Hamilton 1964).
These relatedness asymmetries generate potential conflicts among colony
members over who should reproduce and how colony resources should
be allocated. Such potential conflicts promote the evolution of manipu-
lative and counter-manipulative reproductive strategies by the parties in
conflict.

However, potential conflict does not always translate into actual conflict,
i.e. the actual expression of manipulative (and counter-manipulative) stra-
tegies. At least three mechanisms can limit the degree of actual conflict
(Ratnieks and Reeve 1992). First, counter-manipulation can nullify the
gain for manipulation so that neither is frequently expressed, as when
worker policing inhibits attempted male-production by workers (Ratnieks
1988). Second, manipulation may be disfavoured by the negative effects it
has on overall colony efficiency and productivity, as when selfish dominance
behaviour reduces the time allocated to performance of colony-maintenance
tasks (Cole 1986). Third, the initial spread or enhancement of manipulation
may be prevented because of unavoidable errors in its execution, as when
discrimination errors (i) prevent the invasion of queen-rearing nepotism
(Ratnieks and Reeve 1991) or establish highly permissive discrimination
thresholds for nepotists because of the risk of rejecting full-sisters (Reeve
1989) and (ii) prevent attempted worker manipulation of the sex ratio or
parentage of the colony’s males because of the risk of rejecting sisters
(Nonacs 1992).

Even in monogynous insect societies, in which overlap of genetic interests
is extensive because production of future queens is funneiled through a
single breeding female, potential conflicts can arise over male parentage
(Woyciechowski and Lomnicki 1987; Ratnieks 1988; Nonacs 1992), sex






