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ABSTRACT: In many bees, wasps, and ants, workers police each other
in order to prevent individual workers from selfishly producing their
own male offspring. Although several factors can selectively favor
worker policing, genetic relatedness is considered to be of special
importance. In particular, kin selection theory predicts that worker
policing should be more common in species where workers are more
related to the queen’s sons than to other workers’ sons. Here we
provide strong novel support for this theory based on a comparative
analysis of policing and male parentage in 109 species of ants, bees,
and wasps. First, an analysis of behavioral data confirms that worker
policing occurs more frequently in species where workers are more
related to the queen’s sons than to other workers’ sons. Second, an
analysis of male parentage shows that a significantly higher per-
centage of the males are workers’ sons in species where the workers
are more related to other workers’ sons. Both conclusions also hold
if data are analyzed using phylogenetically independent contrasts.
Although our analysis provides strong overall support for the theory
that relatedness affects kin conflict over male parentage, there is also
significant residual variation. Several factors that may explain this
variation are discussed.

Keywords: worker policing, queen policing, worker reproduction, so-
cial Hymenoptera, inclusive fitness, kin selection.

A major challenge in evolutionary biology is to explain
how social groups can reduce or prevent costly conflicts
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among group members (Frank 1995, 2003). The problem
is an important one and applies across all levels of bio-
logical organization, from conflicts in the genome to con-
flicts in societies or among partners in multispecies mu-
tualisms (Keller 1999; Hammerstein 2003; Foster and
Wenseleers 2006; Ratnieks et al. 2006). In social groups,
where all individuals are affected to a greater or lesser
extent by the behavior of others, conflict is usually det-
rimental because individuals serving their own selfish in-
terests reduce group productivity (Hardin 1968; Frank
1995; Wenseleers and Ratnieks 2004). Nevertheless, con-
flict-induced social collapse is not inevitable because con-
flicts are frequently well resolved (Keller 1999; Ratnieks et
al. 2006).

One mechanism that can help to resolve conflict is social
policing, whereby group members mutually suppress each
other’s selfish actions (Leigh 1977; Ratnieks 1988; Ratnieks
and Visscher 1989; Frank 1995, 2003). Some of the clearest
and best-understood examples of mutual policing occur
in insect societies, where policing acts in several contexts
(Ratnieks 1988; Monnin and Ratnieks 2001; Wenseleers et
al. 2003; Ratnieks and Wenseleers 2005; Ratnieks et al.
2006). One context is the policing of worker reproduction
(Ratnieks 1988; Ratnieks and Visscher 1989). In most ants,
bees, and wasps, individual workers can exploit the colony
by laying unfertilized eggs that develop into males if reared
(Bourke 1988b; Ratnieks et al. 2006). However, in many
species, workers kill or “police” other workers’ eggs before
they can hatch (reviewed in Wenseleers et al. 20045; Rat-
nieks and Wenseleers 2005; Ratnieks et al. 2006). In some
species, workers even aggress nestmates with active ovaries,
which can result in the victim being killed or cause it to
regress its ovaries (Visscher and Dukas 1995; Monnin and
Ratnieks 2001; Hartmann et al. 2003; Iwanishi et al. 2003;
Ratnieks et al. 2006). The result of this policing behavior
is that the reproductive division of labor is reinforced, with
more of the colony’s males being the queen’s sons.

What circumstances select for worker policing? One fa-
vored theory is that worker policing is a classic case of a
kin-selected trait (Hamilton 1964) that is favored if the
workers are on average more closely related to the queen’s
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sons than to other workers’ sons (Ratnieks 1988; also see
Starr 1984; Woyciechowski and Lomnicki 1987). In this
situation, policing workers benefit from eliminating other
workers’ sons because this allows the queen’s sons to be
reared instead. Workers are more related to the queen’s
sons if the colony is headed by one or more multiple-
mated queens (Ratnieks 1988) or by several single-mated
but related mother queens (Crozier and Pamilo 1996).
Initial data were consistent with this hypothesis. Male pro-
duction by workers was found to be more prevalent in
bumblebees and stingless bees, which typically have single-
mated queens, than in honeybees and Vespula wasps,
which typically have multiple-mated queens (Ratnieks
1988). In addition, worker policing via egg eating was
discovered in three species of Apis honeybees (Ratnieks
and Visscher 1989; Halling et al. 2001; Oldroyd et al. 2001)
and in the common wasp Vespula vulgaris (Foster and
Ratnieks 2001a), which all have multiple-mated queens
(Palmer and Oldroyd 2000; Foster and Ratnieks 20014).
Finally, in the yellow jacket wasp Dolichovespula saxonica,
genetic analysis indicated that worker policing occurs in
colonies headed by a multiple-mated but not a single-
mated queen (Foster and Ratnieks 2000).

More recent data, however, show that worker policing
also occurs in species where queen mating frequency is
below 2, for example, in the ant Camponotus floridanus
(Endler et al. 2004) and the hornet Vespa crabro (Foster
et al. 2002), or in species that reproduce parthenogenet-
ically, such as the ant Platythyrea punctata (Hartmann et
al. 2003) and the Cape honeybee Apis mellifera capensis
(Pirk et al. 2003; see table Al). This has led to doubts
concerning the importance of relatedness in selecting for
worker policing (Foster et al. 2002; Hartmann et al. 2003;
Pirk et al. 2003, 2004; Endler et al. 2004; Gadagkar 2004;
Wilson 2005). This doubt was reinforced by Hammond
and Keller (2004), who used a comparative analysis of 50
species of ants, bees, and wasps to show that the propor-
tion of males that are workers’ sons is not influenced by
relatedness.

Given these somewhat mixed results, what role does
relatedness play in selecting for worker policing and de-
termining male parentage in social insects? In this article,
we will address this question in two ways. First, we provide
a detailed analysis of behavioral studies of worker repro-
duction and policing in 48 species of ants, bees, and wasps.
This analysis confirms that worker policing does occur
more frequently in species where workers are more related
to the sons of the queen than in species where they are
more or equally related to the offspring of other workers.
Second, we perform a more extensive analysis of male
parentage than that presented by Hammond and Keller
(2004) by using 90 species and show that, as predicted,
significantly more of the males are workers’ sons in species

where the workers are more related to other workers’ sons
than in species where they are more related to the queen’s
sons. Both conclusions also hold when data are analyzed
in a phylogenetic context. Although our analyses provide
strong overall support for the theory that relatedness af-
fects kin conflict over male parentage, there is also sig-
nificant unexplained variation. Some of the factors that
may cause this residual variation are discussed.

Methods
Relatedness Estimates

In all analyses, we used the difference in the relatedness
of workers to workers’ versus queen’s sons (7, =
T ) as the predictor variable. Our expectation
was that in species where workers are more related to the
queen’s sons (7 < 0), (1) worker policing should be more
common and (2) the percentage of males that are workers’
sons should be lower compared with species where workers
are more related to other workers’ sons (ry; > 0; Ratnieks
1988). For species with colonies headed by a single queen
(monogyny) and where variation in colony kin structure
is caused by variation in the effective mating frequency of
queens, we used the formula 7, = (2r,_, — 1)/4, where
r._. 1s the relatedness among adult workers (Hammond
and Keller 2004). For species with variation in queen num-
ber (polygyny), predictions about worker reproduction are
more complicated because both queen number and queen-
queen relatedness are important. For these species we es-
timated r,; from the actual relatedness of workers to
queens (r,_,) and among workers (r,_,) as ry; =
(fy—y = Ty—o)/2 (Hammond and Keller 2004) or directly
from the formulas 7, = (2 + k)/(8kN,) and r,__, =
[1 + G(N, — 1)]/AN,, where k is the effective queen mating
frequency, N, is the effective number of queens, and G is
the relatedness among them (Pamilo 1991). Unless oth-
erwise noted, relatedness values were all estimated using
genetic markers. In two species, Platythyrea punctata and
Apis mellifera capensis, workers are known to produce dip-
loid female offspring through thelytokous parthenogenesis
(table Al). For those species, we set 7, = 0 because the
relatedness to the female offspring of other workers is the
same as the relatedness to sisters. In our comparative anal-
yses, we used 7, either as a continuous variable or we
coded ry; dichotomously as 1 if ;>0 and as 0 if
Taie < 0. A value of 0.5 was used if r,; was 0 or not sig-
nificantly different from 0 (as demonstrated by tests re-
ported in the original studies). The latter allowed for the
fact that if r,, is 0, worker policing is selectively neutral
and on an a priori basis is equally likely to be present or
absent on relatedness grounds.

We did not include colony size as a predictor variable
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in any of the analyses because reliable estimates were lack-
ing for many species and because theory shows that it does
not have much effect on the expected level of worker
reproduction (Wenseleers et al. 2004b).

Analysis 1: The Incidence of Worker Policing

As a first test of the relatedness hypothesis for the evolution
of worker policing, we compared the frequency with which
worker policing is observed in species of eusocial Hy-
menoptera, where workers are either more related to other
worker’s sons (7, > 0) or more related to the queen’s sons
(146 < 0). Observations of nonreproductive workers eating
worker-laid eggs or aggressing reproductive workers were
taken as evidence for worker policing. If egg eating by
workers did not result in the differential removal of
worker-laid eggs or if aggression was not specifically tar-
geted at reproductive workers, then this was not consid-
ered worker policing. In addition, if egg eating and ag-
gression only occurred among egg-laying workers, then
this was considered worker-dominance behavior rather
than worker policing, that is, reflecting worker-worker
competition for egg-laying rights. Finally, we also scored
the occurrence of queen policing, that is, cases where the
mother queen kills worker-laid eggs or aggresses egg-laying
workers. In inclusive fitness terms, queen policing is read-
ily selected for because a queen is always more related to
sons (0.5) than to workers’ sons (grandsons, 0.25; Trivers
and Hare 1976). Nevertheless, queen policing might be
expected to have less benefit in species where the workers
already police. Therefore, we also tested for a negative
association between the occurrence of queen and worker
policing. Species where queen or worker policing have
clearly been shown to be absent were also included, pro-
vided that the fate or survival of worker-laid eggs had been
reliably measured in queenright colonies.

After an extensive literature search, and following these
criteria, we found data on 48 species. For 39 of these, good
relatedness estimates were available based on genetic stud-
ies or from their mating biology (table Al). For another
nine, they could be inferred with high confidence based
on comparison with closely related species (table A1l). Data
on policing in another 14 species were also available but
could not be included because good relatedness estimates
were lacking. Details on the actual evidence used to infer
presence or absence of policing for each species are given
in the notes to table Al.

Analysis 2: Male Parentage

As a second test of the relatedness hypothesis for the evo-
lution of worker policing, we compared the percentage of
worker-produced adult males in queenright colonies

(WPM) in species where workers are either more related
to other workers’ sons (7> 0) or more related to the
queen’s sons (73, < 0). An exhaustive literature search re-
vealed data on male parentage in 90 species of eusocial
Hymenoptera. Estimates for 50 species were largely based
on Hammond and Keller (2004 ), which focused on studies
using microsatellite markers. In addition, we included re-
cently published microsatellite-based studies of 13 species,
plus studies that used other genetic markers: allozymes (24
species), DNA fingerprinting (one species), and heritable
body-color markers (three species; table A2). Finally, we
also included data based on direct behavioral observation
for four species. Species where workers lack functional
ovaries and are therefore fully sterile were excluded. All
genetic studies used estimates of WPM that took into ac-
count the power of the genetic markers to detect workers’
sons using either exclusion (Foster et al. 2001) or maxi-
mum likelihood approaches (e.g., Contel and Kerr 1976;
Owen and Plowright 1982; Hastings et al. 1998; Té6th et
al. 2002b). Behavioral studies were retained only when they
gave reliable information on the percentage of eggs that
were worker laid and the probability of worker-laid eggs
being reared into adulthood. If an estimate of WPM was
given in the original behavioral study, this was used; oth-
erwise, it was calculated as WPM = p x s /[p x s, +
(1 —p) x m x 5], where p is the percentage of eggs that
are worker laid, s, and s, are the proportions of the work-
ers’ and the queen’s eggs that are reared to adulthood, and
m is the proportion of the queen’s eggs that are male,
which was assumed to be 1/2. The latter was conservative,
given that the queen usually lays a majority of female
worker-destined eggs. If multiple estimates of WPM were
available for a single species, then these were combined
into a single estimate by calculating the estimated total
number of workers’ sons out of a given total number of
males whose maternity could be assigned; relatedness es-
timates were averaged using the number of colonies an-
alyzed as weights. All data on WPM were from queenright
colonies. For three species, the halictid bee Augochlorella
striata and the ants Rhytidoponera chalybaea and Rhyti-
doponera confusa, colonies can either be headed by a pri-
mary queen or, when she dies, by mated workers. However,
because colonies headed by mated workers undergo a brief
period of queenlessness, such colonies were not included
in the estimate of WPM. Technical details on the esti-
mation of WPM for particular species are given in the
notes to table A2.

Hammond and Keller (2004) excluded studies not using
microsatellites, arguing that they were unreliable. How-
ever, the data in table A2 show that this is not the case.
The mean number of males whose maternity could be
assigned is in fact significantly larger for studies using
body-color markers (mean n, = 10,156.3, n = 3) than for
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those using microsatellites (mean n, = 146.9, n = 67,
t = 6.05, P< 1.107"°) and is nonsignificantly different be-
tween microsatellite-based and allozyme-based studies
(mean n, = 146.3,n = 24, = 0.01, P = .99) or between
microsatellite-based and behavioral studies (mean n, =
2709, n = 4, t = 1.18, P = .24). In addition, multiple
estimates for the same species obtained using different
techniques or markers generally showed good agreement
(table A2). However, it is true that irrespective of the tech-
nique being used, the quality of the studies varied. While
some studies analyzed very many males, approximately
40% of the microsatellite-based studies (27/67) and 33%
of the allozyme-based studies (8/24) had <50 assignable
males. In these cases, the absence of worker reproduction
could easily be due to low sample size. Therefore, as a
means of data quality control, we also carried out all anal-
yses by excluding species for which (1) n, <50 and no
worker reproduction was detected, and (2) n, <50 irre-
spective of whether worker reproduction was detected or
not. Excluding small studies also avoided a potential bias
in the analysis, because small studies were significantly
more common in species where workers were more related
to other workers’ sons and hence where worker-produced
males would have been expected (n, was <50 in
32/75 = 43% of the species with ;>0 but only in
1/15 = 7% of the species with ;< 0; Fisher’s exact test,
P = .008).

Intraspecific Variation

For some species, there was significant intercolony vari-
ation in both colony kin structure and the percentage of
males that were workers’ sons (table A2). For example, in
the saxon wasp Dolichovespula saxonica, the percentage of
males that are workers’ sons decreases with increasing
queen paternity (Foster and Ratnieks 2000). To take into
account the possibility of conditional policing behavior,
we also carried out analyses of male parentage incorpo-
rating intraspecific variation. Two separate analyses were
performed, either incorporating all intraspecific variation
or including intraspecific variation only if there were sta-
tistically significant differences in the maternal origin of
males between colony classes (e.g., nests with single-mated
vs. multiple-mated queens). The latter seemed appropriate
given that otherwise, any differences in male parentage
between colony classes were not statistically supported and

that there was no reason to suppose that policing behavior
was expressed conditionally as a function of the colony
kin structure. The significance in the variation of male
parentage between colony classes was based either on pub-
lished P values (based on Spearman’s rank correlations
between per colony estimates of WPM and worker-worker
relatedness), or, if these were unavailable, on Fisher’s exact
tests to compare the number of workers’ sons out of a
given total number of assignable males in the two colony
classes.

Phylogenetically Controlled Comparative Analyses

To analyze the data in a phylogenetic context, we used a
version of Grafen’s Phylogenetically Independent Con-
trasts (PICs; Grafen 1989). The difference in relatedness
between workers’ sons and queen’s sons (), either con-
tinuously or dichotomously coded, was used as the pre-
dictor variable. The dependent variable was the presence
or absence of worker policing (analysis 1) or the
log,,(y + 1) transformed percentage of worker-derived
males (WPM; analysis 2). The PICs were calculated using
the PDTREE module (Purvis and Garland 1993; Garland
et al. 1999; Garland and Ives 2000; Midford et al. 2003)
of the Mesquite package (Maddison and Maddison 2004).
This program calculates PICs following Grafen (1989). In
their simplest forms, phylogenetic generalized least squares
models (GLS; e.g., Grafen 1989; Martins and Hansen 1997)
are mathematically and statistically equivalent to Felsen-
stein’s (1985) method. The GLS methods, however, are
more flexible, as they allow for the use of both continuous
and dichotomous variables, provided that the residuals are
normally distributed (Grafen 1989; Garland et al. 1993;
Grafen and Ridley 1996) and that the underlying evolu-
tionary process is interpreted following Grafen (1989). Un-
der Grafen’s view of evolution, the response to selection
is immediate. This is different from Felsenstein’s (1985)
view, which assumes that evolution proceeds by random
genetic drift or in response to fluctuating directional se-
lection. Statistical significance was assessed using regres-
sion through the origin. Because we had clear a priori
hypotheses, we used one-sided tests. Polytomies in the
phylogeny were taken into account by reducing the num-
ber of degrees of freedom of the statistical tests (Purvis
and Garland 1993). Both raw data analyses and indepen-
dent contrasts can occasionally give wrong answers under

Figure 1: Composite phylogeny used in comparative analyses. a, Phylogeny used in the comparative analysis of worker policing. b, Phylogeny used
in the comparative analysis of male parentage. In b, within-species variation is shown for one species, Dolichovespula saxonica, where there were
significant differences in the proportions of males that are workers’ sons in low-paternity versus high-paternity colonies (table A2). Branches shown
in red, red-dotted, and black lines are cases were ry; <0, rye = 0, and ry;> 0, respectively. When 7, < 0, that is, when workers are more related
to queen’s sons than to other workers’ sons, worker policing is most strongly favored.
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some evolutionary scenarios, and more recent methods
(e.g., PMM; Housworth et al. 2004) may be a better choice
when more is known about the underlying evolutionary
processes. Instead of applying these other methods, here
we follow the suggestion of Martins et al. (2002) of placing
confidence only in conclusions that hold true for both
independent contrasts and raw data analyses.

To calculate independent contrasts, we constructed two
phylogenies that included all the species present in analyses
1 and 2 (fig. 1). These phylogenies followed the one in
Hammond and Keller (2004) with the following changes.
Sweat bees were added as basal to the long-tongued bees
(Alexander and Michener 1995). For honeybees, leaf-
cutter ants, and bumblebees, the molecular phylogenies of
Arias and Sheppard (2005), Villesen et al. (2002), and
Kawakita et al. (2004) were used. Relationships among the
Polistinae wasps followed the combined morphological
and molecular phylogeny of Arévalo et al. (2004). Rela-
tionships among Vespinae wasps followed the morpho-
logical phylogeny of Carpenter and Perera (2006). Ant
subfamily relationships followed the morphological phy-
logeny of Baroni Urbani et al. (1992). The genus Rhyti-
doponera, belonging to the newly recognized subfamily of
the Ectatomminae, was added as basal to the Formicinae,
as indicated by recent molecular phylogenies (e.g., Saux
et al. 2004). Finally, phylogenetic relationships among for-
micoxenine ants followed the molecular phylogeny of Beibl
et al. (2005). Branch lengths were set following Grafen
(1989), whereby species at the tips of the phylogeny are
contemporaneous and the depth of each node is set equal
to one less than the number of tip species that descend
from it (Grafen 1989). This branch length method per-
formed well, as judged by the branch length statistic of
Garland et al. (1992). Results, however, were robust with
respect to various other suggested branch length trans-
formations (e.g., that of Pagel 1992). In addition, changing
some phylogenetic relationships did not change any of the
conclusions. For example, considering honeybees rather
than bumblebees as the sister group of the stingless bees,
as indicated by morphology-based phylogenies (Engel
2001; Schultz et al. 2001) but not most DNA-based phy-
logenies (Cameron and Mardulyn 2001, but see Ascher et
al. 2001; Thompson and Oldroyd 2004), led to the same
overall conclusions. Similarly, using another phylogeny of
polistine wasps (Pickett and Wenzel 2004) or using alter-
native topologies for ant subfamily relationships did not
affect any of the conclusions.

Effect Sizes

To investigate what percentage of the variance was ex-
plained by relatedness in our data set, we calculated the
squared correlation (*) between whether or not worker

policing was expected based on r,; and (1) whether worker
policing was actually observed (analysis 1), and (2)
whether or not WPM reached very low levels (WPM <
2%), as expected if most worker reproduction is policed
(analysis 2). Expected levels of worker policing were scored
as 0 or 1 for 7,,>0 and <1, or as 0.5 if r,, was not
significantly different from 0. As a measure of the effect
size in the phylogenetically controlled analyses, we cal-
culated the observed slope in the phylogenetic regression
divided by the expected slope if data perfectly followed
the theory (Hammond and Keller 2004). In the analysis
of male parentage, we used two values for the expected
level of worker reproduction when r,; was >0: a relatively
moderate one, 10%, and a more extreme one, 100%. The
first value, 10%, is typical for genera such as Dolichoves-
pula, which have widespread worker reproduction and no
worker policing but also quite effective queen policing
(Foster et al. 2001; Wenseleers et al. 20054, 2005b; Wen-
seleers and Ratnieks 2006; T. Wenseleers, A. Tofilski, E S.
Nascimento, and E. L. W. Ratnieks, unpublished manu-
script). On the other hand, the extreme value of 100%
might be expected if worker reproduction was not policed
by either the queen or workers and also had no colony-
level costs (Wenseleers et al. 2004b). For 7, < 0, the ex-
pected level of worker reproduction was set to 0, and for
T4 Not significantly different from 0, it was set at an in-
termediate value (i.e., 5% or 50%, respectively). As in the
comparative analysis of male parentage, the expected val-
ues were log,, (y + 1) transformed. Following Hammond
and Keller (2004), we considered effect sizes of >70% as
large, 30%—70% as moderate, and <30% as small.

Results
Analysis of the Incidence of Worker Policing

Raw Data. Worker policing has been observed in 14 spe-
cies of ants, bees, and wasps with known colony kin struc-
ture. Out of these, it occurs via egg eating in 10 species,
egg eating and aggression in two species, and aggression
only in another two species (table Al). As predicted,
worker policing is significantly more common in species
where 7, <0 (WP present in 7/7 species, in three hon-
eybees: Apis cerana, Apis florea, and Apis mellifera; one
yellow jacket: Vespula germanica; and three ants: Acro-
myrmex echinatior, Formica fusca, and Pachycondyla in-
versa) than in species where 7, > 0 (WP present in only
7/34 = 21% of the species; table Al, Fisher’s exact test,
P = .00015). The typical absence of worker policing in
species where workers are more related to other workers’
sons is striking, and although rarely discussed, is actually
well supported. For example, in the single-mated ant Di-
noponera quadriceps, worker-laid eggs are never eaten by
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subordinate workers, but many are killed by the mated
worker that heads the colonies of this species (Monnin
and Peeters 1997). In another monogynous and monan-
drous ant, Leptothorax unifasciatus, experiments have
shown that worker-laid eggs introduced into queenright
colonies are not differentially policed (N. Stroeymeyt, E.
Brunner, and J. Heinze, personal communication). Sim-
ilarly, in the exclusively single-mated stingless bees, work-
ers normally do not eat eggs laid by other workers (Té6th
et al. 2004; Velthuis et al. 2005), and in one species where
they do, in Melipona bicolor, it is associated with direct
competition among egg-laying workers (Velthuis et al.
2002; Koedam et al. 2007) and thus represents worker-
dominance behavior rather than worker policing. Finally,
the predominantly single-mated wasp genera Dolichoves-
pula and Polistes and the low-paternity yellow jacket Ves-
pula rufa all have queen policing and mutual egg eating
by reproductive workers but not true worker policing
(Saigo and Tsuchida 2004; Ratnieks et al. 2006; T. Wen-
seleers, A. Tofilski, F. S. Nascimento, and F. L. Ratnieks,
unpublished manuscript; table Al). The only exception
may be Dolichovespula saxonica, where worker policing is
thought to occur in multiple paternity colonies (Foster
and Ratnieks 2000). However, this remains to be con-
firmed by direct observation.

Of the seven species with worker policing and with
Ty = 0, two species have 7y, = 0 (the two thelytokous
species, Apis mellifera capensis and Platythyrea punctata)
and one, Vespula vulgaris, has a value for r that is not
significantly different from 0 (0.005, lower 95% confidence
limit: 7, = —0.015; Foster and Ratnieks 2001a). In these
three species, worker policing is neither selected for nor
against, and particularly for A. mellifera capensis and V.
vulgaris, it would in fact be expected to be present given
that ancestrally, worker policing was almost certainly pres-
ent. For A. mellifera capensis, there is also some evidence
that worker policing is less effective compared with Apis
mellifera mellifera (Pirk et al. 2003) and may even be absent
in some colonies (Moritz et al. 1999; Beekman et al. 2002).
On the other hand, for the four remaining species (the
three ants Aphaenogaster smythiesi, Camponotus floridanus,
and Diacamma sp. and the hornet Vespa crabro), it is clear
that factors other than relatedness must have selected for
worker policing (see discussion). Overall, relatedness ex-
plained 55% of the variation in the observed incidence of
worker policing, as judged by the correlation between the
observed and expected incidence based on r,; (see “Meth-
ods”; Pearson r = 0.74, n = 41, P = .00000002).

Queen policing (QP) is also widespread, being present
in 30 species of ants, bees, and wasps with known colony
kin structure (table Al). Of these, it occurs via egg eating
in 13 species, egg eating and aggression in 14 species, and
aggression only in three species. In contrast to worker

policing, queen policing is more common in species with
Ta = 0 (in 30/34 species; table Al) than in species with
T < 0 (in 0/4 species; Fisher’s exact test, P = .0009). In
addition, there is a negative association between the oc-
currence of queen and worker policing, with queen po-
licing being significantly rarer in species that have worker
policing (QP present in only 2/9 species) than in species
that do not (QP present in 22/23 species; Fisher’s exact
test, P = .00009). These correlations are expected given
that there is less benefit for the queen to police if workers
also police each other and that worker policing occurs
predominantly in species where 7, < 0.

All the above conclusions also hold if the nine species
for which relatedness was inferred indirectly through com-
parison with closely related species are excluded (table Al;
association between r,; and worker policing: P = .0005;
association between ry; and queen policing: P = .002;
negative association between queen and worker policing:
P = .0002).

Comparative Analysis. The above conclusions are sup-
ported by analyses of phylogenetically independent con-
trasts. Across the phylogeny (fig. 1a), decreases in the re-
latedness to workers’ versus queen’s sons (ry;) are
associated with a significant increase in the incidence of
worker policing (fig. 2a). Significance levels range from
.0003 to .01, depending on whether ry is continuously or
dichotomously coded and whether or not studies with
indirect relatedness estimates are excluded (table 1, pt. A).
Key contrasts that contribute to the significance of this
result are (1) Apis honeybees versus bumblebees and
stingless bees (contrast C1 in fig. 2a); (2) Vespula versus
Dolichovespula (C2); (3) V. germanica and V. vulgaris versus
V. rufa (C3); (4) P. inversa versus other Ponerine ants (C4);
(5) A. echinatior versus other Myrmicines (C5); and (6)
Diacamma, Pachycondyla, and Platythyrea versus D. quad-
riceps (C6). In each of these contrasts, the former group
in the pair has a lower 7, and has worker policing. Two
contrasts that did not follow the relatedness prediction
were (1) Vespa crabro versus Vespula and Dolichovespula
(contrast NC1 in fig. 2a) and (2) A. mellifera capensis
versus A. mellifera mellifera/ligustica (NC2). In these cases,
the former species in the pair had a higher r,; but still
had worker policing. Overall, however, relatedness had a
reasonable predictive power, with effect sizes being mod-
erately large (43%-51%; table 1, pt. A).

Two conclusions that are also supported by independent
contrasts are that increases in r,; are associated with an
increased incidence of queen policing (all species included,
rq¢ continuously coded: § = 2.93, adjusted df = 25,
t = 2.00, P = .03; ry dichotomously coded: 8 = 0.87,
adjusted df = 25, t = 4.44, P = .00008) and that an in-
creased incidence of worker policing correlates with a de-
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Figure 2: Phylogenetically independent contrast plots. a, Across the phylogeny, increases in the relatedness to workers’ versus queen’s sons () are associated with a decreased incidence of worker
policing (8 = —2.06, t = —2.60, df adj. = 29, P = .007). b, Across the phylogeny, increases in the relatedness to workers’ versus queen’s sons (ry) are associated with significant increases in the
percentage of adult males that are workers’ sons (8 = 4.17, t = 3.75, df adj. = 74, P = .0002). In both a and b, ry; is dichotomously coded as 0 and 1 for ;<0 and ry>0 and as 0.5 if ry;
was 0 or not significantly different from 0. In b, intraspecific variation is included for Dolichovespula saxonica, where there was significant variation in male parentage between colony classes.
Qualitatively similar plots are obtained if all intraspecific variation is included, if intraspecific variation is excluded, if ry is continuously coded, or if small studies are excluded (table A2). Lines
of regression are forced through the origin. Labeled contrasts are referred to in the text.
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creased incidence of queen policing (8 = —0.73, adjusted
df = 25, t = 2.00, P = .03). These results also hold if
species with indirect relatedness estimates are excluded
(queen policing vs. 1y, 7y continuously or dichotomously
coded: P = .03 and P = .0002, queen vs. worker policing:
P = .0005).

Analysis of Male Parentage

Raw Data. In 75 species where workers are more closely
related to other workers’ sons than to the queen’s sons
(table A2), an average of 14% of the males are workers’
sons. By contrast, in 15 species where workers are more
closely related to the queen’s sons, the percentage is sig-
nificantly lower (0.14%; table A2; dependent variable:
log,, [WPM + 1], t with separate variance estimates =
7.11, df = 88, one-sided P = .0000000001) and never ex-
ceeds 2% (fig. 3). This shows that, in agreement with the
relatedness hypothesis, fewer workers’ sons are reared in
species where workers are less related to workers’ sons
than to queen’s sons. In disagreement with the prediction,
however, no workers’ sons were detected in 33 out of 75
(44%) species with r;,;> 0 (table A2). In part, this could
be due to low detection power. In 22 of the 33 species
(67%) without detectable worker reproduction, there were
fewer than 50 assignable males (table A2). In addition,
worker reproduction was detected significantly more fre-
quently in studies with larger sample sizes (in 32/43 species
with n, > 50 vs. in 10/32 species with n, < 50:, Fisher’s
exact test, P = .0002). More generally, several other fac-
tors can select against worker reproduction even when
workers are more related to other workers’ sons. As a
result, these cases do not strongly contradict the related-
ness hypothesis (see discussion).

For eight species, there were data on intraspecific var-
iation in male parentage (table A2). In five of these, a
lower percentage of the males were workers’ sons in colony
classes with lower 7y, as predicted (in Bombus hypnorum,
D. saxonica, Formica exsecta, Formica rufa, and Lasius ni-
ger), but in three species, data went in the opposite di-
rection (in V. rufa, Leptothorax acervorum, and Myrmica
tahoensis). However, this cannot be given much weight
because these conclusions are based on small sample sizes,
and for all except D. saxonica, the differences in male
parentage between colony classes were not statistically sig-
nificant (Foster and Ratnieks 2000; table A2). This suggests
that facultative worker policing effort as a function of the
colony kin structure is rare. The correlation between r,;
and WPM also remained highly significant, irrespective of
whether intraspecific variation was included for all eight
species (t = 727, df = 3.29, one-sided P = .001) or only
for D. saxonica (t = 720, df = 89, one-sided P =
.0000000001).
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Figure 3: Percentage of males that are workers” sons (on a log,, [y +
1] scale) as a function of the difference in relatedness to workers’ sons
versus queen’s sons in 90 species of eusocial Hymenoptera. Significantly
more males are workers’ sons when workers are more related to other
workers’ sons than to the queen’s sons (¢t = 7.11, one-sided P =
.0000000001). Data points represent species means; intraspecific variation
is not shown.

Comparative Analysis. The above conclusions are sup-
ported by analyses of phylogenetically independent con-
trasts. Across the phylogeny (fig. 1b), increases in the re-
latedness to workers’ versus queen’s sons (ry) are
associated with significant increases in the percentage of
adult males that are workers’ sons (fig. 2b). The signifi-
cance level ranges from .002 to .000003, depending on
whether r,; is continuously or dichotomously coded, in-
traspecific variation is included, or small studies (with
n, < 50) are excluded (table 1, pt. B). Key contrasts that
contribute to the significance of the result are (1) Apis
honeybees versus bumblebees and stingless bees (contrast
Cl1 in fig. 2b); (2) Vespula versus Dolichovespula (C2); (3)
Vespula squamosa versus V. rufa (C3); (4) Pogonomyrmex
rugosus versus Myrmica (C7); (5) Dorylus molestus versus
D. quadriceps (C8); (6) Epiponini versus Polistini wasps
(C9); (7) Formica versus Polyergus rufescens (C10); and, if
intraspecific variation is included, (8) D. saxonica high-
versus low-paternity colonies (C11, fig. 2b). In each of
these contrasts, the former group in the pair has both lower
4 and lower WPM. Two contrasts that did not follow
the theory as well were (1) Vespula and Dolichovespula
versus Vespa (NC1); and (2) higher versus lower Attini
ants (NC3). In these cases, worker reproduction was absent
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Table 1: Test for effect of relatedness () on (A) the incidence of worker policing and (B) the percentage of males that are workers’ sons in analyses that control for

phylogenetic nonindependence

No.
No. No. polytomies Adjusted P Expected Effect size
Ty test species contrasts in phylogeny df Slope t  (one-tailed) slope (%)
A. Incidence of worker policing:
Continuously coded, all species included 41 40 10 29 —2.06 —2.60 .007 —4.74 43.38
Continuously coded, species with indirect relatedness estimates
excluded 35 34 5 28 —2.07 =245 .01 —4.61 44.95
Dichotomously coded, all species included 41 40 10 29 —.49 —3.80 .0003 —1.00 49.40
Dichotomously coded, species with indirect relatedness
estimates excluded 35 34 5 28 —.51 —3.59 .0006 —1.00 50.60
Average 47.08
Assuming WPM for
species with ;>0 of
B. Percentage of males that are workers” sons (log,,[WPM + 1]): 10% 100% 10% 100%
Continuously coded, using species averages 90 89 15 73 326 292  .002 471 9.14 6931 35.69
Continuously coded, all intraspecific variation included 98 97 15 81 278 314 .001 575 10.89 737 3.89
Continuously coded, intraspecific variation included only when
significant 91 90 15 74 4.17  3.75 .0002 5.14 9.98 81.08 41.80
Continuously coded, using species averages, all small studies
excluded (n,<50) 57 56 4 51 5.18 4.18 .00005 4.65 9.02 111.44 57.46
Continuously coded, using species averages, small studies
excluded when WPM = 0 68 67 9 57 4.08 394 .0001 4.83 9.37 84.41 43.49
Dichotomously coded, using species averages 90 89 15 73 .77 3.55  .0003 1.06  2.07 72.17 36.96
Dichotomously coded, all intraspecific variation included 98 97 15 81 42 3.06 .002 1.02 1.96 41.37 21.66
Dichotomously coded, intraspecific variation included only
when significant 91 90 15 74 93  4.89 .000003 1.06 2.05 87.57 45.28
Dichotomously coded, using species averages, all small studies
excluded (n,<50) 57 56 4 51 90  3.52  .0005 1.06 2.06 85.00 43.74
Dichotomously coded, using species averages, small studies
excluded when WPM = 0 68 67 9 57 .79 3.89  .0001 1.06 2.07 74.72 38.26
Average 71.44 36.82

Note: Effect sizes are calculated as a percentage of the slopes expected under a perfect fit with the theory.
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in the latter group of the pair despite 7y, being higher. In
addition, there were often large contrasts in WPM despite
the contrast in 7y, being 0, such as in the sibling species
Polistes gallicus and Polistes chinesis, which both had
Ty = 0.125 but had WPM = 0% and 51.1%, respectively
(contrast NC4 in fig. 2b). This implies that factors other
than relatedness also cause significant variation in male
parentage. Overall, however, relatedness had a reasonably
high predictive power, with effect sizes being moderately
large (average effect sizes 71% and 37%, assuming values
for WPM of 10% and 100% for species with 7, > 0; table
1, pt. B). The only tests where effect sizes were small
(<30%) was when all intraspecific variation was included
(table 1, pt. B). This reflects the fact that there was little
evidence in our data set for levels of worker policing being
facultatively adjusted in function of the colony kin
structure.

Discussion

The two comparative analyses we presented provide strong
support for the relatedness hypothesis of worker policing
(Ratnieks 1988). First, an analysis of behavioral data con-
firmed that worker policing occurs more frequently in
species where workers are more related to the queen’s sons
(WP present in 7/7 species) than in species where they are
more or equally related to other workers’ offspring (7/7
vs. only 7/34 species). Second, the analysis of male par-
entage showed that, as predicted, a significantly higher
percentage of the males are workers’ sons in 75 species
where the workers are more related to other workers’ sons
(average 14%) than in 15 species where they are more
related to the queen’s sons (average 0.14%). These cor-
relations were also significant when phylogenetic non-
independence was controlled for (table 1; fig. 2). Overall,
the effect of relatedness was moderately large, approxi-
mately half that expected for a perfect fit with the theory
(table 1). In addition, a difference of 14% versus 0.14%
is, in fact, large, as it represents a difference of two orders
of magnitude.

The strong support we found for the relatedness hy-
pothesis contrasts with Hammond and Keller (2004), who
found no association between relatedness and male par-
entage. This is probably because their analysis was based
on a smaller data set of only 50 species and had a lower
statistical power than the current one. In fact, with the
observed effect size of 50% and with intraspecific variation
excluded, the Hammond and Keller (2004) analysis only
had a power of approximately 20%. The Hammond and
Keller (2004) analysis also only included two taxa with
T < 0 (Epiponini wasps and Apis honeybees). By com-
parison, our two analyses combined were based on 109
species of ants, bees, and wasps and included seven taxa

with 7, < 0. This makes our data set much more suitable
to test the relatedness hypothesis and in fact is the largest
ever used to test a prediction from kin selection theory.
Slight differences in our analysis compared with that of
Hammond and Keller (2004) or the use of more accurate
estimates for some species did not contribute to the dif-
ference in conclusion. In fact, an analysis following our
methods on the taxa included in Hammond and Keller
(2004) confirms that the effect of relatedness then remains
nonsignificant.

The best support for the relatedness hypothesis is given
by the fact that the percentage of adult males that are
workers’ sons was always very low in the 15 species where
workers were more related to the queen’s sons (four Apis
honeybees, three Epiponini wasps, three Vespula wasps,
multiple paternity colonies of Dolichovespula saxonica, and
four ants; table A2) and that in five of these species, worker
policing has also been demonstrated through direct be-
havioral observation (in three Apis honeybees, Vespula ger-
manica, and Acromyrmex echinatior; table Al). In addition,
worker policing has also been shown in a sixth species
where workers are more related to the queen’s sons, the
polyandrous ponerine ant Pachycondyla inversa (D’Ettorre
et al. 2004; see table A1). In the Epiponini wasps, however,
worker policing remains to be directly shown (table A2).

It is important to realize that the relatedness hypothesis
for worker policing is the only theory that predicts fewer
workers’ sons when the relatedness among the workers
decreases (Ratnieks 1988). In fact, in the absence of worker
policing, theory shows that lower relatedness among work-
ers should lead to more rather than less worker repro-
duction. This is because the evolutionarily stable strategy
proportion of egg-laying workers increases when repro-
ductive competition is among less related nestmate work-
ers (Wenseleers et al. 20044, 2004 b; also see Bourke 1988b).

The reverse prediction, that worker policing should be
absent in species where workers are more related to other
workers’ sons, thereby leading to the rearing of many
workers’ sons, is less well supported (tables Al, A2). In
line with the theory, in stingless bees, halictid bees, and
bumblebees, which have queens that are typically single
mated, worker policing is absent, and in most species a
significant percentage of the males are the workers’ sons
(tables A1, A2). Similarly, in the ants Crematogaster smithi,
Dinoponera quadriceps, Myrmica punctiventris, Myrmica
tahoensis, Polyergus rufescens, and Protomognathus ameri-
canus, where queens are predominantly single mated, and
in the low-paternity Vespidae wasps Dolichovespula, Po-
listes chinensis, and Vespula rufa, worker reproduction can
also reach very high levels (table A2). Conversely, however,
worker reproduction was not detected in 33 out of 75
(44%) species where workers were more related to other
workers’ sons (table A2). As mentioned above, for some
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species this could merely reflect low detection power, be-
cause in 22 of these 33 species, there were fewer than 50
assignable males (table A2). However, it seems unlikely
that this can explain all cases. For example, in the single-
paternity stingless bees Melipona beecheii and Schwarziana
quadripunctata and the hornet Vespa ducalis, absence of
worker-produced adult males is well supported (table A2).
Furthermore, worker policing has also been directly ob-
served in some species with single-mated or predominantly
single-mated queens, including the hornet Vespa crabro
(Foster et al. 2002) and the ants Aphaenogaster smythiesi
(Iwanishi et al. 2003), Camponotus floridanus (Endler et
al. 2004), and Diacamma sp. (Kikuta and Tsuji 1999).
Worker policing has even been found in species that re-
produce parthenogenetically: the ant Platythyrea punctata
(Hartmann et al. 2003) and the Cape honeybee Apis mel-
lifera capensis (Pirk et al. 2003; but also see Moritz et al.
1999; Beekman et al. 2002) and also in two species where
workers are equally related to the queen’s sons as to other
workers’ sons (Vespula vulgaris and Formica fusca). In these
cases, worker policing is selectively neutral on relatedness
grounds.

The above results show that although relatedness ex-
plains a good part of the variation in male parentage and
worker policing behavior, there is also much residual var-
iation. This implies that factors other than relatedness also
must be important. Below, we give a list of the likely factors
involved, all of which in fact are consistent with kin se-
lection theory.

Queen Policing

There is abundant evidence that the queen may police
worker-laid eggs or aggress egg-laying workers (table A2).
Queen policing is well supported in 30 species of ants,
bees, and wasps with known colony kin structure (table
Al), and it is particularly common in small-colony species,
including Halictidae bees (Michener and Brothers 1974),
bumblebees (e.g., Free et al. 1969; Duchateau 1989),
stingless bees (e.g., Sakagami and Oniki 1963; Bego 1990),
and small-colony Polistinae and Vespinae wasps (e.g.,
Saigo and Tsuchida 2004; Wenseleers et al. 20054, 20055;
table Al). Our analysis also showed that queen policing
was significantly more common in species where workers
are more related to other workers’ sons and in species
where worker policing does not occur. This is as expected,
given that the benefits for the queen to police are greatest
when the workers do not police each other. Alternatively,
the correlation could also be mediated by colony size,
because species with worker policing and multiple-mated
queens usually have large colonies (e.g., Apis and all Ves-
pula except V. rufa, Acromyrmex, and Dorylus), where it
would be difficult for the queen to police all worker re-

production. Queen policing strongly counteracts the pre-
diction that many of the males should be workers’ sons
in species where workers are more related to other workers’
sons. Indeed, in some species, it has been shown that queen
policing may result in an almost complete prevention of
worker reproduction. For example, in the paper wasp Po-
listes dominulus and in the bumblebee Bombus terrestris,
the queen removes nearly all worker-laid eggs (Duchateau
1989; Velthuis et al. 2002; Liebig et al. 2005). Theory has
shown that effective queen policing can cause workers to
refrain from reproducing in the first place (Wenseleers et
al. 2004a, 2004b). In line with this idea, a comparative
analysis of nine wasps and the honeybee has shown that
more effective policing causes fewer workers to lay eggs
(Wenseleers and Ratnieks 2006). In addition, it is thought
that in stingless bees, a long history of queen policing has
caused workers in many species to lay only inviable trophic
eggs or even to become obligately sterile (Bego 1990;
Crespi 1992; Wenseleers et al. 2004a).

Worker Matricide

In some of the low-paternity species with annual societies,
worker reproduction does occur but comes about by the
workers first killing the queen near the end of the colony
life cycle (“worker matricide”; Bourke 1994). If worker
reproduction only occurs after the queen has been killed,
it would have remained undetected in our data set, as we
only analyzed worker reproduction in colonies with a
queen. Similar to the relatedness hypothesis of worker po-
licing, matricide is expected to be more common in single-
paternity species, where collective worker interests favor
worker reproduction (Bourke 1994). In support of this,
queenless colonies appear to be more frequent in Vespinae
wasp species where queens are predominantly single-
mated (Foster and Ratnieks 2001c¢). In addition, worker
matricide has been directly observed in the hornet V. crabro
(Janet 1895), in the tree wasp Dolichovespula sylvestris (T.
Wenseleers, A. Tofiliski, F. S. Nascimento, and F. L. W.
Ratnieks, unpublished manuscript), and in several bum-
blebees (van Honk 1982; Bourke 1994), and is suspected
in the paper wasp Polistes gallicus (Strassmann et al. 2003).
All these typically have single-mated queens (table Al). In
the hornet V. crabro, workers from queenright nests have
also been observed leaving the nest and building a small
nest nearby where they then rear their own males (Ham-
ilton 1972, p. 209; Bourke 1988b).

Worker-Dominance Behavior Limits Successful
Worker Reproduction

Dominance behavior and mutual egg eating among re-
productive workers is widespread (table A1), and this can
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also limit successful worker reproduction. For example, in
the tree wasp D. sylvestris, egg-laying workers selectively
eat and replace other workers’ eggs (T. Wenseleers, A. To-
filski, F. S. Nascimento, and E. L. W. Ratnieks, unpublished
manuscript). Because the queen’s eggs are not replaced
and the workers mutually destroy each other’s brood, the
queen’s share of male production is actually increased.
Hence, mutual egg eating among egg-laying workers can
have an effect similar to normal worker policing by non-
egg-laying workers despite being selected for purely selfish
reasons—to replace nephews by sons, which is always fa-
vored (T. Wenseleers, A. Tofilski, F. S. Nascimento, and F.
L. W. Ratnieks, unpublished manuscript). Aggressive dom-
inance hierarchies among the workers can similarly limit
successful worker reproduction to just one or a few work-
ers (Heinze et al. 1997; table Al).

Workers Can Be Selected to Police Each Other or Refrain
from Laying Eggs Even under Single Mating

Finally, there are also several factors that can select for
workers to police each other or to refrain from laying eggs,
even when they are more related to other workers’ sons.
There are two factors that can cause this.

Colony-Level Costs of Worker Reproduction. Worker re-
production frequently has a colony-level cost, because re-
productive workers usually work less or not at all (e.g.,
Cole 1986; reviewed in Wenseleers et al. 2004b) or because
worker reproduction may result in inefficiencies in brood
rearing, such as when many more male eggs are laid than
can be reared (Wenseleers et al. 2004b). As a result, worker
policing can have colony-level benefits, particularly if po-
licing occurs through aggression and causes reproductive
workers to work rather than reproduce (e.g., in A. smythiesi
[Iwanishi et al. 2003] and P. punctata [Hartmann et al.
2003]). Theory has shown that if worker policing has
colony-level benefits, it can be selected for even under
single mating (Ratnieks 1988). Theory has shown that
when worker reproduction has a very high colony-level
cost, it can also select for workers to completely refrain
from egg laying (Cole 1986; Wenseleers et al. 2004b). Nev-
ertheless, an inclusive fitness model showed that under
single mating, such self-restraint can occur only when a
single reproductive worker would reduce colony produc-
tivity by more than 25% (Wenseleers et al. 2004b). This
is unlikely for most species, except for those with extremely
small colonies in which the cost exacted by a single non-
working reproductive worker might indeed be as high as
25% (e.g., in the Sphecid wasp Microstigmus comes, which
can have colonies of only three or four females [Ross and
Matthews 1989]).

In another efficiency-based argument, Pirk et al. (2004)

have argued that worker-laid eggs in the honeybee are
inviable and that worker policing can be explained simply
as the removal of dead (worker-laid) eggs. This hypothesis,
however, is weak for several reasons (Beekman and Old-
royd 2005). First, research has shown that in both the
honeybee and the common wasp, worker-laid eggs nor-
mally do not have lower viability than queen-laid eggs
(Ratnieks and Visscher 1989; Beekman and Oldroyd 2005;
Helanteri et al. 2006). Second, in the honeybee, egg via-
bility has been shown not to affect policing because queen-
laid eggs that have been killed by suffocation with CO,
gas are not policed (Beekman and Oldroyd 2005). Finally,
worker-laid eggs are routinely reared in queenless colonies
of many species (Bourke 1988b).

Interaction with Queen-Worker Conflict over the Sex
Ratio. Theory has shown that worker policing may also
be selected for under single mating if it allows the workers
to bias the sex ratio toward females (the worker optimum;
Trivers and Hare 1976) at low cost by the removal of
worker-laid eggs, which are exclusively male (Foster and
Ratnieks 2001b). A preliminary model has shown that sex
ratio costs can, under some circumstances, even select
workers to refrain from laying eggs (T. Wenseleers and P.
Pamilo, in preparation). Sex ratio benefits are particularly
likely in ants and Vespidae wasps where the rearing of
workers’ sons is traded off against the rearing of the
queen’s offspring of both sexes, as in these species brood
are reared in piles (ants) or in the same cells (wasps). In
contrast, in the honeybee, males are reared in special large
cells so that the elimination of a worker-laid egg from a
cell provides an opportunity for the rearing of a queen’s
son.

Sex ratio considerations are also likely to explain why
worker policing is generally not facultatively expressed as
a function of the colony kin structure. Facultative adjust-
ment of the sex ratio as a function of the colony kin
structure is well known in social Hymenoptera (Queller
and Strassmann 1998; Bourke 2005). For example, in the
wood ants Formica truncorum and Formica exsecta, work-
ers enhance their inclusive fitness by specializing in the
rearing of queens in colonies headed by a single-mated
queen versus males in colonies headed by a multiple-mated
queen (Sundstrom 1994; Sundstrom et al. 1996). This pat-
tern of facultative sex ratio adjustment results in a situation
that selects against worker reproduction, because in single
paternity nests, queen but not male production is favored,
and in multiple paternity nests, worker policing is expected
(Walin et al. 1998; Foster and Ratnieks 2001b).

Conclusion

In sum, our comparative analyses clearly demonstrate that
relatedness plays an important role in determining male
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parentage in social Hymenoptera, with workers generally
tending to rear males to which they are more related. Thus,
our analyses provide excellent support for both worker
policing theory and, more generally, kin selection (Ham-
ilton 1964; Ratnieks 1988). Nevertheless, the relatedness
asymmetry to workers’ versus queen’s sons is not the only
determining factor, and as we have argued, at least five
other factors can also favor worker policing or cause
worker reproduction to be absent in queenright colonies,
even in species with single-mated queens. One of these,
costs of worker reproduction at the colony level, was part
of the original theoretical article that also presented the
relatedness argument for worker policing (Ratnieks 1988).
Another factor, worker policing to bias the sex ratio, is a
more recent idea (Foster and Ratnieks 20015). Other long-
known factors, such as worker-dominance behavior
(Heinze et al. 1997), queen matricide (Bourke 1994), and
queen policing (Oster and Wilson 1978; Ratnieks et al.
2006), are also very relevant. An important task for the
future remains to determine which of these factors are
most relevant in particular species in setting observed lev-
els of male production by workers. Doing so will likely
lead to a better understanding of the great variation in
male production by workers that exists among species that
have single-mated queens.

Note Added in Proof

Recently, Moreau et al. (2006) have constructed a detailed
molecular phylogeny of ants. The phylogenetic relation-
ships given are slightly different than in figure 1. Never-
theless, using the phylogenetic relationships of Moreau et
al. (2006) does not qualitatively change any of our
conclusions.
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Appendix from T. Wenseleers and F.L.W. Ratnieks, "Comparative
Analysis of Worker Reproduction and Policing in Eusocial
Hymenoptera Supports Relatedness Theory"

(Am. Nat., vol. 168, no. 5)

Table A1l
Data on colony kin structure and the occurrence of queen and worker policing and worker dominance behavior
in 48 species of eusocial Hymenoptera

TAXON N [ Taiff Method  Queen Worker ~ Worker Aggression Refs. for
Species policing  policing  dominance or egg-eating? 7.,
behavior (A/E)
SWEAT BEES
Lasioglossum zephyrum 1 0.75* 0.125 A yes no no A+E 1
BUMBLEBEES
Bombus agrorum 1 0.75* 0.125 - yes no® yes?® A 2
Bombus ardens 1 0.75* 0.125 - yes ? yes A+E 3
Bombus bifarius 1 0.75* 0.125 (¢) ? ? yes A 4
Bombus ephippiatus 1 0.75* 0.125 - yes ? ? E 5
Bombus hypocrita 1 0.75* 0.125 - yes no® yes® A+E 6
Bombus impatiens 1 0.67  0.085 M yes no no E 7
Bombus lapidarius 1 0.75* 0.125 M yes no® yes® A+E 8
Bombus ruderatus 1 0.75* 0.125 - yes ? ? A+E 9
Bombus terrestris 1 0.75* 0.125 M yes no® yes”® A+E 10
STINGLESS BEES
Melipona bicolor 1.3 0.62  0.085 M yes no yes E 11
Melipona compressipes 1 0.75* 0.125 - yes no no E 12
Melipona favosa 1 0.75* 0.125 - ? no no 13
Melipona scutellaris 1 0.75* 0.125 M yes no no E 14
Melipona subnitida 1 0.75* 0.125 A ? no no - 15
Paratrigona subnuda 1 0.75* 0.125 M yes no no A+E 16
Scaptotrigona depilis 1 0.75* 0.125 - yes no no E 17
Scaptotrigona postica 1 0.73 0.115 M yes no no E 18
HONEYBEES
Apis cerana 1 035  -0.075 M [ yes ¢ no E 19
Apis florea 1 029  -0.105 M no yes ¢ no E 20
Apis mellifera 1 029  -0.105 M ¢ yesd no A+E 21
Apis mellifera capensis ¢ 1 0.30* 0°¢ M 2¢ yes?t no E 22
POLISTINAE WASPS
Polistes biglumis 1 0.75* 0.125 - ? no yes E 23
Polistes chinensis 1 0.75* 0.125 M+A yes no yes E 24
Polistes dominulus 1.4 0.56  0.072 M yes no yes E 25
VESPINAE WASPS
Dolichovespula arenaria 1 0.71*  0.104 A yes ? ? A+E 26
Dolichovespula media 1 0.71 0.105 M yes ? ? E 27
Dolichovespula maculata 1 0.75* 0.125 M yes no yes A+E 28
Dolichovespula norwegica 1 0.71 0.105 M yes no yes A+E 29
Dolichovespula saxonica 1 0.62  0.060 M yes 28 ? A+E 30
Dolichovespula sylvestris 1 0.68  0.090 M yes no yes A+E 31
Vespa crabro gribodi 1 0.67  0.085 M no yes ¢ no E 32
Vespula germanica 1 0.46  -0.020 M no yesd no E 33
Vespula rufa 1 0.58* 0.040 M yes no yes E 34
Vespula vulgaris 1 0.51  0.005" M no yes no E 35
ANTS
Acromyrmex echinatior 1 0.39 -0.055 M 2¢ yes ¢ no E 36
Aphaenogaster smythiesi 1 0.75* 0.125 M no yesd no A 37
Camponotus floridanus 1 0.75* 0.125 D 2c yes ¢ no E 38
Crematogaster smithii 1 0.71 0.105 M yes no no E 39
Diacamma sp.! 1 0.75* 0.125 (¢} yes yes yes A+E 40
Dinoponera quadriceps’ 1 0.75* 0.125 (¢} yes no yes A+E 41
Formica fusca 33 031  -0.0008" M no yes no E 42
Harpagoxenus sublaevis 1 0.75* 0.125 A yes no yes A 43
Leptothorax acervorum 2.1 0.52 0.083 M yes no no E 44
Leptothorax unifasciatus 1 0.75* 0.125 A+M no no yes A 45
Pachycondyla inversa 4.1 0.13  -0.014 M no yes no E 46
Platythyrea punctata © 1.1 1® 0° M yes yes 4 no A 47
Protomognathus americanus 1 0.68 0.090 M ? no yes A 48
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Note: Queen and worker policing are defined as the killing of worker-laid eggs or aggression towards reproductive workers by the queen
or non-reproductive workers. Worker dominance behavior is defined as worker egg-eating or aggression associated with direct repro-
ductive competition among egg-laying workers. Only policing and worker dominance behavior in queenright colonies are considered.
Policing can occur via aggression (A) or egg-eating (E) or both (A+E); Ne=effective number of queens; rw w=worker-worker related-
ness; rdiff=difference in relatedness between workers' sons and queen's sons; Method=method used to estimate relatedness: M (microsa-
tellites), A (allozymes), D (DNA fingerprinting), or O (pedigree relatedness, mating frequency determined through behavioral observa-
tion).

* Pedigree relatedness estimate; ® Worker egg eating does occur but is not differential and is usually carried out by egg-laying workers
(see notes below); © Presence of queen policing unknown since the queen did not have access to the eggs that were tested for survival; ¢
Reproductive workers very rare in queenright colonies; worker-laid eggs most likely eaten by nonreproductive workers; ¢ Workers pro-
duce diploid female offspring through thelytokous parthenogenesis (Anderson 1963; Heinze and Hoélldobler 1995; Schilder et al.
1999a,b). Since the relatedness to the worker's daughters is the same as to the mother's daughters (sisters), ra4=0; f In some colonies of A.
mellifera capensis, worker policing has been shown to be absent (Beekman et al. 2002) and policing is generally less effective than in A.
mellifera mellifera/ligustica (Pirk et al. 2003); ¢ Genetic analysis suggests that worker policing is present in multiple paternity colonies,
but this remains to be demonstrated by direct behavioral observation (Foster and Ratnieks 2000); " . is not significantly different from
zero; ' Colonies are headed by a single mated worker or 'gamergate’ (Monnin and Ratnieks 2001).

References for relatedness estimates: 1, 10, 14-16, 18-21, 24, 26-36, 39, 41-45 and 48: see Table A2; 2, 3, 5, 6, 9, 12, 13, 17 and 23: Formal
relatedness estimate not available, but single mating is the rule in bumblebees, stingless bees and polistine wasps (Peters et al. 1999;
Schmid-Hempel and Schmid-Hempel 2000; Strassmann 2001). In bumblebees, a male mating plug also prevents queens in some species
from mating multiply (Baer et al. 2001). In addition, putative evidence for multiple mating in a few species of stingless bees has been
overturned and has since been shown to be due to the accidental inclusion of drifted workers (Paxton et al. 2001a; Palmer et al. 2002); 4
Hobbs 1967; 7 Cnaani et al. 2002; 8 Schmid-Hempel and Schmid-Hempel 2000; 11 Peters et al. 1999; Effective number of queens and ra
were calculated from the worker-worker relatedness, assuming that queens are related by 0.5; 22 Moritz et al. 1999; 25 The relatedness
among gynes in the fall is r=0.56 (Queller et al. 2000) and the average relatedness among foundresses is G=0.44 (Queller et al. 2000).
From the formula r=(3+G.(N.-1))/4N., the mean effective number of queens can be estimated at N.=1.4. The difference in relatedness be-
tween workers' sons and queen's sons raig=rw-wm-rw-qn=twwl2-(14+G(N-1))/4N.=0.072 (Pamilo 1991). 37 Iwanishi et al. 2003; 38 Gadau et
al. 1996; 40 Kikuta and Tsuji 1999; Gamergates are single mated, since after mating, the genitals of the male and part of its abdomen re-
main attached to the female. This acts as a mating plug and prevents further matings; 46 Nest are usually polygynous and microsatellite
analysis has shown that the relatedness among queens G=0.097 (Kolmer et al. 2002) and that queens are multiple mated (harmonic
mean paternity k=2.4, K. Kellner, A. Trindl, J. Heinze and P. D’Ettorre, pers. comm.). In the most recent and extensive study, worker-
worker relatedness has been measured at r,.,=0.13 (K. Kellner, A. Trindl, J. Heinze and P. D’Ettorre, pers. comm.). From the formula
rww=(2+k)/(4kN,), the mean effective number of queens can be estimated at 4.1. Using these parameters, 7aig=r-wn-Tw-qn=Tw-w/2-(14+G(Ne-
1))/4N.=-0.014 (Pamilo 1991); 47 Schilder et al. 1999a

Notes with evidence used to infer presence or absence of policing: SWEAT BEES: L. zephyrum. Queens aggress workers with active
ovaries and eat worker-laid eggs (Michener and Brothers 1974, also see Batra 1968 and Buckle 1982). Workers do not usually kill eggs, so
there is no evidence for worker policing or worker dominance behavior. BUMBLEBEES: B. agrorum. A single reproductive worker was
observed to be repeatedly attacked by the queen (Brian 1951). The reproductive worker eventually succeeded in laying a few eggs. Re-
productive workers also show dominance behavior to each other (Free 1955, also see Brian 1952). Egg-eating by the queen or workers
was not observed (Brian 1951). B. ardens. The queen aggressed workers that attempted to kill her eggs and also aggressed egg-laying
workers and ate worker-laid eggs (Katayama 1997). Workers were also observed eating worker-laid eggs. This was probably linked to di-
rect competition over egg-laying since 3 out of 13 workers who were seen to eat eggs later laid eggs themselves (Katayama 1997). The
data are insufficient to determine whether worker policing by non-reproductive workers occurs, or whether all egg eating is by egg-
laying workers. The data show clearly that some egg-eating was by egg-laying workers. B. bifarius. Workers with active ovaries show
mutual aggression (Foster et al. 2004). No data on worker egg-laying or the fate of worker-laid eggs were presented. B. ephippiatus. The
queen has been observed to eat worker-laid eggs (J.I. Cuadriello-Aguilar, pers. comm.). B. hypocrita. Laying workers kill the queen's
eggs and other workers' eggs, and replace them by their own (Katayama 1974). Egg laying workers are also aggressive towards one an-
other. The queen was mildly aggressive towards egg-laying workers and sometimes pushed them off their cell to prevent them from lay-
ing eggs. However, she was not observed to eat any worker-laid eggs and in a few cases just added her own eggs to the workers' batch of
eggs (Katayama 1974). Hence, this species has worker dominance behavior, and a mild form of queen policing. B. impatiens. One
worker was seen to lay a batch of eggs, but the eggs were all eaten by the queen (Cnaani et al. 2002). The reproductive worker was also
aggressive towards the queen (Cnaani et al. 2002). No worker-worker aggression occurred in queenright colonies and worker oophagy
was not reported. B. lapidarius. Hoffer (1882-83), Lindhard (1912) and Plath (1923) showed that the queen aggresses egg-laying work-
ers and eats worker-laid eggs. Free et al. (1969) also reported that the queen attacks workers with active ovaries and workers that attempt
to build their own egg cups, and that she frequently kills worker-laid eggs. In addition, workers sometimes attempted to open existing
egg cups, and steal eggs from them, although the queen defended her eggs vigorously to prevent them from being eaten (Free et al.
1969). Workers with active ovaries also aggressed other workers to maintain their dominance position; workers with active ovaries,
however, were not aggressed by other workers. B. ruderatus. Queens have been observed to eat worker-laid eggs (Pomeroy 1979). How-
ever, no details on worker oophagy or aggression were given, so we consider it uncertain whether worker policing or worker dominance
behavior might also occur. B. terrestris. Worker egg-laying is common near the end of season (Sladen 1912; Cumber 1949; Free and But-
ler 1959; Roseler and Honk 1990; Bloch and Hefetz 1999). However, the queen aggresses egg-laying workers (Roseler and van Honk
1990) and the majority of the worker-laid eggs are eaten by the queen and by other egg-laying workers (Duchateau 1989, 1996; Velthuis
et al. 2002). Workers often destroy queen-laid eggs and then replace them by their own (van Honk and Hogeweg 1981; van Honk et al.
1981; Duchateau and Velthuis 1988; Bloch and Hefetz 1999). Aggression among egg-laying workers is also common (Van Doorn 1987;
Duchateau 1989). STINGLESS BEES: M. bicolor. Workers lay reproductive eggs, but competing reproductive workers frequently eat and
replace these by their own eggs (Velthuis et al. 2002; Koedam et al. 2006). The queen also eats worker-laid egg. Although these eggs were
initially thought to have a purely trophic function, they are in fact viable (Koedam et al. 2001). Hence, both worker dominance behavior
and queen policing occur. M. compressipes. Workers lay eggs of similar form to queen-laid eggs, presumably indicating that they are re-
productive and viable (Sakagami and Oniki 1963). All 18 eggs laid by workers, however, were observed to be eaten by the queen. In any
one cell, up to 6 workers successively oviposited, but after each worker oviposition, the queen ate the worker-laid egg. Eventually, all cells
contained queen-laid eggs. M. favosa. Worker production of males is widespread, with 94.5% of all adult males being workers' sons
(Sommeijer et al. 1999; Chinh et al. 2003). Eggs laid by workers are never eaten by other workers, implying that worker policing is absent
(Chinh et al. 2003). The eating of worker-laid eggs by the queen is also common, but most of these eggs are thought to be trophic and
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non-viable. M. scutellaris. Sommeijer et al. (1984) observed that a worker who had just laid a reproductive egg and was in the process of
sealing the cell was pushed aside by the queen. The queen then reopened the cell, ate the worker-laid egg and mounted the cell for egg-
laying. In that particular instance, however, the queen's oviposition attempt failed as she was pushed aside by another reproductive
worker before she could lay her egg. M. subnitida. Worker production of males is widespread, with c. 36% of the adult males being
workers' sons (Koedam et al. 1999, 2005, Table A2). Eggs laid by workers are never eaten by other workers, implying that worker polic-
ing is absent (Koedam et al. 1999, 2005). The eating of worker-laid eggs by the queen is also common, but most of these eggs are thought
to be trophic and non-viable. P. subnuda. Worker production of males is widespread in this species, with 64% of the males being work-
ers' sons (T6th et al. 2002a). Worker reproduction proceeds in an unusual way. Workers reopen sealed cells and drop in reproductive
eggs through a small hole in the cell (T6th et al. 2002a). The queen also sometimes aggresses workers while they are doing this. This im-
plies the presence of a form of queen policing. Nevertheless, the strategy of reopening cells evidently makes it much harder for the queen
to effectively police the workers. Workers never interfere with other egg-laying workers. Workers also lay eggs in approximately one in
four cells before cells are sealed, and these eggs are always eaten by the queen. It is unknown, however, whether these eggs are viable. S.
depilis. da Silva et al. (2001) showed that workers lay both trophic and reproductive eggs. The trophic eggs could be distinguished by
their more flaccid and rounder appearance. The queen, however, always ate both types of eggs, before laying her own egg. S. postica. As
in S. depilis, workers in this species were found to lay both trophic and reproductive eggs (Bego 1990). Workers were observed to lay 118
trophic and 73 reproductive eggs. Out of the 73 reproductive eggs, however, 69 were eaten by the queen (Bego 1990). This implies that
the queen policed worker reproduction through the eating of the workers' eggs. Competition among egg-laying workers sometimes re-
sulted in up to 5 eggs being laid in a single cell. Workers were also found to lay more eggs when the colony was in a male producing pe-
riod, that is, when the queen was laying haploid eggs. This would reduce the cost of worker reproduction as workers' sons would be
traded off against queen’s sons and not against new workers, who are part of colony female reproduction via swarm production.
HONEYBEES: A. cerana. Worker-laid eggs from queenless nests are preferentially removed compared to queen-laid eggs when intro-
duced into queenright discriminator colonies (Oldroyd et al. 2001). In the experiments performed, queens had access to the eggs that
were tested for survival. Hence, although most of the eggs are probably killed by the workers, it cannot presently be excluded that the
queen also polices some of the worker-laid eggs. A. florea. Worker-laid eggs from queenless nests are preferentially removed when in-
troduced into queenright colonies (Halling et al. 2001). In the experiments performed, queens had access to the eggs that were tested for
survival. Nevertheless, queen policing was inferred to be absent, since during the experiments, the queen was not observed on the intro-
duced drone comb. By contrast, workers were observed inserting their heads into cells, removing eggs, and eating them on several occa-
sions. A. mellifera. In three races of Apis mellifera, A. mellifera mellifera, A. mellifera ligustica and A. mellifera scutellata, it has been
shown that worker-laid eggs from queenless nests are preferentially removed when introduced into queenright colonies (A. m. m., A. m.
ligustica or hybrid: Ratnieks and Visscher 1989; Ratnieks 1995; Visscher 1996; Katzav-Gozansky et al. 2001; Miller and Ratnieks 2001;
Martin et al. 2002b, 2005; Halling and Oldroyd 2003; Beekman et al. 2004; Beekman and Oldroyd 2005; A. m. scutellata: Beekman et al.
2002; Martin et al. 2002a; Neumann et al. 2003; Pirk et al. 2003). In all these experiments, the queen was denied access to the eggs under
test by using a queen excluder. Hence, all the observed policing was carried out by workers. At present, it is unknown whether queens
ever police worker-laid eggs. Velthuis et al. (2002) and Pirk et al. (2004) suggested that worker-laid eggs have lower viability than queen-
laid ones, and that workers merely police dead eggs. This idea, however, has since been disproven (Beekman and Oldroyd 2005). Rat-
nieks (1993) showed that eggs that are naturally laid by workers in queenright colonies are also quickly removed. Finally, it has been
shown that reproductive workers from queenless colonies are aggressed by other workers when introduced into queenright colonies
(Visscher and Dukas 1995; Dampney et al. 2002). A. mellifera capensis. In the Cape honeybee, workers can produce diploid female off-
spring through thelytokous parthenogenesis (Anderson 1963). Since the relatedness to sister workers’ daughters is the same as to the
mother's daughters (sisters), raz=0, and worker policing should not be selected for on relatedness grounds (Greeff 1996). Genetic analy-
sis has shown that unpoliced worker-laid brood indeed is common in this species (Moritz et al. 1999). Beekman et al. (2002) also showed
that out of three colonies of mixed A. mellifera scutellata and A. mellifera capensis race, introduced worker-laid eggs were not differen-
tially policed in the colony where workers were most capensis-like, but were in the two other where workers were more scutellata-like.
Pirk et al. (2003), by contrast, concluded that introduced worker-laid eggs were differentially policed in A. m. capensis. Nevertheless, the
policing was much less effective than in A. mellifera mellifera (ca. 50% effective in A. m. capensis vs. 98% effective in A. m. mellifera). On
relatedness grounds, a low level of worker policing may also remain to be selected for if workers not only produce female but also male
eggs. Genetic analysis has shown that this can be the case (Moritz et al. 1999), particularly in colonies of mixed A. mellifera capensis and
A. m. scutellata race. In our analysis, however, we assumed that workers only produce female offspring and hence that r47=0. Microsatel-
lite analysis of one capensis colony showed that the effective queen mating frequency was 10.1, giving r,,=0.30 (Moritz et al. 1999).
POLISTINAE WASPS: P. biglumis. Yamane (pers. comm.), cited in Miyano (1983), mentions that egg-laying workers in this species com-
pete for reproduction by eating each other's eggs. P. chinensis. Both the queen and the workers remove worker-laid eggs (Saigo and Tsu-
chida 2004). However, when workers eat each others’ eggs they always immediately replace the killed egg by one of their own. The per-
centage of eggs that are worker-laid can be very high, sometimes approaching 100% (Miyano 1983; Tsuchida et al. 2003; Saigo and Tsu-
chida 2004). P. dominulus. In this species, the queen polices worker-laid eggs and workers also replace other workers' eggs with their
own eggs (Liebig et al. 2005). VESPINAE WASPS: D. arenaria. The queen commonly eats worker-laid eggs (Greene et al. 1976; Greene
1979). It has also been observed that ovipositing workers may be chased over the comb by the queen and that they may be vigorously
mauled by her if caught (Greene 1979). D. media. Foster et al. (2001) mention that the queen may police worker-laid eggs. D. maculata.
The queen commonly eats worker-laid eggs and may aggress egg-laying workers (Greene 1979). D. norwegica. Worker-laid eggs are re-
moved both by the queen and by other competing egg-laying workers (T. Wenseleers, A. Tofilski, F.S. Nascimento, K. Vuerinckx and
F.L.W. Ratnieks, unpublished data). The queen may also aggress workers with active ovaries. In addition, aggression among egg-laying
workers is common. D. saxonica. Foster et al. (2001) mention that the queen may police worker-laid eggs. Genetic analysis also suggests
that worker policing is facultatively expressed in multiple paternity colonies (Foster and Ratnieks 2000). However, this remains to be
confirmed by direct behavioral observation. D. sylvestris. An initial study showed that worker-laid eggs were removed both by the queen
and by other workers (Wenseleers et al. 2005b). However, a later analysis showed that 95% of the eggs eaten by workers were removed
by workers who themselves laid eggs (T. Wenseleers, A. Tofilski, F.S. Nascimento, K. Erven and F.L.W. Ratnieks, unpublished manu-
script). Hence, the worker egg-eating is caused by direct reproductive competition and is not genuine worker policing. The queen may
also aggress egg-laying workers and reproductive workers frequently fight each other. V. crabro gribodi. Worker-laid eggs from
queenless nests are differentially removed when introduced into queenright colonies (Foster et al. 2002). Since the queen did not visit the
comb with introduced eggs during the larger part of the trials, queen policing was probably absent. Since only c. 2% of the workers had
active ovaries in queenright colonies (Foster et al. 2000), most policing was probably carried out by non-reproductive workers. V. ger-
manica. Worker-laid eggs from queenless nests are differentially removed when introduced into queenright colonies (T. Wenseleers,
R.L. Hammond, K. Vuerinck, J. Billen and L. Keller, unpublished data). Since the queen did not visit the comb with introduced eggs
during the larger part of the trials, queen policing was probably absent. Since only c. 1.5% of the workers had active ovaries in queenright
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colonies, most policing was probably carried out by non-reproductive workers. V. rufa. In queenright colonies, 12% (28/232) of the eggs
were laid by workers (Wenseleers et al. 2005a). Out of the 28 eggs laid by workers, 11 were eaten by the queen and 8 were eaten by work-
ers. The remaining 9 eggs were not eaten (Wenseleers et al. 2005a). In 2 out of the 8 cases where a worker removed a worker-laid egg, the
policing worker laid an egg soon after (Table S1, Ratnieks et al. 2006). For the remaining 6 cases it was not known whether the policing
workers had active ovaries or not. Overall, these results show that most of the policing was by the queen and that egg eating by workers
probably reflected direct reproductive competition rather than true worker policing. V. vulgaris. Worker-laid eggs from queenless nests
are differentially removed when introduced into queenright colonies (Foster and Ratnieks 2001a). Experiments have shown that the
workers who police do not have active ovaries (T. Wenseleers and A. Tofilski, unpublished data). Since the queen did not visit the comb
with introduced eggs during the larger part of the trials, queen policing was probably absent (Foster and Ratnieks 2001a). It has also
been shown that worker-laid eggs have a similar viability as queen-laid ones (Helanter4 et al. 2006), thereby eliminating the possibility
that workers might police for hygienic reasons (Pirk et al. 2004). ANTS: A. echinatior. Worker-laid eggs collected from queenless colo-
nies were differentially removed by workers when introduced into queenright nests (Dijkstra and Boomsma 2004). Worker-laid eggs
were removed by non-reproductive workers, since all workers in queenright nests are effectively sterile (Dijkstra et al. 2005). The pres-
ence or absence of queen policing could not be studied. A. smythiesi. Reproductive workers from queenless colonies were preferentially
aggressed when introduced into queenright nests (Iwanishi et al. 2003). The attacking workers were non-reproductive, since workers in
queenright nests never have fully developed ovaries (Iwanishi and Ohkawara 2005) and are thought to only lay unviable, trophic eggs
(Iwanishi et al. 2003). The eggs laid by workers from queenless colony fragments were seen to be eaten by other workers and by the
queen. It is unknown, however, whether this egg-eating was differential, and whether it represented genuine queen or worker policing.
C. floridanus. Worker-laid eggs collected from queenless colonies were differentially removed by workers when introduced into nests
from which the queen was temporarily removed (Endler et al. 2004). Worker-laid eggs were almost certainly removed by nonreproduc-
tive workers, since workers in queenright nests do not lay eggs (Endler et al. 2004). The occurrence of queen policing could not been
studied due to the experimental design that was used, whereby the queen was temporarily removed. C. smithii. This species has a sub-
caste of large workers morphologically specialized to lay unfertilized eggs (Heinze et al. 1999). Because many of these worker-laid eggs
were eaten by the queen, these eggs were initially thought to have a purely trophic function (Heinze et al. 1999). However, a later genetic
study (Heinze et al. 2000) showed that a significant percentage of the adult males (11%, Table A2) were workers' sons, implying that
many of the eggs were in fact viable. Hence, egg eating by the queen is probably best interpreted as queen policing. Workers were not
seen to consume eggs laid by other workers. Diacamma sp. In this species colonies are headed by a single queen (who is actually a mated
worker or 'gamergate’) (Nakata and Tsuji 1996; Kikuta and Tsuji 1999). Studies on the occurrence of queen and worker policing are
slightly conflicting. On the one hand, Nakata and Tsuji (1996) reported that in natural queenright colonies there is only queen policing
and some worker dominance behavior, but no genuine worker policing. The fate of 9 eggs laid by workers could be followed, and 8 of
these were eaten by the gamergate; the remaining egg was added to the egg-pile. Workers in natural queenright colonies were never ob-
served to consume any eggs (Nakata 1995). Aggressive interactions were common, but mostly restricted to dominant, egg-laying work-
ers. Using an alternative approach, whereby reproductive workers from orphaned nests were introduced into queenright colonies, Ki-
kuta and Tsuji (1999) confirmed that the majority (89%) of the worker-laid eggs are eaten and that most of the egg-policing was by the
gamergate (60/89=67% of the eggs killed). However, the remainder of the eggs were eaten by workers. Kikuta and Tsuji (1999) show that
although some of the policing workers likely had active ovaries (especially when the policing was by workers from the orphaned colony
fragment), 32% of the worker policing was by workers from the gamergate-right colony fragment, none of whom had active ovaries.
Hence, the Kikuta and Tsuji (1999) study shows that there was a mixture of queen policing, worker dominance behavior and genuine
worker policing. Finally, a third study by Kawabata and Tsuji (2005) showed that reproductive workers from orphaned nests are also at-
tacked by non-reproductive workers when introduced into gamergate-right colonies. This implies that worker policing also occurs
through aggression. In our analysis, we therefore scored worker policing as being present, although the above discussion shows that in
natural colonies, this behavior may actually be rare. D. quadriceps. In this species colonies are also headed by a mated worker or 'gamer-
gate' (Monnin and Peeters 1997). 12 out of 18 worker-laid eggs were policed by the queen (Monnin and Peeters 1997). One gamergate-
laid and one worker-laid egg was also eaten by a subordinate worker, but since this type of egg-cannibalism was very rare and non-
differential, it does not represent genuine worker policing. The top-ranking unmated egg-layers also show aggressive interactions to-
wards workers of lower rank (Monnin and Ratnieks 2001). Hence, there is also worker dominance behavior. F. fusca. Egg-introduction
experiments showed that worker-laid eggs were policed by workers but not by queens (Helanterd and Sundstrom 2005). H. sublaevis.
Workers in queenright colonies lay eggs and reproductive workers engage in dominance interactions (Bourke 1988a). The queen also
aggresses reproductive workers (Bourke 1988a). Egg cannibalism by non-reproductive workers is thought to be absent. An allozyme
study was unable to demonstrate any adult worker-produced males (Bourke et al. 1988). Nevertheless, this may be due to a lack of power
(number of assignable males=29, Table A2). L. acervorum. Bourke (1991) reported that 4 out of 16 reproductive worker-laid eggs were
eaten by queens. In addition, the queens consumed 2 non-viable, trophic eggs laid by workers. It was further shown that the eating of in-
tact eggs was unique to queens and that workers never ate undamaged eggs. Although these observations of egg eating were from poly-
gynous nests, in which the queens also consumed eggs laid by other queens (Bourke 1991), it seems that the egg eating was discrimina-
tory, and hence represents genuine queen policing. Evidence for differential eating of worker-laid eggs comes from a comparison of the
percentage of male eggs and adults that are workers' sons. Based on the data in Bourke (1991) and assuming the queen laid male and fe-
male eggs in an equal ratio, 12.4% of the male eggs can be inferred to be worker-laid. By contrast, a microsatellite study showed that only
2.8% of the adult males are workers' sons (Hammond et al. 2003). This suggests that some of the worker-laid eggs are differentially re-
moved. On the other hand, in a genetic study, Hammond et al. (2003) found no difference between the proportion of male eggs and
adults that were workers' sons. Nevertheless, as acknowledged in that study, this may have been because the eggs that were genotyped
likely contained a bias of older eggs, so that the actual percentage of newly-laid male eggs that were workers' sons would have been un-
derestimated. Worker-worker aggression has also been noted in this species, although it could not be clearly connected to conflict over
egg-laying (Bourke 1991). L. unifasciatus. Queen and worker policing was absent, since worker-laid eggs from orphaned nests were not
differentially removed by either the queen or the workers when introduced into queenright colonies (N. Stroeymeyt, E. Brunner and J.
Heinze, pers. comm.). Egg-laying workers, however, received targeted aggression from other workers who later become dominant and
started laying eggs. Hence, worker dominance behavior does occur. P. inversa. Worker-laid eggs collected from orphaned nests were
differentially removed when introduced into queenright colonies (D'Ettorre et al. 2004). P. punctata. In this species, workers produce
diploid females from unfertilized eggs by thelytokous parthenogenesis, which results in a clonal colony structure (Heinze and Hélldobler
1995; Schilder et al. 1999a,b). All individuals are morphologically identical and equally capable of laying eggs, but each colony neverthe-
less contains only one, or rarely two, egg-layers (Schilder et al. 1999b). When additional reproductive workers from orphaned nests are
added to colonies they are attacked by other workers (Hartmann et al. 2003), and, when the introduced reproductive workers are older
than 2 months, also by the resident reproductive (Hartmann et al. 2005). P. americanus. Workers in queenright colonies lay eggs and
reproductive workers engage in dominance interactions (Heinze 1996). A microsatellite analysis showed that a large percentage, 41%, of
the adult males are workers' sons (Foitzik and Herbers 2001, Table A2), indicating that worker-laid eggs are not policed.
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Table A2

Data on colony kin structure and male parentage in 90 species of eusocial Hymenoptera

TAXON Colony class N, Tww T WPM  n. fim Ml Met SIV Refs.
Species or study

SWEAT BEES

Augochlorella striata (*) (eusocial cols.) 1 0.752 0.125 0.0 12 49 28.4 D NS 1
Lasioglossum laevissimum (*) 1 0.75? 0.125 52.0 83 108 54 A 2
Lasioglossum malachurum (*) 1.1 0.74 0.120 4.7 7 80 63.8 M 3
Lasioglossum zephyrum (*) 1 0.75*  0.125 15.0 14 176 88 A 4
BUMBLEBEES

Bombus hypnorum LP, study 1 1 0.65 0.075 0.0 7 162 81 M 5
Bombus hypnorum LP, study 2 1 0.75*  0.125 18.5 10 1,193 5955 M 6
Bombus hypnorum LP, comb. est. 1 0.71 0.105 16.4 17 1,355 6765 M NS¢
Bombus hypnorum HP 1 0.48 -0.010 0.0 1 71 35.5 M 5
Bombus hypnorum all 1 0.69 0.095 15.4 28 1,426 712 M

Bombus melanopygus (*) 1 0.75*  0.125 19.1 15 1,125  562.5% P 7
Bombus terrestris (%) study 1 1 0.75*  0.125 38¢ 32 1,501 1,3574 M 8
Bombus terrestris (*) study 2 1 0.75?% 0.125 4.8 10 395 395 M 9
Bombus terrestris (%) study 3 1 0.75? 0.125 2.3 5 1,853  926.5° P 10
Bombus terrestris (*) combined est. 1 0.75% 0.125 3.4 47 3,749  2,678.9 M+P

STINGLESS BEES

Austroplebeia australis 1 0.75*  0.125 7.0 1 94 70.5 M 11
Austroplebeia symei 1 0.75*  0.125 5.0 4 130 65 M 12
Melipona beecheii (*) 1 0.75? 0.125 0.0 13 108 54° M 13
Melipona favosa (*) 1 0.75?% 0.125 94.5 4 604 604 B 14
Melipona marginata 1 0.75*  0.125 37.1 3 41 205 M 15
Melipona quadrifasciata 1 0.75*  0.125 64.2 2 47 235 M 15
Melipona scutellaris 1 0.75*  0.125 283 5 46 230 M 15
Melipona subnitida (*) study 1 1 0.75? 0.125 39.3 17 300 150° A 16
Melipona subnitida (*) study 2 1 0.75? 0.125 33.6 3 292 292 B 17
Melipona subnitida (*) combined est. 1 0.75*  0.125 36.3 20 592 442 A+B 18
Paratrigona subnuda 1 0.75*  0.125 64.0 6 418 209° M 18
Plebeia droryana study 1 1 0.75*  0.125 0.0 1 19 9.5° M 15
Plebeia droryana (**) study 2 1 0.75*  0.125 16.2 14 281 1405 A 19
Plebeia droryana (**) combined est. 1 0.75*  0.125 15.2 15 300 150 M+A

Plebeia remota 1 0.75*  0.125 2.4 5 83 415* M 15
Plebeia saiqui 1 0.75*  0.125 0.0 3 66 33b M 15
Scaptotrigona postica study 1 1 0.72 0.109 13.1 8 160 1446 M 20
Scaptotrigona postica study 2 1 0.75*  0.125 18.5 3 62 310 M 15
Scaptotrigona postica combined est. 1 0.73 0.115 14.7 222 111°* M

Schwarziana quadripunctata 1 0.75*  0.125 0.0 16 314 157 M 21
Tetragona clavipes 1 0.75*  0.125 65.0 5 47 235 M 15
Trigona carbonaria 1 0.75*  0.125 0.0 1 20 10 M 22
Trigona clypearis 1 0.75*  0.125 0.0 4 46 42 M 23
Trigona hockingsi 1 0.75*  0.125 0.0 4 79 33 M 23
Trigona mellipes 1 0.75*  0.125 0.0 4 42 23 M 23
HONEYBEES

Apis cerana 1 0.35 -0.075 0.0 5 652 365 M 24
Apis dorsata 1 0.29 -0.105 0.0 4 660 521 M 25
Apis florea 1 0.29 -0.105 0.0 4 564 269 M 26
Apis mellifera (*) 1 0.29 -0.105 0.1 11 57,960 28,980 P 27
SPHECID WASPS

Microstigmus comes (*) 1 0.67 0.085 0.0 21 63 31.5 A 28
POLISTINAE WASPS

Brachygastra mellifica (**) 398  0.23 -0.135 0.0 4 60 30" M 29
Parachartergus colobopterus (**) 458 0.19 -0.155 0.0 5 200 100° M 30
Polybioides tabidus (**) 34 0.20 -0.150 2.0 5 247 1235 M 31
Polistes bellicosus 1.6 0.63 0.065 1.0 10 46 230 M 32
Polistes chinensis (*) 1 0.75*  0.125 51.1 22 563 4466 M 33
Polistes dorsalis 1 0.75*  0.125 0.0 6 51 255° M 32
Polistes fuscatus variatus (*) 1.5  0.50 0.020 0.0 4 53 26.5 A 34
Polistes gallicus 1 0.75*  0.125 0.0 5 31 155° M 35
Polistes metricus (*) 1.03 0.65 0.076 1.3 6 152 76 A 34
'VESPINAE WASPS

Dolichovespula arenaria (*) 1 0.712 0.104 17.0 9 472 236 A 36
Dolichovespula maculata 1 0.75*  0.125 20.9 7 202 1533 M 37
Dolichovespula media 1 0.71*  0.105 7.4 8 229 148 M 37
Dolichovespula norwegica 1 0.71*  0.105 2.6 8 206 151.8 M 37
Dolichovespula saxonica LP 1 0.65*  0.075 40.0 8 205 1432 M p=0004¢ 38
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Table A2 (Continued)

TAXON Colony class N, Tww T WPM  n. fim Ml Met SIV Refs.
Species or study

Dolichovespula saxonica HP 1 0.46*  -0.020 0.0 1 30 15 M 38
Dolichovespula saxonica all 1 0.62*  0.060 36.7 9 235 1582 M 38
Dolichovespula sylvestris 1 0.68*  0.090 9.8 10 220 1535 M 37
Vespa crabro flavofasciata (*) 1 0.72*  0.110 0.0 13 260 231 M 39
Vespa crabo gribodi 1 0.67*  0.085 0.0 14 282 176 M 40
Vespa ducalis (*) 1 0.75* 0.125 0.0 20 400 257 M 41
Vespa mandarinia (*) 1 0.70 0.100 0.0 20 400 321 M 42
Vespula germanica (**) 1 0.45? -0.024 0.0 4 255 190.1 M 43
Vespula maculifrons (*¥) 1 0.32 -0.090 0.0 15 1,446 172 A 44
Vespula rufa Lp 1 0.61° 0.056 3.3 9 211 1888 M NS¢ 45
Vespula rufa HP 1 0.44* -0.028 18.5 4 131 107.5 M 45
Vespula rufa (*) all 1 0.58* 0.040 11.1 13 342 296.3 M 45
Vespula squamosa (*) 1 0.40 -0.050 0.0 7 548 170 A 44
Vespula vulgaris 1 0.51 0.005 ¢ 0.0 9 270 171 M 46
ANTS

Acromyrmex echinatior (*) 1 0.35 -0.075 0.0 NA 232 116" M 47
Acromyrmex octospinosus (*) 1 0.33 -0.085 0.0 NA 122 66° A 48
Aphaenogaster carolinensis (*) 1 0.75*  0.125 0.0 6 42 21 A 49
Camponotus ocreatus (*) 1 0.75* 0.125 0.0 2 29 14.5 M 50
Colobopsis nipponicus (*) 1 0.75*  0.125 0.0 6 60 30 A 51
Crematogaster smithi 1 0.75* 0125 11.0 4 55 27.5 M 52
Cyphomyrmex costatus 1 0.75*  0.125 0.0 3 17 85° M 53
Cyphomyrmex longiscapus 1 0.75*  0.125 0.0 3 18 9° M 53
Dinoponera quadriceps (*) 1 0.75*  0.125 8.5 15 73.5 73.5 B 54
Dorylus molestus (*) 1.4 024° -0.103 0.0 8 176 126 M 55
Epimyrma ravouxi 1 0.75* 0125 0.0 7 47 27.5 M 56
Formica exsecta () LP, study 1 1 0.75° 0.125 10.0 2 20 10 A 57
Formica exsecta LP, study 2 1 0.62 0.060 0.0 35 409 205 M 58
Formica exsecta (**) LP, comb. est. 0.63 0.064 0.5 37 429 215 M+A NS

Formica exsecta HP 1 0.46 -0.020 0.0 3 30 15 M 58
Formica exsecta (**) all 1 0.62 0.060 0.4 40 459 230 M+A

Formica fusca (*) 33 031 -0.0008¢ 0.0 30 600 300° A 59
Formica rufa (*) LP 1 0.75 0.125 53 51 1020 510° A 60
Formica rufa (*) HP 1 0.50 0.000 3.9 28 560 280° A 60
Formica rufa (*) all 1 0.59 0.045 4.8 79 1580 790° A 60
Formica sanguinea (*) 1.2 0.56 0.030 32 5 63 31.5 A 61
Formica truncorum (%) 1 0.60 0.050 0.0 30 900 450° A 62
Harpagoxenus sublaevis (*) 1 0.75*  0.125 0.0 2 58 29 A 63
Iridomyrmex purpureus (*) 1 0.75*  0.125 0.0 2 14 7 A 64
Lasius niger (*) LP 1 0.64 0.070 9.4 16 307 1535 A 65
Lasius niger LP 1 0.69 0.095 1.9 33 157 107.5 M 66
Lasius niger (**) LP, comb. est. 1 0.67 0.087 4.4 49 464 261 M+A NS

Lasius niger HP. 1 0.45 -0.025 2.1 13 65 46.75 M 66
Lasius niger (**) all 1 0.63 0.063 3.9 62 529 307.75 M+A

Leptothorax acervorum MON 1 0.75*  0.125 2.3 11 242 2203 M NS 67
Leptothorax acervorum POL 36 028 0.005 4.6 8 86 65.9 M 67
Leptothorax acervorum all 21 052 0.083 2.8 20 328 2862 M 67
Leptothorax allardycei (*) 1 0.75*  0.125 35.8 1 114 114 B 68
Leptothorax nylanderi 1 0.59 0.045 2.5 33 163 81.5 M 69
Leptothorax unifasciatus 1 0.75*  0.125 2.7 10 80 73.4 M 70
Myrmica punctiventris 1 0.73 0.115 58.0 27 242 1627 M 71
Myrmica ruginodis (*) 1.7 049 0.060 0.0 30 289 144.5° A 72
Myrmica tahoensis MON 1 0.75*  0.125 65.1 9 35 21.5 M NS 73
Myrmica tahoensis POL 1.7 057 -0.025 84.8 2 13 8.25 M 73
Myrmica tahoensis all 1.1 072 0.098 70.6 11 48 2975 M 73
Nothomyrmecia macrops 1 0.61 0.055 0.0 6 21 18.6 M 74
Pogonomyrmex rugosus (*) 1 0.32 -0.090 0.0 19 198 155 M 75
Polyergus rufescens (*) 1 0.75*  0.125 100 4 170 1275 M 76
Protomognathus americanus 1 0.68 0.090 41.0 4 13 6.5° M 77
Rhytidoponera chalybaea (*) (queencols.) 1 0.75? 0.125 0.0 16 453 2265° A 78
Rhytidoponera confusa (*) (queencols.) 1 0.75*  0.125 0.0 16 213 106.5° A 78
Sericomyrmex amabilis 1 0.75*  0.125 0.0 2 19 9.5° M 53
Trachymyrmex cornetzi sp.1 1 0.75*  0.125 0.0 3 20 10° M 53
Trachymyrmex cf. zeteki 1 0.75*  0.125 0.0 4 30 15° M 53

Note: Data on 50 species are largely based on the review of Hammond and Keller (2004); data from a further 40 species, indicated by an
asterisk, are newly added. Double asterisks indicate cases where the Hammond and Keller (2004) estimate was altered due to the inclu-
sion of additional studies or reanalysis of the original data. Colony class: LP=low paternity; HP=high paternity; MON=monogynous;
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POL=polygynous; cols.=colonies; comb. est.=combined estimate; Ne=effective number of queens; rw w=worker-worker relatedness;
rdiff=difference in relatedness between workers' sons and queen's sons; WPM=percentage of worker-produced males; nc, nm and
na=number of colonies and absolute and assignable number of males assayed for male parentage; Met=method used to estimate WPM:
M (microsatellites), A (allozymes), D (DNA fingerprinting), P (recessive phenotypic marker) or B (behavioral observation);
SIV=significance of intraspecific variation in male parentage; NA=not available.

2 Pedigree relatedness estimate. A value of 0.75 was used for all species where colonies were headed by a single queen and genetic evi-
dence for multiple mating or frequent queen turnover were absent. This avoided spurious contrasts being introduced as a result of sam-
pling error on regression relatedness estimates. However, using regression relatedness throughout led to the same overall conclusions.
®Maximum-likelihood method used or number of assignable males not reported; it was conservatively assumed that there was only one
informative locus and that the power to detect workers' sons was 50%, giving #n.=n./2.  Some of these males were the offspring of work-
ers that had drifted from other colonies (Lopez-Vaamonde et al. 2004). ¢ Based on published correlations between relatedness and the
percentage of males that were workers' sons. ¢ rar was not significantly different from zero (see notes below).

References: I Mueller et al. 1994; 2 Packer and Owen 1994; 3 Richards et al. 2005; 4 Crozier et al. 1987; Kukuk and May 1991; 5 Paxton
et al. 2001b; R. Paxton, pers. comm.; 6 Brown et al. 2003; M. Brown, pers. comm.; 7 Owen and Plowright 1980, 1982; 8 Lopez-Vaamonde
et al. 2004; 9 Alaux et al. 2004; 10 Velthuis et al. 2002; M.J. Duchateau, pers. comm.; 11 Drumond et al. 2000; 12 Palmer et al. 2002; 13
Paxton et al. 2001a; 14 Sommeijer et al. 1999; Chinh et al. 2003; 15 Té6th et al. 2002b; 16 Contel and Kerr 1976; 17 Koedam et al. 1999;
Koedam et al. 2005; 18 Téth et al. 2002a; 19 Machado et al. 1984; 20 Paxton et al. 2003; 21 Téth et al. 2003; 22 Green and Oldroyd 2002;
23 Palmer et al. 2002; 24 Palmer and Oldroyd 2000; Oldroyd et al. 2001; 25 Palmer and Oldroyd 2000; Wattanachaiyingcharoen et al.
2002; 26 Palmer and Oldroyd 2000; Halling et al. 2001; 27 Visscher 1989; Estoup et al. 1994; Palmer and Oldroyd 2000; 28 Ross and Mat-
thews 1989; 29 Hastings et al. 1998; 30 Henshaw et al. 2000a; 31 Henshaw et al. 2002; 32 Arévalo et al. 1998; 33 Tsuchida et al. 2003;
Saigo and Tsuchida 2004; K. Tsuchida, pers. comm.; 34 Metcalf 1980; 35 Strassmann et al. 2003; 36 Foster and Ratnieks 2001b; F.L.W.
Ratniek and J.J. Boomsma, pers. comm.; 37 Foster et al. 2001; 38 Foster and Ratnieks 2000; 39 Takahashi et al. 2004b; 40 Foster et al.
2000; 41 Takahashi et al. 2002; 42 Takahashi et al. 2004a; 43 T. Wenseleers, R.L. Hammond, K. Vuerinckx, J. Billen and L. Keller, unpub-
lished data; see notes below; 44 Ross 1986; 45 Wenseleers et al. 2005a; 46 Foster and Ratnieks 2001a; 47 Bekkevold et al. 1999; number of
males genotyped: M.B. Dijkstra, pers. comm.; 48 Boomsma et al. 1999; Villesen et al. 1999; 49 Crozier 1974; 50 Goodisman and Hahn
2004; 51 Hasegawa 1994; 52 Heinze et al. 2000; 53 Villesen et al. 2002; Villesen and Boomsma 2003; 54 Monnin and Peeters 1997; 55
Kronauer et al. 2006; 56 Hammond and Keller 2004; 57 Pamilo and Rosengren 1983; 58 Sundstrom et al. 1996; Walin et al. 1998; 59
Helanterd and Sundstrém 2005; L. Sundstrom, pers. comm.; 60 Walin et al. 1998; L. Sundstrom, pers. comm.; 61 Pamilo 1982; Pamilo
and Rosengren 1983; 62 Sundstrom 1994; L. Sundstrém, pers. comm.; 63 Bourke et al. 1988; 64 Halliday 1983; 65 van der Have et al.
1988; 66 Fjerdingstad et al. 2002; Fjerdingstad et al. 2003; 67 Chan and Bourke 1994; Hammond et al. 2003; 68 Cole 1981; 69 Foitzik
1998; Foitzik and Heinze 2001; 70 Hammond and Keller 2004; 71 Herbers and Mouser 1998; 72 Walin et al. 1998; P. Seppi, pers. comm.;
73 Evans 1998; J. Evans, pers. comm.; 74 Sanetra and Crozier 2001; 75 Hammond et al. 2004; R.L. Hammond, pers. comm.; 76 Brunner
et al. 2005; 77 Foitzik and Herbers 2001; 78 Ward 1983

Notes on the procedures used to estimate relatedness and male parentage: Below we give some technical details on the procedures
used to estimate relatedness and the percentage of males that are workers' sons (WPM). For species that are not explicitly mentioned, es-
timates were taken directly from the review of Hammond and Keller (2004) or from the original published source. A worker’s son can be
identified using genetic markers whenever it contains an allele that could only be inherited from the queen’s mate. If a single informative
locus is available, this results in a detection power of 50%. Unless otherwise noted, all estimates of WPM take into account detection
power. SWEAT BEES: A. striata. We only included data from colonies headed by a primary queen ("eusocial colonies"), where no evi-
dence for worker reproduction was found (Mueller et al. 1994). In colonies which had lost the primary queen ("parasocial colonies"), and
where a mated worker had taken over reproduction, an estimated 9.3% of the males were the workers' sons (Mueller et al. 1994). Never-
theless, because such colonies experience a short period of queenlessness during which males could have been produced, data from para-
social colonies were not included. L. laevissimum. The regression relatedness of workers to the males reared was r,.,,=0.63, and signifi-
cantly higher than the value of 0.5 expected if all males were the queen's sons (Packer and Owen 1994). The proportion of males that
were the workers' sons i was estimated from the equation rv.»= (3/4)+(1-y) .(1/2), which gave y=0.52, i.,e. WPM=52%. BUMBLEBEES:
B. melanopygus. Estimate of WPM is based on the screening of 1,125 males using the Mendelianly inherited abdominal pile coloration
marker (Owen and Plowright 1980). Since the power to detect workers' sons differed among colonies, WPM was estimated using a
maximum-likelihood approach (Owen and Plowright 1982). B. terrestris. Estimate of WPM is based on two microsatellite studies
(Lopez-Vaamonde et al. 2004 and Alaux et al. 2004) and one study which used a heritable body color marker, created by crossing two
Bombus terrestris subspecies, B. terrestris terrestris and B. terrestris sassaricus (Velthuis et al. 2002). All three studies used a maximum-
likelihood approach to estimate WPM and gave good agreement, with 2.3-4.8% of the males being workers' sons. STINGLESS BEES: M. fa-
vosa. Behavioral studies show that 94.5% of the males are workers' sons (Sommeijer et al. 1999; Chinh et al. 2003). The colony kin struc-
ture of this species has not been studied using genetic methods. However, since single mating is the rule in stingless bees (Peters et al.
1999; Strassmann 2001), we set 7,,.,=0.75. M. subnitida. Male parentage has been investigated using allozymes (Contel and Kerr 1976)
and behavioral study (Koedam et al. 1999; Koedam et al. 2005). The estimate of WPM for the behavioral studies was taken directly from
the published sources. For the allozyme study, we calculated the average WPM based on 14 colonies with parental genotypes AB x A and
4 colonies with parental genotypes AA x B (or BB x A) (Contel and Kerr 1976). Two colonies which had fewer than 10 males genotyped
were excluded. For the 4 colonies where all workers were heterozygous, the parental genotypes were reconstructed in such a way that it
resulted in the most conservative estimate of WPM (e.g. if 9 males were A and 1 male B, the parental genotypes were assumed to be an
AA queen mated to a B male as opposed to a BB queen mated to an A male). Out of these 4 colonies, 3 had both A and B males present,
showing that worker reproduction was definitely present. For the remaining 14 colonies, WPM was estimated based on statistical devia-
tions from the 1 to 1 ratio expected under exclusive queen production of males. P. droryana. A microsatellite study based on the analy-
sis of 19 males from 1 colony was unable to detect male production by workers (T6th et al. 2002b). However, a larger allozyme study,
based on the analysis of 281 males from 14 colonies inferred that 16.2% of the males were workers' sons (Machado et al. 1984). This con-
clusion was based on statistically significant deviations from a 1 to 1 ratio expected under exclusive queen production of males in AB x A
crosses. Note that the putative evidence for multiple mating in a few species of stingless bees has since been overturned and has been
shown to be due to the accidental inclusion of drifted workers (Paxton et al. 2001a; Palmer et al. 2002). HONEYBEES: A. mellifera. The
estimate of WPM was based on the screening of 57,960 males using the cordovan marker (Rothenbuhler et al. 1968). This marker could
positively identify 50% of the workers’ sons. The study colonies all had the genotype cc (queen) x C, C, C....C (males). As a result all the
workers were Cc and half of their male offspring had wild type body color (C) and were detectable. All queen’s sons and half the work-
ers’ sons had cordovan body color (c). POLISTINAE WASPS: B. mellifica, P. colobopterus, P. tabidus (Epiponini). Hammond and Keller
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(2004) mention that "likelihood analysis showed that almost all males were queen-produced, although there was a possibility of a small
amount of worker reproduction. In view of this we set the proportion of worker-produced males to 5% for each species”. Here we used a
more exact approach, and used the overall, population-wide maximum-likelihood estimates of the proportion of males that were work-
ers' sons, which were 2% (Henshaw et al. 2000b), 0% (Hastings et al. 1998) and 0% (Henshaw et al. 2000a), respectively. Individual col-
ony-level maximum likelihood estimates could not be used as these were too uncertain for some colonies (Hastings et al. 1998; Henshaw
et al. 2000a; Henshaw et al. 2002). In the Epiponini, worker policing remains to be directly shown, although oophagy of worker-laid eggs
has been observed in Protopolybia acutiscutis (Naumann 1970) and P. exigua (Simdes 1977). P. chinensis. The published value for WPM
of 39.1% (Tsuchida et al. 2003) had not been corrected for the power the power to detect workers' sons, 79.3% (K. Tsuchida, pers.
comm.). The corrected value for WPM is 51.1%. VESPINAE WASPS: V. germanica. Based on the analysis of 255 males from 4 colonies us-
ing ca. 2 informative microsatellite markers, all males were found to be queen's sons (T. Wenseleers, R.L. Hammond, K. Vuerinckx, J.
Billen and L. Keller, unpublished data, #,=190.1). All 4 colonies had an effective paternity greater than 2 and the harmonic mean effec-
tive paternity was 2.93. Another less extensive study (1,=62.2) also supported queen production of males for 11 out of 12 colonies
(Goodisman et al. 2002). For the 12 colony, however, data were either consistent with two matrilines being present as a result of queen
takeover (Wenseleers et al. 2005a), or with worker parentage of some of the males (Hammond and Keller 2004). Because of this ambigu-
ity, the Goodisman et al. (2002) study was excluded. The worker-worker relatedness that is given is a weighted average of the relatedness
in 17 colonies analyzed by Goodisman et al. (2002) (r.-»=0.46) and in 4 colonies analyzed by Hammond et al. (in prep.) (rv.,=0.42), giv-
ing r,.,=0.45 and ra=-0.024. V. rufa. Colonies were split into those with effective paternity <2 and >2, and WPM was estimated for
these two colony classes based on the original microsatellite data (Wenseleers et al. 2005a). V. vulgaris. raz was 0.005, and not signifi-
cantly different from zero (95% confidence limits: [-0.015,0.025], Foster and Ratnieks 2001a). ANTS: D. quadriceps. Colonies of this spe-
cies are headed by a single queen (who is actually a mated worker or 'gamergate’) (Monnin and Peeters 1997). Behavioral study showed
that the percentage of eggs laid by workers p is 14.0% (18/129) (Monnin and Peeters 1997). The probability that queen-laid eggs were
reared into adulthood was 5,=0.975, since 39 out of 40 of her eggs were added to the egg pile without being eaten. The probability that
worker-laid eggs were reared into adulthood, however, was lower, 5,=0.28, since only 5 out of the 18 worker-laid eggs escaped being po-
liced by the queen (see notes of Table A1). The 5 eggs, however, did develop, since they remained in the egg pile until they darkened, and
darkened eggs were never observed to be eaten (Monnin and Peeters 1997). Assuming that the gamergate laid male and female eggs in
approx. an equal ratio WPM=p.su/(p.su+(1-p).(1/2).55)=8.5%. This is a conservative estimate since the gamergate's eggs would mostly
have been female, and destined to be reared into more workers. Behavioral observation has shown that gamergates in this species are
single mated, since after mating, the genitals of the male and part of its abdomen remain attached to the female. This acts as a mating
plug and prevents further matings (Monnin and Peeters 1998). Note that worker policing via egg-eating in this species is also absent
(Table A1). F. exsecta. In an allozyme-based study, one out of 20 males collected from two colonies with informative genotypes was the
son of a worker (Pamilo and Rosengren 1983). Another microsatellite-based study found no evidence for worker reproduction in this
species (Sundstrom et al. 1996; Walin et al. 1998). Based on the two studies combined, the estimate of WPM is 0.4%. A low level of
worker reproduction is also supported by a forthcoming microsatellite-based study (C. Liautard, E. Vitikainen and L. Sundstrom, pers.
comm.). F. fusca. Absence of worker reproduction was inferred based on allozyme genotyping of 30 monogynous colonies (L. Sund-
strom, pers. comm.). Based on microsatellite analysis, however, the mean effective queen number N. and queen-queen relatedness G
across two study populations has been measured at 3.25 and 0.455 (Hannonen et al. 2004). This gives a mean y.,=(3+G(N.-1)/4N.=0.31
and rag=rw-wm-Tw-gn=rw-w/2-(1+ G(Ne-1))/4N.=-0.0008 (Pamilo 1991). Because ras was actually slightly greater than zero in one of the study
populations and slightly below zero in the other, we considered ra to be not significantly different from zero (Hannonen et al. 2004;
Helanterd and Sundstrém 2005). F. rufa. Colonies were divided in those headed by multiple-mated and single-mated queens (Walin et
al. 1998, L. Sundstrom, pers. comm.). Out of 28 colonies headed by multiple-mated queens, two had evidence for worker reproduction,
and 11 out of 560 males were workers' sons. Out of 51 colonies headed by single-mated queens, six had evidence for worker reproduc-
tion, and 27 out of 1020 males were workers' sons. The exact power to detect workers' sons across all colonies was unknown, but we con-
servatively assumed it was 50%. This gave an estimate of WPM for the single-paternity and multiple-paternity colonies of 5.3% and 3.9%
and 4.8% overall. H. sublaevis. For this species, we only included two colonies for which all workers were heterozygous and which were
actually informative (Bourke et al. 1988). L. niger. WPM was estimated based on a microsatellite (Fjerdingstad et al. 2002; Fjerdingstad
et al. 2003) and an allozyme study (van der Have et al. 1988). For the latter study, Van der Have et al. (1988) inferred that worker-
produced male pupae were present in two out of 16 queenright colonies for which loci were informative. The maximum-likelihood esti-
mates of WPM for those two colonies were that 70% and 100% of all males were workers' sons, giving an overall estimate of
WPM=9.44%. The effective paternity estimates were below 2 for all colonies. Estimates were combined with those of Fjerdingstad et al.
(2002, 2003) using weighted averages. L. allardycei. Using a color dye, it was shown that the percentage of eggs laid by workers p is
21.8% (41/187) (Cole 1981). Given that these eggs underwent normal development, and assuming that the queen laid male and female
eggs in an equal ratio, WPM=p/(p+(1-p).(1/2))=35.8%. This is a conservative estimate since the queen's eggs probably contained a ma-
jority of female worker-destined eggs. The colony kin structure of this species has not been studied using genetic methods. However,
colonies are always headed by a single queen and queens of other leptothoracine ants have generally been shown to be single mated
(Heinze et al. 1997, Table A2). Hence, we set ,.,=0.75 and rai=0.125. L. unifasciatus. The percentage of worker-produced males WPM
was estimated based on the genotyping of eggs rather than adult males (Hammond and Keller 2004). Nevertheless, because both worker
and queen policing has been shown to be absent in this species (Stroeymeyt et al. 2006), the percentage of adult worker-produced males
is probably the same. In addition, the genotyped eggs likely contained mostly older eggs. M. tahoensis. In Hammond and Keller (2004)
the overall relatedness of the monogynous and polygynous colony classes combined was lower than that of each class individually, which
is impossible. Here, the correct overall relatedness estimate is given. R. chalybaea and R. confusa. We only included data from colonies
headed by a primary queen, where no evidence for worker reproduction was found (Ward 1983). In colonies which had lost the primary
queen, and where one or several mated workers had taken over reproduction, a small percentage of the males were inferred to be the
workers' sons (Ward 1983). Nevertheless, because such colonies experience a short period of queenlessness during which males could
have been produced, data from the latter type of colonies were not included.
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