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jotunitic chilled margins®®. Chilled margins of similar composition
are also found around the Hidra anorthosite body’. Batches of
primitive jotunitic magma derived by partial fusion of a mafic lower
crust of Gothian to post-Gothian age (1,550—1,400 Myr ago) are
therefore the best candidates for parental melts, not only for the
massif-type anorthosites but also for the associated noritic and
ilmenite-rich intrusions in the Rogaland anorthosite province. The
variations in parental magma composition inferred for other
anorthosite provinces probably depend on the exact nature of the
underlying crust.

The Rogaland anorthosites were emplaced post-orogenically
~60 Myr after the latest recorded Sveconorwegian deformation,
coinciding with post-orogenic granitoid magmatism elsewhere in
south Norway and western Sweden. Seismic and gravimetric pro-
files along the south coast of Norway have shown that Sveconorwe-
gian Moho-ramp tectonics cause the intrusion of crustal tongues
into the contemporary mantle’®. Melting of these crustal tongues
was recently proposed to account for the anorthosite formation®
and currently provides us with the most plausible setting for lower
crustal melting and genesis of the parental magmas for the Rogaland
massif-type anorthosites. U
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High-resolution genetic markers have revolutionized our under-
standing of vertebrate mating systems', but have so far yielded few
comparable surprises about kinship in social insects. Here we use
microsatellite markers to reveal an unexpected and unique social
system in what is probably the best-studied social wasp, Polistes
dominulus. Social insect colonies are nearly always composed of
close relatives™’; therefore, non-reproductive helping behaviour
can be favoured by kin selection, because the helpers aid repro-
ductives who share their genes*. In P. dominulus, however, 35%
of foundress nestmates are unrelated and gain no such advan-
tage. The P. dominulus system is unlike all other cases of
unrelated social insects, because one individual has nearly
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Figure 1 Success of colonies begun by one foundress and multiple foundresses
(monogynous and polygynous, respectively) measured for 1995 colonies through mid-
August, when reproductives are being produced. Polygynous colonies are more
successful both for survival (P<< 0.01, test for equality of percentages) and cell number
(P<<0.01, t-test). Relative numbers of monogynous and polygynous colonies in the
survival study are representative of its source population. The cell number data excludes
failed nests and nests rebuilt after predation. Bars show standard error (s.e.).
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complete reproductive dominance over subordinates who could
have chosen other reproductive options. The only significant
advantage that subordinates obtain is a chance at later reproduc-
tion, particularly if the queen dies. Thus, P. dominulus societies
are functionally unlike other social insects, but similar to certain
vertebrate societies™®, in which the unrelated helpers gain through
inheritance of a territory or a mate.

Polistes dominulus (formerly known as Polistes gallicus) has a
typical Polistes colony cycle’. Colonies are begun in the spring by one
or more mated, overwintered foundresses. When there is more than
one, a hierarchy emerges® (this is the first invertebrate species in
which dominance hierarchies were described). One foundress
becomes the dominant queen and lays most of the eggs, while the
subordinates take on most of the riskier foraging work, substantially
increasing colony success’ (Fig. 1). The first brood emerge as adults
in June and are mostly female workers (the few males produced may
mate with workers fortunate enough to assume queenship when
foundresses all die). The workers help to rear additional brood until
the season ends with the rearing of males and gynes', the non-
worker females that will be the next year’s foundresses.

We collected four sets of multiple-foundress colonies from open-
ended plastic tubes protecting saplings in fields near Cavriglia in
central Italy: two ‘early foundress’ sets in April shortly after nest
founding; and two ‘late foundress’ sets in May or June, shortly
before worker emergence (Fig. 2). We genotyped six or seven
microsatellite loci for all foundresses, and for samples of brood in
the two 1996 collections (eggs for ‘early’; eggs and pupae for ‘late’).

Average relatedness among nestmate foundresses was low in all
four collections (Fig. 2). The distribution of relatedness estimates
shows a large peak at the haplodiploid full-sister value of three-
quarters, and another substantial peak near zero (Fig. 3). The
expected distributions of relatedness estimates overlap broadly for
non-relatives and cousins (Fig. 3), but a likelihood analysis shows
that many, probably most, of these are truly non-relatives. The
maximum likelihood of obtaining the observed distribution is
achieved when 35% are drawn from the non-relative distribution,
9% from the cousin distribution and 56% from the full-sister
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Figure 2 Relatedness (= s.e.) in three categories of adult female nestmates (the 1988
autumn gyne value is from a previously published allozyme study*). Between categories,
each asterisk represents one significant difference from among the four possible
comparisons (P << 0.05, one-tailed t-tests). There are no significant differences between
collections within categories. Numbers above bars are colonies and individuals geno-
typed. As all collected foundresses (but not autumn gynes) were genotyped, these
numbers yield the average association size that was collected, excluding single foundress
colonies. Because association size was not significantly linked to relatedness in 1996, we
chose 1997 foundress associations that were slightly smaller than average to facilitate
behavioural studies.
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distribution. This hypothesis was more than twenty times more
likely than any hypothesis with fewer than 20% non-relatives. Thus,
the previously noted tolerance of non-nestmate foundresses forced
together in the lab'®"" is not simply a laboratory artefact but a real
feature of the life history.

P. dominulus does not match either of the two patterns common
to other unrelated social insects. Unrelated ant foundresses'? and
communal insects” do not accept a deeply subordinate role.
Instead, reproduction and labour are divided relatively equally
(although ant foundresses usually fight to the death after worker
emergence). One ant, Acromyrmex versicolor, shows division of
labour among unrelated foundresses, but foragers apparently also
reproduce'. In contrast, P. dominulus subordinates hardly repro-
duce at all in the presence of the queen. The queen was the source of
most genotyped eggs assigned to living females: 93.9% among early
foundresses and 99.6% in late foundresses (1996 collections; six
colonies in which the largest egg producer was dead were omitted
because one of the apparent subordinates may have been reprodu-
cing as the new queen). Very few brood were attributed to the
average subordinate collected (early, 2.6%; late, 0.2%; a few others
were attributed to dead wasps).

The few subordinates that reproduced (four in April, one in June)
were not less related to their queen than non-reproducers (r = 0.58
versus 0.42, two-tailed t = 0.79, P = 0.43), contrary to a reproductive
skew theory that predicts that the controlling dominant must cede
more reproduction to unrelated helpers to secure their help”'>'S,
Skew theory would be irrelevant to purely non-reproductive brood,
but workers do reproduce if foundresses die'” (whether they also
produce males in the presence of foundresses is unknown).

The other known pattern is that unrelated individuals may help
when there are no other real options. Examples include workers of
unicolonial ants'® and Polistes females whose nests are forcibly
usurped too late in the season to begin anew”"”. In contrast,
P. dominulus subordinates working for unrelated queens do have
other options. Our early foundress collections were from a time
when colonies were still being initiated, so leaving a usurped colony
is still an option. Solitary nesting is a common and viable strategy’
(Fig. 1) and there were many vacant tubes available for nesting.
Usurpation is also ruled out as a cause of unrelated foundress
associations by censuses of the individually marked 1996 late
foundresses (nine censuses over five weeks, conducted in early
morning, when all wasps are present). Of 49 subordinates collected,
only 6 were observed on the nest before their queen, and these were
not less related to their queen than were other subordinates (r = 0.36
versus 0.32). A second option, joining a full-sister queen on another
nest, is clearly also available for many unrelated subordinates®, but
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Figure 3 Observed relatedness distribution of P. dominulus foundresses (filled squares)
and expected distributions for several relationships, grouped into intervals of width 0.1.
The filled squares show the observed distribution for all relatedness estimates of
foundress nestmate pairs, from the four foundress collections of Fig. 2. The other
distributions, used in the likelihood analysis, show the distributions of relatedness
estimates for simulated non-relatives (open squares, true r = 0), cousins (open circles,
true r= 3/16) and full sisters (open triangles; true r= 3/4).
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it is difficult to quantify because of the uncertainty of individual
relatedness estimates (Fig. 3) and because we did not collect all
nearby nests.

Why do unrelated subordinates help if they obtain little direct or
indirect reproduction? Such help could be maladaptive, but we
found no evidence for errors in homing or recognition. If homing
errors were common, we would expect to see considerable move-
ment among nests, but in the 9 censuses of the 1996 late foundresses,
only 3 of the 123 marked foundresses were ever seen on more than
one nest (although the nest tubes were similar, they were on trees of
different species and shapes, and nests were built at different
positions within their tubes). Nestmate recognition abilities are
intact in these populations; wasps artificially transferred between
nests after workers have emerged are vigorously attacked. We
cannot exclude the possibility that recognition is somehow lost
only by overwintering foundresses, but it would raise the mystery of
why other Polistes do not share this problem.

Finally, unrelated foundresses might treat each other as related if
they emerge from the same autumn nest, because that is where they
learn recognition cues®'. A likelihood analysis exactly parallel to that
above suggests that 12% of the autumn 1997 gynes are indeed
unrelated. However, this cannot account for the significantly lower
relatedness among spring foundresses (Fig. 2; the unweighted
relatedness differences between autumn gynes and spring foun-
dresses could be inflated if colonies with many gynes had lower
relatedness, but they did not; Spearman’s test r = 0.066, P = 0.77,
n = 23 colonies from 1997). A joint likelihood analysis (of all the
populations analysed by microsatellites) shows that it is over 300
times more likely that the spring and autumn collections came from
separate distributions (with 35% and 12% unrelated pairs) than
from the most probable single distribution (24% unrelated).
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Figure 4 Regressions of behaviour and colony growth on foundress relatedness. a,b, Data
taken from 20 two-foundress colonies (1997 early foundress collection); ¢, data taken
from colonies of the 1996 late foundress collection (here mean relatedness is used). Mean
brood stage is calculated by assigning eggs a value of 1, larvae 2 and pupae 3. Two
regressions are significant individually (subordinate’s time off the nest, P = 0.02; and
subordinate’s time inactive on the nest, P = 0.04), but not when corrected for multiple
comparisons (five behavioural tests). All tests are one-tailed, with less-related
subordinates predicted to work less and be subject to more aggression.
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The remaining possible advantage is delayed reproduction, per-
haps through inheritance of the nest and worker force. Of the 28
colonies collected in the late foundress stage in 1996, 11 showed a
total of at least 13 queen turnovers. The new queens were not
generally usurpers: 10 out of 13 had been present at the very first
nest census, a month or more before collection. Thus 11 of the 110
censused subordinates had become dominant at the time of collec-
tion, compared with 17 of the 28 original queens. The average
subordinate is therefore 16.5% as likely to be queen just before
worker emergence as is an original queen. This is an order of
magnitude higher than the subordinates’ relative egg-laying success
in the presence of the queen (see above; the fitness difference is even
larger, as late reproduction is more important than the early
reproduction that produces mostly workers). After worker emer-
gence further colony inheritance by subordinates may occur, but
even without it, the primary benefit of unrelated foundresses is
delayed reproduction. Delayed reproduction may also account for
the apparent failure of the skew theory noted above. When delayed
reproduction is sufficiently valuable, the queen may not need to cede
any reproduction to either related or unrelated subordinates®?.

Relatedness did not clearly affect either colony growth (Fig. 4c) or
behaviour in laboratory colonies (Fig. 4a and b), although the
tendency for close relatives to spend more time off the nest (Fig. 4a)
may be worth further study in the field, where such time is spent in
hazardous foraging. Although one might expect non-relatives to
work less to increase their chance of inheritance’, it may be that
working is the price they are forced to pay to remain.

No other social insect is known to accept such profound sub-
mission to non-relatives when other options are available. While
wider application of highly variable markers could reveal that this
pattern is more common, the closest known parallel is to a few
vertebrate social systems, in which both related and unrelated
subordinates help, the latter gaining only by the chance to inherit
the territory or a mate>®. O

Methods
Microsatellite genotyping

We genotyped 6-7 microsatellite loci, previously developed for other species
(Paco3434AAT?*, Pan80AAT?, Pbel02TAG, Pbel28TAG, Pbe269AAG, Pbe430AAG,
Pbe440AAG™) using standard methods”. Two people independently scored gels and
entered data, and discrepancies were resolved by re-examination of the gel and, if
necessary, re-running the sample. Expected heterozygosities ranged from 0.63 to 0.89.

Relatedness and brood assignments

We estimated relatedness™ using the computer program Relatedness 5.05 (http://
gsoft.smu.edu/GSoft.html). We used jack-knife calculations over colonies to obtain
standard errors and f-tests.

To estimate fractions of full sisters, cousins and non-relatives, we simulated 2,000 pairs
of each, drawn from a population with the observed microsatellite allele frequencies (using
the Macintosh program Kinship 1.3 (http://gsoft.smu.edu/GSoft.html)*. We then
calculated the likelihood of drawing our observed relatedness distribution from any
mixture of the three simulated distributions (the simulations omitted the seventh locus
used in only two studies; this broadens the distributions, making the likelihood analysis
more conservative).

We assigned brood to foundresses by first grouping all brood into full-sister groups,
which at every locus shared one allele (from the haploid father) and collectively had no
more than two other alleles (from the diploid mother). These full-sister groups did not
aggregate into larger groups attributable to the same mother, indicating effective single
mating. Single mating was confirmed by genotyping the sperm in foundress spermathecae
(although many cases failed because of either maternal contamination or amplification
failure)™. We then matched the parental genotypes inferred from the sister groups to
observed maternal genotypes (and where available, sperm genotypes). This procedure is
justified by the fact that matching was usually unique, and the largest full-sister group
matched the foundress with the best developed ovaries, unless it matched no foundress. In
the latter case, we inferred that the queen had disappeared, and reconstructed her genotype
at as many loci as possible.

We detected queen turnovers in ten colonies where the foundress who dominated old
brood (pupae) production was different from the one dominating young brood (egg)
production (in nine of these cases the difference was significant; Fisher’s exact test). Three
additional queen disappearances were inferred when the foundress dominating egg
production disappeared before collection (total eggs laid by collected foundresses: 0/6, 0/9,
1/6). On these three nests, all collected foundresses had been censused on the first census
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date, so the successor, although unknown, had to be an established foundress rather than a
recent usurper.

Lab observations

We set up 20 two-foundress colonies, including the nest with brood, in individual glass
and wire-screen enclosures (15 cm)>. We kept them under incandescent lighting 12h d™",
and provided water, honey and Tenebrio molitor larvae ad lib. Acclimatization for 2-7 d
preceded videotaping for 11.8 = 0.2h (mean * s.d.). All visible instances of the
behaviours in Fig. 4 were scored. Interactions between dominant and subordinate were
calculated per hour when both were on the nest. Aggression includes climbing on top,
chewing and lunging.
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Female feral fowl eject sperm
of subdominant males
T. Pizzari & T. R. Birkhead

Department of Animal and Plant Sciences, University of Sheffield,
Sheffield S10 2TN, UK

Paternity is often determined by competition between the ejacu-
lates of different males'. Males can also use particular behaviours
or structures to manipulate how females use sperm®~°. However,
the ability of females to bias sperm utilization in favour of
preferred males independently of male manipulation has not
been demonstrated®. Females are predicted to respond differen-
tially to the sperm of different males when the reproductive
interests of the sexes differ and when females are coerced into
copulating*’. Here we show that in female feral fowl most
copulations are coerced, and that females consistently bias
sperm retention in favour of the preferred male phenotype.
Females prefer to copulate with dominant males, but when
sexually coerced by subordinate males, they manipulate the
behaviour of dominant males to reduce the likelihood of insemi-
nation. If this fails, females differentially eject ejaculates accord-
ing to male status in the absence of any male manipulation and
preferentially retain the sperm of dominant males.

Females can influence paternity before insemination by selecting
their copulation partners”®, and potentially through the differential
utilization of the sperm of individual males after insemination by
more than one partner®. Although females can actively solicit and
resist copulation, males can often overcome female mate choice by
coercing females to copulate’ and sometimes manipulating them to
preferentially use their sperm through specific copulatory structures
and behaviours®™. Under these circumstances, cryptic female choice
may be adaptive to females*®. Here we show that in the absence of
specific male copulatory behaviours, female sperm choice based on
one male phenotypic trait, social status, consistently explains female
sperm ejection in the feral fowl.

Female fowl, Gallus gallus domesticus, may gain both direct and
indirect fitness benefits by preferentially copulating with dominant
males. High-ranking males provide better courtship feeding, anti-
predator vigilance and protection from the sexual harassment of
other males'. High-ranking males can also provide indirect bene-
fits: they father more offspring than subordinates' because they
obtain more copulations and compete more effectively for access to
females'®'’; and dominance is heritable”. However, subordinate
males are not prevented from copulating. Because they are bigger
than females, males can coerce females into copulating despite
female resistance. Female fowl, like many other taxa®™, can eject
semen following insemination'*'>. We therefore considered whether
female fowl would bias insemination success in favour of dominant
males. We tested the prediction that sperm ejection was non-
random with respect to male social status.

Females favoured inseminations by high-ranking males in two
ways. First, they preferentially solicited copulations from high-
ranking males (probability of solicitation versus male status,
1, = 0.73, N, = 13, P =0.005). Consistent with this general
trend, individual females were more likely to solicit copulations
from males of the top rather than the bottom half of the social
hierarchy (mean * standard error (s.e.) of probability of solicita-
tion from high- and low-ranking males: 0.36 = 0.06 versus
0.00 £ 0.00, Wilcoxon T =0, P = 0.007, #gpa = 10). Second,
females resisted most (71%, 534/747) copulations (range of resis-
tance by individual females: 50—100%, mean * s.e. percentage of
resistant copulations per female = 49.52 = 6.0), particularly those
by low-ranking males (probability of resistance versus male status,
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