CHAPTER 5

ECOLOGICAL DETERMINANTS OF SOCIAL
EVOLUTION

Joan E. Strassmann and David C. Queller

The key evolutionary problem concerning the origin of
eusociality, and of helping systems in general, is how genes could
be selected when their effect is to decrease the reproduction of
their bearers. Several theories attempt to account for cooperative
behavior by denying that it is truly altruistic. Even though there
may be some cost to the helping behavior, these theories posit
'some personal fitness gain that more than compensates for the
cost. This compensatory gain may be an immediate, mutualistic
one. For example, while joint defense against predators or
parasites may carry some risks, it could cause a net increase in
the personal fitness of all participants (Lin and Michener 1972).
Alternatively, the gain may be delayed. Temporary helping may be
favored if the helper eventually acquires a valuable territory
(Emlen 1984, Woolfenden and Fitzpatrick 1984, Brown 1987)
or reciprocal help comes at a later time (Trivers 1974, Emlen
1981). These theories may account for some cases of helping, but
they do not explain truly altruistic behavior for which there is no
compensating personal gain. In most eusocial insects there are no
more than a few reproductives at a time, so the majority of
individuals cannot gain any immediate personal advantage. Delayed
benefits sometimes apply in eusocial insects: queen death may
provide opportunities for others to reproduce. But this cannot be
a general explanation for two reasons. First, the number of
vacancies is low and the number of workers is large, so the
average worker stands to gain very little. Second, in some
species, the replacement egg-layers are individuals that did not
help much, having focused instead on avoiding risks or
establishing social dominance (e.g. Gadagkar and Joshi 1 g84).
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Kin selection, ..uirect reproduction through helping
relatives who tend to share the same genes, must provide the
selective advantage for the many cases in which workers have
little expectation of personal reproduction. Elements of the theory
of kin selection were anticipated in various discussions of
altruistic behavior (Darwin 1859, Fisher 1930, Haldane 1955,
Williams and Williams 1957) as well as in the animal breeding
literature (Lush 1947, Willham 1963). But it was Hamilton
(1963 1964a 1964b 1970 1972) who combined a simple
quantitative formulation of the idea with a recognition of its
widespread importance in the natural world. _ Using Hamilton's
assumptions one can write the condition necessary for selection to
favor altruistic behavior as:

P AW > T AW . (1)

Here Aw is the number of offspring lost by the altruist and ris its
relatedness to them (usually 1/2), while Aw* is the number of
offspring gained by the beneficiary, and r* is the relatedness of
the altruist to them.

Two classes of explanations of the evolution of eusociality
emerge from Hamilton's rule. One focuses on differences in the r
terms and the other on differences in the Aw's or costs and
benefits. Both may operate together, but for purposes of clarity
we discuss them separately. The next section discusses the role of
relatedness in the evolution of eusociality and focuses on the
haplodiploid hypothesis. The following sections subdivide
hypotheses based on the costs and benefits side of Hamilton's rule
into those invoking limited reproductive opportunities outside
groups and those postulating ecological advantages to groups which
result in higher inclusive fitness for group members. In each
case, wasps of the genus Polistes are treated in detail because
Polistes is one of the few genera (perhaps the only one) in which
many of the hypotheses for group living and altruism have been
investigated.

Polistes is especially appropriate for investigating the
origin of eusociality because it is primitively social and lacks
morphological castes. Its open-faced colonies are easy to find and
study (FIGURE 1). This makes many of the key ecological
paramelers such as colony predation and parasitism much easier
o document than is the case for the often cryptic colonies of
ground and twig nesting bees and wasps (Michener 1964, Wilson
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FIGURE 1. Colony of Polistes exclamans.

1971). [For a summary of the typical colony cycle of Polistes see
Strassmann and Hughes (1986)].

RELATEDNESS AND THE EVOLUTION OF EUSOCIALITY

Besides devising the general inclusive fitness formula,
Hamilton (1964a,b) developed a specific relatedness-centered
hypothesis for the origin of eusociality. He noted that the
haplodiploid genetic system possessed by this group leads to some
peculiar relatedness properties. Specifically, a female who helps
to rear super sisters would obtain a particularly favorable r*
value of 3/4, instead of the usual 1/2 for diploids (formula 1).
Selection could then sometimes favor rearing super sisters instead
of offspring even if Aw* < Aw.  This hypothesis, called the
haplodiploid hypothesis, would account for the fact that most of the
origins of eusociality occurred in the haplodiploid Hymenoptera
and for the fact that workers in this group are exclusively female.

Though elegant, the haplodiploid hypothesis has
encountered a series of problems. First, females are related to
their brothers by only 1/4 (Crozier 1970), so that a
haplodiploid female helping to rear an even mixture of super
sisters and brothers would obtain an average r to brood of only
1/2, exactly the same value as In diploid systems. The
haplodiploid advantage could be saved if female workers could
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avoid aiding brothers, either because of a female-biased sex ratio
or by laying the male-destined eggs themselves (Hamilton 1972,
Trivers and Hare 1976). Worker laying of male-destined eggs
occurs, but is far from universal (Hamilton 1972, Trivers and
Hare 1976, Bourke, 1988). Female-biased sex ratios also occur
(Trivers and Hare 1976, Nonacs 1986), but their significance in
selecting for eusociality is not entirely clear for two reasons.
First, once workers succeed in biasing the sex ratio to their
optimum (3 females : 1 male under the simplest conditions), the
haplodiploid advantage disappears because the rarer males become
more valuable than females (Trivers and Hare 1976, Grafen
- 1986). The maintenance of eusociality must therefore be
explained in some other way. Second, there is also a problem for
the origin of eusociality because it requires two simuitaneous
changes: helping and the female-biased sex ratio (Charnov 1978).
Still the haplodiploid hypothesis can be rescued under certain
conditions. Seger (1983) and Grafen (1986) have described
circumstances in which a female-biased sex ratio will be favored
among the progeny of only some mothers, setting up the
opportunity for their daughters to stay and rear mainly sisters,
without females being devalued relative to males.

While these adjustments to the haplodiploid hypothesis
make it more logically sound, it is still questionable whether it
actually describes the critical condition for the origin and
maintenance of eusociality (Lin and Michener 1972, Alexander
1974, Evans 1977, West-Eberhard 1975 1978, Eickwort
1981, Brockmann 1984, Andersson 1984, Stubblefield and
Charnov 1986, Alexander and Noonan in press). First, it cannot
account for the diploid termites. Some special mechanisms could
increase relatedness in this group (Luykx and Syren 1979, Bartz
1979, Lacy 1980 1984, Pamilo 1984), but it is not clear tha
these mechanisms operated in the early termites (Leinaas 1983
Crozier and Luykx 1985). Nor can the relatedness hypothesi
account for helping in diploid vertebrates, from the apparently
eusocial naked mole rats (Jarvis 1981) to the many species with
less developed social systems (Vehrencamp 1979, Emlen 1984,
Brown 1987).

It is also far from clear that the haplodiploid hypothesis
explains eusociality even in the Hymenoptera. The value of r* =
3/4 depends on having one singly-mated egg layer per colony.
Multiple mating is widespread in insects (Parker 1970,
Thornhill and Alcock 1983) including some eusocial Hymenoptera
(reviewed by Page 1986), though one can only speculate about the
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mating habits of the ancestral species in which eusociality first
appeared. Multiple egg laying individuals are also widespread in
eusocial colonies (Wilson 1971, Jeanne 1980). Moreover, il is
probable that queen death led to multiple (sequential) egg layers
in the earliest eusocial species (West-Eberhard 1978); prior to
having evolved special longevity, a mother would usually die
before her daughters, leaving the nest to another egg layer. Thus
sociality probably first evolved with an average relatedness among
female brood of less than 3/4. Whatever the theoretical
arguments, measurements of relatedness make it clear that
eusociality is maintained in some species with relatedness to
female brood of less than 1/2 (Craig and Crozier 1979, Pamilo
and Varvio-Aho 1979, Ward and Taylor 1981, Pamilo 1982a
1982b, Pearson 1982, Ward 1983, Crozier et al. 1984, Ross
and Fletcher 1985, Ross 1986).

Two separate studies of Polistes exclamans found
relatedness values between workers and brood of about 0.38,
which is lower than worker relatedness to their own young
(Lester and Selander 1981, Strassmann 1985b). These are the
only such studies in Polistes. It is especially interesting that
workers usually remain on their natal nest in this species in spite
of low relatedness as workers of P. exclamans sometimes leave
their natal nest to begin a new (satellite) nest of their own
(Strassmann 1981a). The decisions of other workers to join such
a satellite nest depend on their relatedness to the queen of the
satellite; they join her if their relatedness is high (Strassmann
1981b). These results indicate that workers sometimes respond
to alternatives, make choices based on relatedness, and yet
usually choose to remain on their natal nest in spite of the
presence of an alternative (nesting alone) which would yield
higher relatedness to the brood. Coming back to Hamilton's rule,
the available evidence on relatedness indicates that ecological
factors must be important in the origin and maintenance of
eusociality.

COSTS AND BENEFITS OF EUSOCIALITY

Perhaps because of the limitations of the haplodiploid
hypothesis, current opinion seems to favor explanations that
stress costs and benefits (Lin and Michener 1972, Alexander
1974, Evans 1977, West-Eberhard 1975 1978, Eickwort
1981, Brockmann 1984, Andersson 1984, Stubblefield and
Charnov 1986, Alexander and Noonan in press ). If there is no
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special relatedness advantage, then the best case (in an
outbreeder) is helping full sibs: r*= r= 1/2. This means that
even in the best of circumstances eusociality cannot be favored
unless the benefit of helping is greater than the cost, Aw" > Aw
(see formula 1).

. Therefore, at the very least, we need to explain how an
individual can rear more of a relative's offspring that it can rear
of its own. Compared to the theoretical work on relatedness, this
area has been relatively neglected. A few theoretical studies have
addressed the question of how the organization of work within
colonies can evolve to make the colony more efficient (Oster and
Wiison 1978, Wilson 1985, Jeanne 1986}, but in the early
stages of eusociality, efficient work patterns ‘would not yet have
evolved. .Moreover, it is not clear that these mechanisms always
give the required efficiency. From collections of colonies of social
insects, Michener (1964) found that per capita productivity
declines with colony size in most species. This suggests that the
most productive colony size is one, and that each worker adds less
to the colony than it could have reared on its own; the Aw* > Aw
requirement is not met. There are, however, two general ways of
reconciling the observation with the requirement that Aw" > Aw.
The first hypothesizes differences in reproductive potential among
individuals, and is commonly referred to as 'best of a bad job' (e.g.
Brockmann 1984). The second postulates fitness gains to
individuals in groups that would not be detected in studies like
Michener's (1964). This is where true ecological advantages to
grouping fall. These two categories of costs-and-benefits
explanations for eusociality will be discussed in the next two
sections. ‘

BEST OF A BAD JOB AND THE EVOLUTION OF EUSOCIALITY

Extrinsic or intrinsic constraints may limit an
individual's reproductive ability when it nests alone. Extrinsic
constraints include shortages of nesting sites or territories,
shortages of mates, and shortages of time for nesting (e.g. Brown
1987, Herbers 1986, Strassmann ef al. 1987). Intrinsic
constraints make some females less capable of faying eggs than
they are of tending another female's brood (Craig 1983). Both
types of constraints can result in selection on females to join
groups rather than nest alone. They are both consistent with
Michener's finding of decreasing per capita fithess with group size
because some individuals may be incapable of nesting alone, so that
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even if they add relatively little to the colony success, they are
still opting for the best alternative in a bad situation. These are
discussed below with special reference to Polistes.

Nest Site Constraints

One of the most important requirements for any organism
that displays parental care is to have a safe site in which 1o raise
the young. This is particularly important when the young are
immobile and defenseless, as is the case in altricial birds (e.g. -
Brown 1987), many carnivores (e.g. Moehlman 1986), and most
insects that exhibit parental care (e.g. Eickwort 1981). If a
particular feature of the environment renders it more protected
than other areas, then the number of such locations may limit the
numbers of individuals that can raise young. If all safe sites have
been filled, an individual may achieve higher inclusive fitness by
helping a relative rear additional progeny in a safe location than it
could raise by starting its own nest in an unsafe location.

Demonstrations that this principle is important in group
nesting require identification of the limiting habitat,
demonstration that all sites are filled, and observation that non-
breeders can help breeders in the safe sites. Experiments can
verify that group size diminishes when additional nest sites are
~added. To our knowledge the only study of this was conducted by
Herbers (1986) on Leptothorax longispinosus. Polygyny (queens
sharing a nest) decreased when nest sites were added to the acorns
and hollow twigs usually used for nests. Other examples of limited
nest sites are caves, holes in the ground and hollow trees. The re-
use of natal nest sites even when facing the disadvantages of
parasites that have accumulated in such sites also suggests that
nest sites are limited. This is common in a variety of social
insects (e.g. Batra 1966, Starr 1975, Evans and Hook 1982,
Strassmann 1983, Kukuk and Eickwort 1987, Michener 1985,
1t6 et al. 1985, Hook 1985 1987). In fact, re-use of the natal
nest or the natal nest site is a common way for groups to begin in
primitively social bees and wasps. Re-use of the natal nest may
not fall under best-of-a-bad-job conditions if it is the simplest
way of finding relatives {which then allow individuals to obtain
ecological advantages), or if there is a substantial saving in time
and expense necessary to construct a new nest.

There is no good evidence that nest site constraints are
important factors selecting for grouping in Polistes. Many species
nest in vegetation, on cliffs, and on eaves where nest sites seem to
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be nearly infinite (e.g. West-Eberhard 1969, Strassmann 1979,
Strassmann and Hughes 1986). It may be argued that space is
limited on a cliff or eave (Noonan 1979, Cervo and Turillazzi
1985, Queller and Strassmann 1988). However, such arguments
are susceptible to the criticism that the nests could have been
packed more closely together. P. carolinus may exemplify
grouping because of nest site constraints as it nests in dark places
like artificial nest boxes and hollow trees. This species uses the
same nest boxes year after year and prepares them for re-use by
tearing down the nest at the end of the season (Hughes and
Strassmann, unpublished). Nests are begun by 2.2 foundresses on
average (the range is 1 to 7), a larger average number of
foundresses than other species in the area (Hughes and
Strassmann in press). However, average foundress numbers per
nest did not change from 1982 to 1987 even though numbers of
new nest boxes varied annually. Thus, the addition of nest boxes
does not cause the decrease in foundress association size that would
be expected if females group because of the lack of suitable nest
sites.

Habitat constraints, which are in many respects similar to
nest site constraints, are favorite explanations for helpers at the
nest in many bird species (e.g. Koenig and Mumme 1987,
Woolfenden and Fitzpatrick 1984). While habitat is certainly
restricted in a number of bird species with helpers, it is not clear
that this is the driving force behind helping (Brown 1987, Austad
and Rabenold 1985). For example, Koenig and Mumme (1987)
noted that adding or removing granaries did not have a marked
effect on group size in acorn woodpeckers.

Subfertility

A related best-of-a-bad-job hypothesis supposes that
some individuals are in poor condition (or "subfertile"; West-
Eberhard 1978) such that they are unlikely to succeed at
reproducing alone. These individuals could make the best of their
situation by helping, provided that they are not also handicapped
in their abilities to help (Craig 1983). In some cases, the poor
condition may be imposed by parental manipulation (Alexander
1974) in order to force some progeny to be helpers. This kind of
hypothesis must certainly apply to many higher eusocial insects
with differentiated castes. Workers are less capable of being
productive egg layers, indeed sometimes completely incapable.
However, attempts to find support for this hypothesis in social
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“insects without distinct castes have failed (Haggard and Gamboa
1980, Sullivan and Strassmann 1984, Kukuk and Eickwort
1987, Queller and Strassmann, this volume). This failure is
serious if the hypothesis is to explain the origin of eusociality as
eusociality presumably evolved prior to the development of castes.
But the failure should perhaps come as no surprise since the
hypothesis requires the uncoupling of talents for foraging from
those for egg laying (Craig 1983).

The subfertility hypothesis has been accepted as pivotal in
the evolution of eusociality in part because it is so logical and
attractive an explanation. Here we summarize the results of our
attempts to find support for the hypothesis in P. annularis

. (Strassmann 1979, Sullivan and Strassmann 1984, Queller and
Strassmann 1988). We also addressed the subfertility hypothesis
in P. bellicosus (Queller and Strassmann, this volume).

According to the subfertility hypothesis, poor quality
females that are not capable of nesting alone should join relatives
on nests where they will function as subordinates. In P. annularis
we measured female quality in two ways: size (Sullivan and
Strassmann 1984, Strassmann 1983) and whether or not they
had been deprived of honey during the winter (Strassmann 1979).
Both measures had significant effects on female fitness. However,
neither smali females nor females that had been deprived of honey
were found in larger groups. Thus grouping was not a response of
females to their overall lowered condition. The only study that
seems 1o support the subfertility hypothesis demonstrated that
under laboratory conditions some females of P. fuscatus failed to
initiate nests (Gibo 1974). However even females of singly-

“founded species frequently fail to build nests in the laboratory
because of the artificial conditions, so this experiment cannot be
regarded as support for the subfertility hypothesis.

When females are infected with stylopid parasites,
reproduction is reduced more drastically than is the ability to
work, as the first effect of the parasite is to sterilize the female
(Strambi 1965, Strambi and Strambi 1973). Selection might
favor such females working on a sister's nest because the female
could work but not lay eggs. But she would probably be better off
staying away from all relatives as she might pass on the parasites
to the brood she reared, thus having a net negative effect on the
relative's progeny. Also stylopid parasites are not common enough
to account for most workers.

Therefore, we conclude that there is no evidence that either
nest site constraints or subfertility have been important in the
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evolution of eusociality. However there have been so few
empirical tests of either hypothesis that it is entirely possible
that this position could change with the publication of new studies
that focus on these questions, particularly on previously unstudied
taxa.

Ecological Advantages of Eusociality

If the best of a bad job explanation fails, then group
members should have higher inclusive fitness than solitary
individuals.  Solitary individuals may occur in species that
ordinarily nest in groups if they cannot find any relatives with
whom to nest (Noonan 1981). A comprehensive study of all
individuals in a given area from colony inception to the production
of reproductives should reveal the advantages of group nesting.
Detailed studies of the correlates of reproductive success should
also reveal the specific selective factors that give groups their
special advantages over solitary individuals. This is particularly
likely if the study is conducted in native habitats where the
selective factors for grouping are likely to be operating.

Unfortunately, relatively few such studies have been
carried out on primitively eusocial insects (e.g. Batra 1966,
Jeanne 1972, Sakagami 1977, Litte 1977, 1979, Noonan 1979,
1981, Pickering 1980, Strassmann 1981c, Queller and
Strassmann 1988, Strassmann in preparation, Strassmann and
Hughes in preparation). These studies indicate that the
probability that a colony will fail is critical in assessing the costs
and benefits of grouping. Smaller groups of females are, in
general, more likely to fail in their nesting attempts than are
larger groups of females. Failure may be due to loss of all tending
adults, or to loss of the nest to predation and the subsequent
failure to build ‘a new nest successfully. This advantage of larger
groups would not be detected in a study in which nests were
collected at one time because the failed nests would not be
represented in the collection.  Following colonies over longer
periods of time is necessary to assess the importance of predation
on adults and brood, as was noted by Michener (1964). Predation
on brood in nests and predation on adults may confer an advantage
to larger groups.
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Colony Defense

Brood may be killed individually by parasitoids or all at
once by a nest predator which removes the entire nest and
consumes the contents. Larger associations may be better
protected from predators and parasitoids due to increased
vigilance, or more effective stinging attacks (Alexander 1974).
Defense against parasitoids is often cited as an advantage of early
grouping in colonies (e. g. Evans 1977). Such an advantage should
translate into greater per capita fitness for females in groups and
could be detected simply by collecting colonies. Since such
collections do not usually indicate that there is a per capita
advaniage (Michener 1964), this is unlikely to be the key factor
favoring grouping. In contrast, increased abilities for defense of
the entire nest from destruction by a predator would not be
detected by a collection, and may be a major advantage to group
nesting (Alexander 1974). However, we are unaware of any study
that has documented lower predation rates for colonies defended by
greater numbers of primitively eusocial insects. In Polistes
there is no evidence that larger groups deter parasitoids more
effectively (Strassmann 1981c). Nor is there any evidence in
this genus that larger groups of individuals are more effective at
predator deterrence (Gibo 1978, Strassmann 1981c, Strassmann
et al. 1988).

Even if the group is not successful at defense, it may be
better at building a new nest after the original nest is destroyed.
This is the case in Polistes bellicosus in which larger groups of
individuals were better able to build a new nest and successfully
rear brood in it (Strassmann et al. 1988). We removed 49 nests
and their brood without harming the adults and then monitored the
subsequent behavior and reproductive success of the adults
(Strassmann et al. 1988). After 44 days those females which
were originally in groups of 4 or more had much higher per capita
fitness rates than did females in smaller groups, because the
rebuilt nest was less likely to fail. In fact, among successful nests
there was no relationship between numbers of adults produced
after 44 days and group size. Including the failed nests in the
analysis resulted in a per capita advantage to larger groups. As
nests are destroyed very frequently in this population of P.
bellicosus, it is critical to include nest failure in any analysis of
the advantage of group size. The key advantage that we observed
would not be detected in a simple collection of nests and their
associated brood. In summary, groups are better able to recover
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from predation events than are solitary individuals. No such
advantage has been detected for defense against either predators or
parasitoids. Therefore it is critical that studies of the costs and
benefits of group nesting follow colonies long enough to measure
the effects of nest predation.

Demographic Advantages

One disadvantage of trying to rear young alone is that death
of the parent leads to the death of all its dependent young. This
may be particularly severe for insects in which high adult
mortality rates are combined with extended periods of complete
dependency of young. For example, in the wasps Polistes
exclamans (Strassmann and Orgren 1983, Strassmann 1985a)
and Mischocyttarus drewseni (Jeanne 1972) the average adult
worker longevity as an adult is considerably less than the time
required to rear an offspring to independence. Most individuals, if
they nested alone, would therefore fail completely. Cooperative
care of the young can help circumvent this problem in two related
ways.

First, when a worker or a co-foundress dies, its
investment in still-dependent young is protected by the presence
of other adults who can rear the young to the age of independence.
Thus the investment in brood of a group-nesting individual is
insured against that individual's death by the presence of others
that would continue to rear the young. In Polistes having at least
one foundress survive to the worker emergence stage is an
important advantage of foundress associations (Metcalf and Whitt
1977, Queller and Strassmann 1988). Even though colonies tend
to be larger later in the colony cycle, the same advantage probably
also applies to workers remaining on the natal nest. Even in mid-
summer the main cause of colony failure in Polistes exclamans is
the death or disappearance of all adults (Strassmann 1981c).
Larger colonies are less likely to fail for this reason than smaller
ones.

There is a related, but distinct, advantage of cooperative
brood care in the face of high adult mortality and extended parental
care. Besides having another adult to carry on one's investment
after one's death, it is also possible to carry on investment that
others have started (Queller submitted). This is not necessarily
the same as the first advantage. For example, a worker staying on
its natal nest can obtain an advantage by carrying on the queen's
initial brood investment even if the queen is still alive. The
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advantage to the worker is a reproductive head start. If it had
nested alone, it would have to wait at least the length of the entire
developmental period and run the risk of dying and failing to
realize any of its investment. As a worker, however, it can begin
to realize some of its reproductive investment very quickly
because it can invest in young that are already partly grown. If it
is unlucky enough to suffer an early death, it will still have
realized some of its reproductive investment. Analysis of
demographic data on four species of polistine wasps shows this to
be a strong advantage favoring worker behavior (Queller
submitted). Termite workers have a special head start advantage
as juveniles can function as workers but cannot yet reproduce on
their own (Alexander and Noonan in press).

In summary, the combination of high mortality with an
extended period of parental care makes it unlikely that any given
adult will successfully rear offspring on its own. Cooperation is
advantageous under these conditions because an individual can
successfully reproduce even if it survives for a relatively short
period. This kind of advantage would not be evident in Michener's
(1964) studies of colony productivity because one-time
collections give no information about individuals that have died.
Further research on the demography of social insects is necessary
to determine the generality and magnitude of this factor in
selecting for group living. ,

CONCLUSIONS

If Evans' (1977) plea for more empirical studies of the
insects important in the evolution of eusociality had been heeded,
now would be the time for a definitive review. Instead we review a
small list of field studies with predominantly negative results.
Cooperating individuals are usually related to each other, but in
most species worker to brood relatedness is not higher than
worker to progeny relatedness. To date, neither subfertility or
nest sile constraints have been demonstrated to have played a
major role in the early evolution of eusociality. By a process of
elimination we conclude that there must be real ecological
advantages to group nesting. This conclusion seems 1o be
supported by the enormous ecological success of social insects
(reviewed in Wilson 1987, Jeanne and Davidson 1984).
Collections of colonies reveal a declining per capita output with
group size but group living persists. Therefore, all indicators
point to colony failure as a critical variable in the evolution of

93



eusociality. Groups are protected against failure by their
enhanced abilities to recover after loss of both nest and brood.
Groups can also protect against the loss of all adults and
subsequent starvation of the brood. Future studies would do well
to focus on colony failure in looking for advantages to eusociality.
However the number of empirical studies of native populations is
so small that additional studies of relatedness levels, subfertility,
or nest site constraints in appropriate populations may change
this focus.
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