CHAPTER 6

MEASURING INCLUSIVE FITNESS IN SOCIAL
WASPS

David C. Queller and Joan E. Strassmann

Since Hamilton's {1964a 1964b) seminal work, students
of the evolution of social behavior have become accustomed to
thinking in terms of the inclusive fitness effects of behaviors. Far
example, the inclusive fitness effect of an altruistic behavior is
¢+ rb where ¢ is the fitness cost to the altruist, b is the filness
gain of the beneficiary and r is their relatedness. The sign of the
inclusive fitness effect determines the expected direction of
selection. If the inclusive fitness effect of a behavior is positive,
then selection should lead to an increase in the frequency of genes
causing the behavior. '

Inclusive fitness theory provides a simple way to think
about the evolution of social interactions. While it is not as
rigorous as the recursion models of population genetics, it is much
easier to use. Any insights from inclusive fitness theory can be
checked, and sometimes modified, through the use of more
rigerous models, but inclusive fitness thinking helps modelers
know what 1o model,

The inclusive fitness methed of accounting has also played
an impertant role-in empirical studies. The alternative of simply
measuring personal fitness can sometimes be used (Grafen
1982}, but only when all individuals have the opportunity to
express he behavior under study. Here its value goes beyond
mere simplicity. There is a good reason why inclusive filness has
been the tool of choice for field studies of the evolution of kin
relations.  The empirical advantage of inclusive fitness arises
when expression of the behavior is conditional on some special
circumstance, so that not all individuals bearing the genes for the
behavior will actually express it. Such cases are common. For
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Gattiiple, amonyg FPolisies wasp loundresses, the most successfy]
females are those who bscome queens of multiple-fcundres's'
associalions, bul obviously this alternalive is nol open {o alf
foundresses. Those who are unable to attain this status myg
gither nest alone or forego maost of their personal reproduction by
becoming a subordinate in a multiple-foundress g5s0ciation,
Comparing the numbers of offspring of solitary nesters apg
subordinales is not sufficient for understanding how selectiap
cperales on this choice. To do so igneres the ganes for the behavig
that are transmitled by the offspring of the dominant queens. Jus)
because the queens themseives do not gxpress the choice of nesﬂng
alone or being a subordinate does not imply that they do nol
transmit the genes that affect this choice. The inclusive filness
solution is to assign those offspring of the queen that are in excess
of what she would have had on her own and then devalue them by
the ralatedness of the subordinate to the queen. In effect, we use
tfe observed behavior of some individuals, the subordinates, to
predict tha genes of other individuals who do not express the
behavior, the queens. Some such procedure is necessary fo make a
complete accounting of the transmitted genes. Similar, and in
some respecis more sophisticated, methods are used by animal
breeders {Lush 1947, Willham 1963, Falconer 1381}, These
could be used in some studiss of social selection {Chaevearud 1584),
but in practice the simpler inclusive fitness method is generally
praferred.

As inclusive fitness is the preferred method for dealing
with this problem, it is curicus that there have heen so few
attempls to measure inclusive fitness in social insects. More
remarkable still is the fact that, after a small flush of studies
conducted in the 19730's (Metcalf and Whiit 1977b, Gibo 1978,
Moonan 1881, Strassmann 1381a) and later analyses of those
studies (Grafen 1284, CQueller and Strassmann 1388), thera
segem lo have been no further serious attempts to measura
inclusive fitness in social insects. While it is too scon to conclude
that entomologists have given up on inclusive fitness, there Is a
distinct contrast with arnithologists, wha contlinue to refine theair
inclusive filness studies of helping in birds (2.g. Brown 1987,
Woolfenden and Fitzpatrick 1984).

We can suggest two possible reasons for this difference.
One might be a percepticn that we already understand the evolution
of insect sacieties. This view may be held because of the
widespread acceptance of Hamilton's (1964b) haplodiploid
hypothesis which atiributes the high incidence of eusociality in
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the haplodipioid Hyimenoptera to the facl thal super sislers are
related by 3/4 instead of the usual 1/2. To the exlent that this
gxplanation is sufficient, there saems to be little left 1o explain.
gut recent reviews of the evolulion of eusocialily tend lo downplay
the special relatedness considerations that arise from
haplodiploidy, peinting to costs and benelits as more important
{Andersson 1984, Alexander and Noonan in press). It is clear
ihat the guestion is not yet resolved and that field measurements of
relatednass, cosis, and benefils are imporiant for its resclution.

The other reason for the rarity of studies of social insect
inclusive fitness may be the difiiculty of measuring important
parameters. First, observalion is diificull in mosl social insects
because many important aclivities take place within an enclosed
nest. Il is no accident that Polistes, with its open nests, has been
the favorite subject of inclusive fitness studies. Second, assigning
paternity to individuals is very difficult because mated pairs do
nat remain together {except in termites). Finally, in many
species, more than one female may oviposit in a single nest,
making maternity difficult to assess as well. Some of these
difficulties also apply lo certain avian systems, but they arise
more often and more consistently in social insects.

The solution to these difficulties is to devise methods that
make inclusive fitness studies easier and more rigorous. The rest
of the chapter is devoted 1o this task. We cannot address all the
issues invelved in measuring inclusive fitness so we focus on lwo
recaent efforts in our laboratory. One invelves the measurement
of relatedness and the other concerns a precondition nacessary for
accurate measurement of costs and benefits. We will use Polistes
wasps as examples; however, the issues involved are of general
interest.

ESTIMATING RELATEDNESS

The most common method of estimating relatedness uses
pedigree path analysis (Cannings and Thomson 1981). A major
advantage of this method is that it allows assignment of relatedness
values between any pair of individuals whose pedigrees are known,
but pedigrees are often very difficult to obtain for sccial insects.
When padigree data are inadequate, one can rely on assumplions,
for example by assuming that all femalss mate only once with an
unrelaled male. It is better not to rely on untested assumptions.
This uncertainty has led to increased reliance on protein
electrophoresis data. The first studies used allozyme markers as
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an aid to pedigree construction (Metcalf and Whilt 1977a, Lester
and Selander 1981, Pamilo 1882a, Page and Metcalf 1982), This
can work quite well when there is only one kind of missing
information.  For example, if malernity can confidently he
assigned through behavicral observations, then allozyme markers
can then be used to estimale how many fathers each brood must
have had, and relatedness of the brood can then be estimated.
However, if there are too many unknowns, as is often the case,
this method becomes difficuit.

The solution to this problem is to jettison pedigree
construction in favor of another approach. The allernative to the
pedigree approach again makes use of allozyme data. The rin
Hamilton’s rule can be expressed as a genetic correlation ar
regression. Rather than going through an intermediate stage of
pedigree construction, statistical estimates of these parameters
are generaled directly from allozyme data. The methodology for
abtaining these estimates (Pamilo and Crozier 1982, Crozler st
al. 1984, Pamilo 1984) has been employed in recent social insect
studies in which pedigrees were hard to obtain (Craig and Crozier
1979, Pamilo and Varvio-Aho 1379, Ward and Taylor 1981,
Pamilo 1982b, Pearson 1882, Ward 1983, Crozier ef al.. 1984,
18987, Ross and Fletcher 1985, Ross 1986, Schwartz 1986,
1887, Crozier and Pamilo 1986, Reilly 1987, Van der Have &t al.
1988, see also Ross this volume, Kukuk this volume).

However, these statistical methods have at least two
shortcomings.  First, computer simulations show that the
estimates of r are sometimes loo low, particularly when there are
data from relatively few social groups (Pamilo and Crozier 1982,
Wilkinson and McCracken 1986). Second, these estimates yleld
only population averages, such as the average relatedness of
foundresses to olher foundresses on their nest. These population
values are very useful, but it would also be helpful to have
individual relatedness values. For example, we might wish to
estimate the relatedness of foundresses on one nest only, or we
may wish to compare their relatedness with that of foundresses on
another nest. The methodology for attacking questions of this type
has not been worked out.

Soiving these problems (Queller and Goodnight, in press}).
should make allozyme studies considerably more valuable. A
detailed treatment cannot be given here, but a summary will
convey the main features of our approach. The quantity to be
estimated is

106



%(py-ﬁ}

= —_— (1)
' Lip, -p)
A

where the p's are Grafen's (1985) “p-values" which are usually

interpreted as gene frequencies: p is the population frequency; py
is its frequency in the actor, x; and Py is its frequency in the
actor's partners, y. The summations are taken over all altruistic
acts, A, that are induced by the gene in question. This measure is
closely related 1o the more familiar genetic regression, but it is
slightly more general, that is, it makes Hamilton's rule work
under a broader range of assumptions (Grafen 1985). The crucial
difference is that our measure (1) takes deviations from the mean
of the whaole population while a regression measure lakes
daviations from the separate means of the actors and Iheir

partners { r = %(py-p y)Px-P x) / Z(Px-P )% ).

The new measure (1), thcugh less familiar than the
reqgression coefficient, actually has a simpler interpretation in
lerms of selection for social benavior. |f the p's represent

frequencies of the gene for altruism, py-p represents the
difference of a beneficiary from the population frequency and 2y-

p represents the difference of an altruist from the same average.
As selection affects a gene frequency to the extent that selected
individuals diifer from the population mean (there would be no
genetic change if the selected group matched the population mean),
the numerator and denominator of (1) must represent the relative
importance of beneficiaries and altruists as venicles for selection
on the altruism gene. Thal is why this measure acls as a proper
coefficient to scale the relative values of costs and benefits.
Considered from the standpoint of a single copy of the altruism
gene in an altruist, its identity with genes in the beneliciary is

Py while its identity by chance alone is p_ Therefora p,;—p_
represents a measure of tolal identity minus identity by chance, in

other words, identily by descent. Similafiy prﬁ_ represents the
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allele’s idenlity by descent with ils own genotype (including itself,
s0 py = 1/2 for diploids}.

Il is easy to see how neutral allozyme markers can be used
to estimate r. Suppose we have available x altruists scored for k
variable marker loci with a allele copies al each (here we mean
allele copies, not allelomorpfis, hence a always equals two for
diploids). A reasonable estimator of {1} is

%% T (p,-p*)
?ﬁkﬂ - (2)
L XX (p-pP*)
o
..}’E ta alete?

In effect, we sum all identities by descent of altruist marker genes
with beneficiary genes and divide by the sum of ail identities by
descent of altruist marker genes with genes in their own
genotypes. (Mote that to avoid clutler we have not indexed the p-
values for alleles, but they do change according 1o which allele is
currently being summed over). Often we are interested not so
much in actual allruists as potential anes. If we let x be an index
for potential altruists and y for potential beneficiaries, the
formula {2) still applies.

The only complication concerns the estimate of the

population frequency for any allele. Instead of p , we have writtan
it as p " 1o indicate a necessary bias correction when a smail

number of aliruists or potential altruists are sampled. Here p *
is the population mean frequency of the allele currently being
summed over, but calculated after omission of the current
altruist, », and its beneficiaries, y. To understand the rationale
for this, consider the effect of not excluding these individuals. in a
large population these individuals' genes make a negligible
contribution to the actual population gene frequency, bul they
would make a sizable contribution to an estimate calculated from a
smail sample. This presents no problem for an estimate of the
population frequency itself, but it leads to biased estimates of py-

p_ and ﬂy'E- For example, since each x individual contributes an
artificially large proportion to ,E!H the difference, pwﬁ‘ , will be
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arlificially reduced. The solution is to omit x (and its genetically
similar relatives, y) from the estimate of g , so that the

differance, py-p ", is now taken using an estimate of the
population frequency which, like the true population frequency, is
essentially unaffacted by individuals currently being considered.
Failure lo make such a correclion causes the previously noled
(Pamile and Crozier 1982, Wilkinson and McCracken 1988)
downward bias of the regression estimator. Simulations show that

using p * does in fact correct this bias {Queller and Goodnight, in
press).

The second useful feature of this method is that it provides
a clear and simple way to estimate individual r values rather than
just population averages. By individual rvalues we mean either
the average relatedness belween one altruist and ils beneficiaries
ar lhe relatedness within one particular social group. For
individual estimates, the regression ineasure has a zero
denominator and is, therefore, undefined. One can visualize this
by recognizing that there is no unigue regression line that can be
fit to a single peinl. In contrast, individual rvalues obtained
direztly from formula (1) are defined. Summations are
performed for the single altruist in question {or faor all the
members of the single group of interes!) instead of the entire

sample. [t is important to remembar, however, that the p *
values must still be calculated using other individuals. What is
important is how much the altruist and its beneficiary differ from
lhe population mean, so it is still necessary to gather genetic
infarmation from more than just the individuals of interest.
Because the estimates of individual rs are highly
dependent on the genotypes of just a few individuals, they are
expecled to be much more variable than estimates of average
population relatedness. This means that they will be fairly
unreliable unless there is a great deal of genetic information
available. Although each individual value may be quite variable,
they can be used together to lest interesting hypotneses. Suppose,
far example, we want lo know if foundresses who associate befaore
March 25 are more closely relatled than those that first associate
after this date. We can calculate average r's for each group, but
we need to know something about the dispersicn of values to lest
for statistical significance. One simple way lo delermine the
dispersion is to estimate r separately for each foundress
association and use a non-parametric Mann-Whitney U test to
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compare those formed before and aiter March 25, Simulations
have shown hal this kind of procedure can be quite successful at
detecting differences in relatedness, even when the individual
estimates are quite unreliable (Cueller and Goednight, in press).

We have not yet applied these methods to many examples of
real data, bul the following example gives ancther indication of the
kinds of hypotheses that can be investigated. At the end of a
reproductive season, Polistes colonies rear reproductive males
and females. The females will overwinler and begin new nests the
following spring, often in asscciation with natal nestmates. It is,
therefore, of inlerest lo know the relatedness of reproductive
females on their natal nests, and whether relatedness differs on
different kinds of nests. For example, one might hypothesize that
relatedness might be lower on natal nests that produce many
reproductives because the queen might have had more trouble
manopolizing reproduction on larger and more productive nests.
NGURE 1 shows data from a study we have conducted with Colin R.
Hughes on Folistes instabifis from McAllen, Texas that can be used
to test this hypothesis. Two polymorphic loci were scored for all
females taken from 41 fall nests. The plot of colony relatedness
values versus number of females shows thal the hypothesis is not
supperted. There is a trend in the opposite direction: relatedness
tends to increase with higher productivity (though the Spearman's
rank correlation coefficient of .247 is not significant).

COSTS AMND BENEFTS

Fitness is always a difficult parameter to define and to
measure. Measurement of costs and benefits, which are
compaonents of fitness, should share the same difficulties.
However, it is not these difficulties that we want to address here.
Approximate measures, such as counting offspring at a certain
stage, are as acceptable in social behavior as they are in other
fields. But there are two problems lhat are peculiar to inclusive
filness studies, and we focus on these.

The first is an accounting problem that we treat very
briefly as it has been discussed by Grafen (1982). While
iraditional personal fitness models allocate all offspring to their
parents' fitness, inclusive fithess models allocate offspring to the -
filness of the individual that is responsible for them. When a
helper increases its sister's reproduction, inclusive filness
models augment the fitness of the helper. However, care must be
taken not to allocate the same fitness units to more than one
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FIGUGE 1. Relatednass of Polistes [nstabilis femalas as a function of
group size. Each value reprasents relatadness within one colony
collected in the fall just prior to overwintering.

individuai. In the example above, the offspring cannot also be
added to the sister's fitness. Grafen {1982} noted hat inclusive
fitness has often been defined in ways that incorporate such double
counting, but that this has less often been a problem in actual
measurements of inclusive filness. Measurements are usually
done using Hamilton's rule, and the structure of this rule forces
us to think in a way that avoids double counting.

However, there remains a second general problem with
trying to estimate costs and benefits. Costs and benefils are
defined as fitness effects of a behavior (Hamilton 1964). That is,
they are differences due to the behavior; they are each defined as a
fitness actually achieved minus the filness that would have
pertained if the behavior had not occurred. The special problem
with measuring inclusive fitness lies with this second part. How
do we estimate the number of offspring that would have been
produced in the absence of the behavior?

As an example, consider the choice facing an overwinterad
Polistes female who would not, for whatever reason, be able to
attain dominant queen status in a multiple-foundress assaciation.
She can accept the status of a subordinate and help to rear the
queen's offspring or she can establish a nest on her own. This is
the choice investigated In most inclusive filness studies of FPolistes
(Metcalt and Whitt 1977b, Gibo 1978, Noonan 1981, Strassmann
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1681a, Grafen 1984, Queller and Strassmann 1988). What are
the costs and benefits of joining as a subordinate? The cost is g
subordinate's personal fitness minus the filness she gave up by not
nesting alone. Similarly, the benefit is the fitness that the
subordinate adds to her relative. Estimaling this requires
knowing what the relative's fitness would have been without the
subordinale’s help. Neither the cost nor the benefit is directly
measurable. In {he inclusive fitness studies cited above, the way
out of this dilemma was to use the fitness of solitary foundresses
to represent both how well a subordinate would have done if she
had nested alone and how well a queen would have done without the
help of any helpers. As the authors of these studies recognized,
this requires an assumption that other things are equal. This is a
familiar assumption in studies of adaptation, and it often works
well, but thare is a special reason to distrust it in this case. Note
that there are two assumplions required: that subordinates and
solitary foundress would be equally capable at nesting alone, and
that queens and solitary females would be equally capable. Each
assumpltion seems plausible enough by itself, but together they
imply that queens and subordinates are equally capabie at nesting
alone. Yel queens and subordinates are unequal in some respects;
otherwise the queen would not be able to dominate her
subordinates. Queens and subordinates, depending on the species
and population, diifer in faclars such as size, ovarian
development, hormone levels, and fat content (Pardi 1946 1948,
West-Eberhard 1969, Turillazzi and Pardi 1977, Raseler et al.
1980 1884, Dropkin and Gamboa 13981, Turillazzi et al. 1982,
Sullivan and Strassmann 1884). While some of these differences
could be partly a result of dominance interactions, it is clear that
queens and subordinales are not idenlical. Moreover, it has been
argued that dominance should be expected to reflect reproductive
ability {West-Eberhard 1978). To the extent that this is true,
the standard assumptions of inclusive fitness analyses are false,
and the inclusive filness estimates are in error.

It is possible that, in spite of the behavioral,
morphological, and physiological differences between queens and
subordinates, they would still be equally capable of nesting alone.
But given the importance of the assumption, and the distinct
possibility that it is false, il needs to be tested. We have attempted
to do so during the course of a study of Polistes bellicosus at
Brazos Bend State Park near Houston, Texas. Full details of this
study will be presented elsewhere {Queller and Sltrassmann, in
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preparation},  Here we focus on the single issue of the
reproductive equivalence of queens and subardinates.

We began observing Polistes bellicosus colonies from the
time of their founding in late March, 1985 (Strassmann ef al.
1987). Mesls were usually begun by a single female bul were
often subsequently joined by others. On April 8 we performed our
experimental manipulation. At this stage most nests had early
instar larvae and three quarters of the celonies had more than one
female, all of which had been marked with enamel. Multiple-
female colonies were randomly assigned o lhree treatment groups.
We removed all but the largest female from 1/3, all but the
smallest female from 1/3 and left the rest untreated. A fourth
group, which we did not alter, consisted of the colonies that only
had cne female to start with. Qur main interest here is in the
three lreatments in which a single female is left to maintain the
nest.

If the largest female in a colony is usually the queen and
the smallest female is usually a subordinate, then our two
experimentally manipulated groups would consist primarily of
queens forced to nest alone and subordinates forced lo nest alone.
Size is a well-known correlate of dominance in Polistes
foundresses (Turillazzi and Pardi 1977, Noonan 1881, Sullivan
and Sirassmann 1984) and Polistes bellicosus is no exceplion.
Due lo the large numbers of colonies in our experiment, we did naot
assess hehavioral dominance directly. But queenship could be
inferred from dissections of wasps from collected colonies. In ten
out of fourteen complete colonies collected, the largest female was
judged to be the queen on the basis of clearly having the best-
davelopad ovaries. On anly-cne was the smallest female he queen.
This trend was confirmed by dissections of females-from the
colonies that were partially collected during the experimental
manipulation. When we collected all but the largest female from
some colonies, we obtained a sample of smallest females for
dissection, and when we collected all but tha smallest females we
obtained a sample of largest females. Dissections showed the
largest females to have significantly better developed ovaries than
the smallest females for every measure taken (p<0.05, Mann
Whitney U tests for: number of layable eggs, number of oocytes
per ovaricle, number of cocytes with yolk in the best-developed
ovaricle, lengths of the largest and the second largest oocyles in
thal ovariole}. We conclude that largest females are usually
queens and smallest females almost never are. Therefore, even

113



R 1.GGT
ﬁ -+ syubordinate
o 075 = queen
% =+~ solitary
= st
T}
@™ D25f
aH]
=
DEHJ . T T T T T —gir
0 20 40 60 80

- Days since beginning

FIGURE 2. Survivorship of coloniss tended by threa categories of single
females after experimental manipulation on April 8. Subordinaies and
queens are individuals who had thase rolas on multifemale associations
priar to tha removal of their nestmates on Aprit 6. Sclitary females
are thosa who were already nesling alona priar to April 6.

though there are likely to be a few exceptions, we will call lhe
largest fermmales queens and the smallest females subordinates.

Did queens fare better than subordinates when forced to
nest alone? The answer was no. We censused nests repeatedly
until June 21, by which time nearly all had failed. Failures were
due either to death of all adults, desertion by all adulls, or
predation on the nest comb (after failure due to the latter two
causes, females may begin or join another nest, but our measures
of success pertain only to the original nests). Clueens nesting
alone did not maintain their colonies for a longer time than
subordinates nesting alene (FIGURE 2). MNor were there any
significant differences, at any census date after the experimental
manipulation, in any measures of brood rearing success (number
of cells, eqgs, larvae, or pupag). In all respects, queen colonies
and subordinate colonies fared equally well.

Actually, it would be mare accurate to say that the two
groups fared equally poorly, and this shift in emphasis may have
some significance in the interpretation of our results. The fact
that queens and subordinates fared poorly when nesting alone is
shown by comparison with the colony survivorship of natural
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colonies of solitary foundresses. The females who chose o nest an
their own madintained their colonies for significantly longer than
those that we forced to nest alone (FIGURE 2). The explanation
would seem to lie in the fact that, prior to our manipulaticn, the
experimental colonies had a brief history as mulliple-foundress
colonies. Because of this, the experimental nests were lairger than
the control solitary nests (FIGURE 3). By removing foundresses
from a nest, we may have overburdenad Ihe remaining foundrass
with a larger brood than she would have chosen to raise if she had
been a solitary foundress from the beginning. Her response could
be to increase foraging, thereby increasing risk of mortality, or
she might opt 1o desert the nest and go elsewhere. We cannot
distinguish between these alternatives, but either could account
for the dacreasad survivorship of experimental colonies.

Our conclusions, then, are less straightforward than we
might have hoped, but still revealing. A simple comparison of
gueens and subordinates suggests that they are reproductively
equivalent when nesting alone, so that the equivalence assumption
implicit in the use of Hamilton's rule seems justified. But the
experimental reduction in foundress numbers may have stressad
the remaining females, and this conclusion could be challenged on
two grounds. First, it might be argued that our experimental
ireatment was unnatural and that, therefore, the results could not
be taken as indicalive of the actual abilities of qgueens and
subordinates under normal circumstances. But in fact the stress
engandered by the experiment is not unnatural. Mortality of
Polistes foundresses is high and reduction of mulliple-foundress
colonies to a single female is a commen event. Indeed, we found
that the death or disappearance of all foundresses was the most
common cause of colony failure prior to the emeargence of workers.

It could also be argued that we did not test all of the
abilities required to nest alone. Specifically, if our ;.aens and
subordinales were overburdened with brood after ‘he
experimental manipulation, one would not expect them o iay
additional eggs, so our experiment would not test their ability to
perform this task. The data in FIGURE 3 confirm that former
queens and subordinates did not add new cells to their nests afler
the experimental removal of other females. However, FIGURE 3
also suggests that this is the normal pattern for solitary females
during this period since the unmanipulated single-foundress nests
did not grow either. Apparently solitary females begin a cohort of
breod and then concentrate on rearing that brood before laying
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FIGURE 3. Averags numbers of cells in nests on the day of the
experiment, April 6 (open bars), and 22 days later (hatched bars).
Caseqories of nests are as in FIGURE 2, with the addition of "multiples”,
which are colonies with more than one foundrass befora April 6 that did
nol have any females removed.

additional eggs. In contrast, multiple-foundress nests continue 1o
grow throughout this period.

We can conclude, then, that our experiment lends some
support to the assumption that queens and subordinates are
reproductively equivalent in their brood-rearing abilities.  While
we did not test relative egg-laying abilities, this is not very
relevant at the time of year when our study was conducted anyway.

DISCUSSICN AND CONCLUSICNS

We have not discussed all the issues relevant to conducting
accurate and meaningful inclusive fitness studies in wasps like
Polistes. But we have removed iwo serious obstacles. On the one
hand, we have developed a siatistical estimator of relatedness that
is both unbiased and flexible enough to estimate individual
relatedness values. On the other, we tested a critical assumption
required for rigorous measurement of costs and benefits and we
have failed to find anything wrong with it. Of course, these two
advances do nol eliminate the hard work that will be necessary to
measure relatedness, costs, and benefits. But they do suggest that
such efforts will yield valid information. Perhaps the time is ripe
for a renewal of interest in inclusive fitness studies of social
insects.
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Even measurements of relatedness alone, without costs and
benefits, can be valuable in answering important questions. What
benefit/cost ratio is required for sociality to pay, or in other
words, how efficient do groups have to be? How do individuals use
their information about relatedness in making behavioral choices?
To what extent do intraspecific differences in r predict differences
between species in the extent of altruism? With Colin Hughes, we
are currently trying to answer such questions for several Texas
Polistes species. Beyond a few temperate Polistes and vespines
(Ross 1986), almost nothing is known of relatedness in social
wasps. Some of the tropical polybiine wasps offer some especially
intriguing opportunities for relatedness studies. Many of these
species are characterized by multiple queens, suggesting that
relatedness may be quite low.  In addition, most of these species
reproduce by swarming and it would be very interesting to know
what role relatedness plays in behavioral decisions during the
colony fissioning stage.

Simitarly, much remains to be learned about costs and
benefits. The testing of alternatives focusing on costs and benefits
is still in the early stages (sée Strassmann and Queller, chapter
5). Particularly needed are demonstrations of how an altruist can
give more, in terms of fitness, to its relative than it could give to
itself. Polistes is the best-studied group, and some important
benefits of helping have been proposed (West-Eberhard 1969,
Metcalf and Whitt 1977b, Gibo 1978, Gamboa 1978 1980,
Noonan 1981, Strassmann 1981b, Strassmann et al. 1988), but
it is probably fair to say that no general picture has yet emerged.
‘Once again, there has been far too little work on the polybiines,
with the exceptian of Mischocyttarus, which is behaviorally
rather like Polistes (Jeanne 1972, Litte 1977 1979). Studies of
the costs and benefits of sociality in other polybiines could be
particularly illuminating with respect to the evolution of castes

- because this group contains species with different grades of
morphological caste differentiation, including none at all.
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