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Uneven sharing of reproduction (reproductive skew) among members of a cooperative animal society is
one of the key features associated with advanced sociality and task specialization. Allocation of reproduc-
tion varies greatly among taxa, and reproductive skew models are evolutionary models that aim at explain-
ing this variation. We tested reproductive skew theory using the Australian social allodapine bee Exoneura
robusta. Reproductive skew was negatively correlated with relatedness, as predicted by the so-called tug-of-
war model and the restraint model. Both models assume that a dominant breeder in a society does not
have full control over the allocation of reproduction among group members, in contrast to classical con-
cession models. Overall, the tug-of-war model seems to account better for the evolution of reproductive
sharing in E. robusta than the restraint model. However, neither model can be ruled out, and a tug-of-
war as well as a restraint model mechanism could apply in parallel in newly founded and overwintered
colonies, respectively. This raises the possibility that skew models are not mutually exclusive and points
to a more dynamic view on reproductive partitioning among breeders of an animal society.

� 2005 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Animal societies show great variation in the partitioning
of reproduction among group members (Keller & Reeve
1994). Partitioning can range from strictly equitable
breeding (referred to as low reproductive skew) to extreme
reproductive skew such as in Atta ant colonies with a single
breeder for up to 2.5 million nonreproducing individuals
(Rettenmeyer & Watkins 1978; Hölldobler & Wilson
1990). Reproductive skew models are evolutionary models
that provide theoretical explanations for this variation
(Emlen 1982; Vehrencamp 1983; Reeve & Ratnieks 1993;
Keller & Reeve 1994; Reeve & Keller 1995; Cant 1998;
Reeve 1998, 2000; Reeve et al. 1998; Johnstone & Cant
1999a, b; Johnstone et al. 1999; Kokko & Johnstone
1999; Ragsdale 1999; Cant & Johnstone 2000; Crespi &
Ragsdale 2000; Reeve & Emlen 2000; Reeve & Jeanne
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2003). Reproductive skew theory is furthermore broadly
applicable to many other aspects of social evolution (e.g.
Cant & Johnstone 2000; Hamilton 2000; Reeve 2000),
making it a potential harbinger of a unified theory of so-
cial behaviour (Keller & Reeve 1994; Sherman et al. 1995).
Reproductive skew models can be put into two classes

on the basis of their assumptions (Johnstone 2000; Reeve
& Keller 2001). Transactional models make the assump-
tion of a pre-existing hierarchy among breeders; so there
is a dominant and a subordinate individual in the simplest
case of a two-breeder society. Accordingly, two main types
of transactional models exist. If the dominant controls the
allocation of reproduction, the so-called ‘concession’
models (Emlen 1982; Vehrencamp 1983; Reeve & Ratnieks
1993) predict that this dominant should yield just enough
reproduction to a subordinate to make it favourable for
the latter to stay in the group and cooperate peacefully,
rather than to leave the group and reproduce indepen-
dently. Dominants in two or more colonies can also com-
pete for the services of a helping subordinate, a special
case which is described in the so-called ‘bidding game’. Al-
ternatively, if the subordinate controls reproductive ap-
portioning within the group (while the dominant
controls groupmembership), the so-called ‘restraint’model
(Johnstone & Cant 1999a) predicts that the subordinate
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should capture the largest share of reproduction that the
dominant will tolerate before ejecting the subordinate.
In both cases, one individual yields some reproduction
to the other as an incentive to stay and cooperate peace-
fully, and group members thus engage in a sort of ‘social
contract’ (Keller & Reeve 1994). In contrast, tug-of-war
models (Cant 1998; Reeve et al. 1998; Johnstone & Cant
1999b) do not make the assumption that either individual
is able to control fully the allocation of reproduction. As
a result, reproductive skew in a society is the outcome of
a struggle over reproduction, which takes place at the ex-
pense of total group productivity.
In contrast to the abundance of theoretical models and

model extensions (reviewed in Johnstone 2000), compar-
atively few studies have tested the predictions of reproduc-
tive skew theory in animal societies. Such studies have
been conducted on a variety of invertebrate and vertebrate
species (Reeve & Nonacs 1992; Heinze 1995; Reeve & Kel-
ler 1995; Jamieson 1997; Field et al. 1998; Hogendoorn &
Velthuis 1999; Reeve et al. 2000; Tibbetts & Reeve 2000;
Clutton-Brock et al. 2001; Fournier & Keller 2001; Engh
et al. 2002; Haydock & Koenig 2002; Paxton et al. 2002;
Seppa et al. 2002; Sumner et al. 2002; Langer et al.
2004a), but no clear trend has emerged in favour of a par-
ticular model when considering all species (Reeve & Keller
2001). Experimental studies of further species are required
if the various assumptions of all theoretical models are to
be matched by variation among biological systems.
Our aim in this study was to test the predictions of

reproductive skew models in the facultatively social
allodapine bee Exoneura robusta by examining variation
in the relatedness (r) among breeders and the resulting
partitioning of reproduction in colonies. The classic con-
cession models predict a positive correlation between re-
latedness and skew, while the other models predict
alternative outcomes (Table 1). Exoneura robusta has
a number of important advantages for testing models of
reproductive skew. First, the species is primitively social
and has no morphological castes (Schwarz 1986; Schwarz
et al. 1998), hence avoiding the problem of having to dis-
tinguish between skew for reproductive and nonreproduc-
tive offspring (Reeve & Ratnieks 1993). Second, social
nesting is facultative, in that females have the option to
nest either solitarily or in groups (1–9 females per nest;
Schwarz 1986, 1987). Group stability is therefore variable
and can potentially influence the division of reproduction
as predicted by transactional models. Third, a high pro-
portion of nests contain two breeding females, the type
of association for which most reproductive skew models
have been developed, allowing a more direct comparison

Table 1. Predictions of the major skew models (Reeve & Keller 2001)

Reproductive skew model

Predicted association between

skew and breeder relatedness (r)

Concession models Positive
Bidding game None
Restraint model Negative
Tug-of-war models None or negative
of models with the biological system. Fourth, females nor-
mally nest with related individuals, but also associate with
unrelated individuals when no kin are available (Schwarz
& O’Keefe 1991b). Relatedness among breeders (r) should
therefore vary considerably in natural colonies. Fifth, this
species is considered univoltine (Schwarz et al. 1998), so
that it is unlikely that reproductive apportionment in
a nest might be influenced by a female’s breeding options
in subsequent years (Kokko & Johnstone 1999; Ragsdale
1999). Finally, E. robusta shows two broad forms of social
organization. In newly founded nests, all cofounding fe-
males are reproductive, making these colonies quasisocial
and without apparent hierarchies (Schwarz 1986). In con-
trast, in reused nests (i.e. nests entering their second or later
year of use) the first-eclosed female assumes a clear repro-
ductively dominant status, giving rise to semisocial colo-
nies (Schwarz & O’Keefe 1991b; Schwarz & Woods 1994;
Schwarz et al. 1998). In such overwintering nests, the
dominant female becomes a guard during autumn and
winter (Hogendoorn & Schwarz 1998) and prevents any
of her nestmates that have had extranidal contact with
unrelated males from re-entering their nests, thus exclud-
ing potential reproductive rivals (Bull et al. 1998).

The absence or presence of a dominant individual
within nests of the same species (newly founded or
overwintered nests, respectively) allows us to assess the
applicability of reproductive skew models, of which some
are based on the premise that there is a dominant in-
dividual that controls group membership. In contradic-
tion to the species’ suitability for testing variations in
relatedness (r) and reproductive skew, other parameters
predicted to influence reproductive sharing (such as x,
the subordinate’s solitary nesting success, or k, the produc-
tivity benefits of cooperative nesting, which are predicted
to affect skew under the concession, restraint and partly
under the bidding-game models; Reeve & Keller 2001)
show no natural variation and cannot be manipulated in
this species, partly because nesting sites are not a limiting
resource in natural populations, and cooperative nesting is
not a response to limited nesting sites (Schwarz 1994). We
therefore limited our analysis to comparing relatedness
and reproductive skew.

Previous studies of E. robusta estimated reproductive
partitioning among breeders from their ovary develop-
ment; hence no precise measures of skew exist. In this
study, we used newly developed microsatellite markers
(Langer et al. 2004b) to assign brood in two- and three-
female nests to the genetic mother(s), and we thus present
the first exact measures of reproductive skew in E. robusta.
We also attempted to manipulate breeder relatedness in
colonies as a potential tool to assess the effect of related-
ness on reproductive skew more rigorously.

METHODS

Two groups of colony samples were used for this study. We
used natural colonies collected in the wild to compare
relatedness and reproductive partitioning among breeders.
We also attempted to manipulate relatedness among
potential breeders in seminatural nests.
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Natural Colonies

We collected 40 naturally occurring nests from Toolangi
State Forest, 1 km southeast of Toolangi, Victoria, Australia,
on 19 January 2000. Brood development is highly synchro-
nized in this species (Schwarz et al. 1998), andnests collected
at this time contained parental-generation females and
their nearly mature brood, mostly comprising postfeeding
larvae and pupae. This meant that we retrieved each nest’s
total brood before they were able to disperse (Schwarz
1986). We sampled nests from areas with similar tree cover,
nesting site abundance, floral resources and insolation to
ensure that conditions during brood rearing had been sim-
ilar and that other factors potentially affecting skew were
comparable. We collected colonies from both newly
founded nests (established in the preceding spring) and
reused nests (>1 year old). These two nest types can be dis-
tinguished by the coloration of the nest lumen wall: newly
founded nests have a clean appearance with only yellow
traces of pollen, whereas reused nests have darkly mottled
coloration, including black and brown traces caused by the
ageing of pollen and nectar from the previous year’s brood-
rearing activities (Schwarz 1986).

Seminatural Colonies

In 1999, we attempted to influence relatedness in
natural colonies in the wild similar to a study in a close
sister species (Langer et al. 2004a), but our experiment
yielded a very restricted nest-founding rate after 1 year
(seven nests founded out of 200 nests set out). Because
of this limited success, we used a more controlled ap-
proach to manipulate relatedness by constructing semi-
natural nests containing related or unrelated females.
Following the methods of Schwarz (1986), we collected
63 natural nests at Toolangi State Forest between 23 and
27 September 2000. This was just before the natural dis-
persal and nest-founding period, which is restricted to ap-
proximately 2 weeks in this species (Schwarz 1986).
Colonies were taken to Flinders University, Adelaide,
South Australia, and opened in a controlled temperature
room (12 �C) to minimize bee activity.
Bees from the collected colonies were shared out among

seminatural nests, constructed by punching a hole (6 mm
in diameter and approximately 5 cm in length) into the
soft centre of an abscised tree fern frond, the natural nest-
ing substrate of E. robusta. These seminatural nests were
thus similar to the burrows naturally excavated by E. ro-
busta in the wild. Since nestmates are usually related
(Schwarz 1987), we constructed nests containing related
individuals by placing two females from the same source
colony into a frond (high-relatedness treatment). A total
of 27 related ‘colonies’ were constructed in this way. To
construct nests containing unrelated females (low-related-
ness treatment), we placed two females from remote
source colonies into a tree fern frond and assembled a total
of 27 ‘colonies’ in this treatment as well. For feeding, we
attached a small flight cage (4.5 cm long and 6 cm diame-
ter) to the entrance of each nest and inserted a capillary
tube filled with honey–water (50:50) as a food source.
We then allowed the females to settle in the tree fronds.
To simulate a normal circadian rhythm during this found-
ing period, we moved the nests from the controlled tem-
perature room (12 �C) into a warm chamber (22 �C) in
the morning and put the nests back into the 12 �C room
in the evening. After 2 weeks, most females had further
excavated the burrow and hence settled in the nesting
substrate.
On 15 October 2000, we put the fronds containing the

nests in an outside fenced compound (6 � 15 m) on the
campus of Flinders University. As the climate around Flin-
ders University is hotter than the natural habitat at Too-
langi State Forest, we chose shady areas under trees to
minimize heat stress. No natural populations of E. robusta
occur in this area, precluding any contamination of these
colonies with females from outside the experiment. The
breeding area was limited to a radius of 30 m and con-
tained no alternative substrate for nesting, but included
naturally occurring plants for feeding such as Acacia, Euca-
lyptus and several native flowering bushes (Hebe, Eremo-
phila and Hibbertia). This allowed us to control other
factors potentially influencing reproductive skew, such as
alternative nest site abundance or flower abundance,
and ensured similar brood-rearing conditions. Nests were
collected on 6 December 2000.

Dissection and Genetic Analyses

Before dissection and genetic analyses, we cooled the
bees to 4 �C which immobilizes them and makes them
numb. We then cut the abdomen and placed head and
thorax into vials containing 100% alcohol, while pulling
off the wings and gluing them onto sticky tape for
measurement. The abdomen was preserved in Kahle’s
solution for later dissection. To determine reproductive
skew among females, we genotyped the entire nest
contents (adults, brood and eggs, comprising 567 individ-
uals from 65 nests in total) at six highly polymorphic
microsatellite loci (R115, N60, N81, R74, N83 and R32r)
using previously reported conditions (Langer et al. 2004b).
Analysis of individuals with more than one nonamplify-
ing locus was repeated, and each individual was thus
scored between one and four times. Gels were analysed
several times by one to three independent persons to
check for consistency in genotype scoring. From dissected
adult individuals we recorded sizes of oocytes, insemina-
tion status, the presence of yellow bodies, wing length
and wing wear (Schwarz 1986).
The combined genetic and dissection data allowed us

unambiguously to identify breeding females and to de-
termine the maternity of offspring in all nests. Relatedness
between breeders was calculated with the program Re-
latedness 5.0.8 (Queller & Goodnight 1989). Given that
cofoundresses in natural nests are usually related (Schwarz
et al. 1998), we bias-corrected the population allele fre-
quency by nests to exclude putative relatives from contrib-
uting to the allele frequency. Nests were weighted equally
and standard errors of relatedness values were obtained by
jackknifing over loci (for within-nest relatedness) or over
colonies (for relatedness per treatment).
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Reproductive Skew and Productivity

For nests where several breeders and brood were present,
we used parentage data to calculate reproductive skew.
Among the different measures that quantify skew (re-
viewed in Nonacs 2003), we calculated the indices B
(Nonacs 2000), Bs (Nonacs 2003), S (Keller & Vargo
1993) and Sc (Keller & Krieger 1996). The conclusions
from each of these measures were identical, and we there-
fore only present skew using the B index. This index yields
positive values if skew among group members is higher
than expected under random allocation of reproduction,
zero if the allocation is random, and negative values if
the distribution of reproduction is more even than ex-
pected by chance. We assessed total reproductive skew, in-
cluding male and female offspring, because nests of
E. robusta contain low numbers of offspring (Schwarz
1994) and show a female-biased sex allocation ratio, espe-
cially in smaller nests (Schwarz 1988, 1994). The assess-
ment of total offspring per colony is justified by the
absence of a significant trade-off (Fournier & Keller
2001) among breeders for male and female production
in colonies (Pearson correlation between the relative con-
tribution of the most productive breeder to male and fe-
male production within each colony containing both
male and female offspring: r22 ¼ �0.19, P ¼ 0.36).
Overall, 55 nests contained sufficient females and brood

to calculate skew: of these, 48 nests contained two
females, six nests contained three and one nest contained
four breeding females. As we reached the same conclu-
sions when considering all multifemale nests or just the
two-female colonies, we present the results with all
multifemale nests together. Colony productivity is pre-
sented as the total number of offspring produced per nest.
However, results were identical when considering per
capita productivity, that is, brood production per female.

Statistical Analyses

Relatedness, skew and productivity values were tested
for normality with the extended Kolmogorov–Smirnov
test of Dallal & Wilkinson (1986) before the use of para-
metric tests. We also performed F ratio tests to verify equal
variances prior to any t test. When applying linear regres-
sions, we tested the residuals for normality and ensured
that the data points did not deviate from a straight line
by runs tests. Statistical tests are two tailed unless explicitly
stated (i.e. the power calculation for correlation takes
place in a given direction). Power analyses were done
with the program GPower from Erdfelder et al. (1996).

RESULTS

Analyses of pedigree and insemination status revealed that
the breeding females probably consisted of a mother and
her daughter in one natural and one seminatural nest. The
natural nest was a reused (overwintered) colony, and only
the daughter was reproductively active. In contrast, both
females (mother and daughter) had produced offspring in
the newly founded seminatural nest. These two nests were
excluded from the following analyses because a matrifilial
structure is expected to affect skew (Reeve & Keller 1995;
Reeve et al. 1998).

Natural Colonies

We retrieved 34 natural nests where skew could be
calculated (23 newly founded and 11 reused nests). Mean
breeder relatedness was r � SE ¼ 0.41 � 0.06 in newly
founded nests and 0.41 � 0.08 in reused nests, which
were not significantly different from each other (unpaired
t test: t32 ¼ 0.08, P ¼ 0.94). Overall, the average related-
ness was r ¼ 0.41 � 0.05, with individual relatedness
values per nest ranging from unrelated (r � SE ¼
�0.15 � 0.10) to highly related breeders (r ¼ 0.87 �
0.14). Reproductive skew in newly founded colonies was
B � SE ¼ 0.04 � 0.03 and not statistically different from
overwintered nests (B ¼ 0.06 � 0.05; unpaired t test:
t32 ¼ 0.48, P ¼ 0.63). Mean reproductive skew in natural
nests thus came to 0.04 � 0.03,marginally not significantly
different from zero (one-sample t test: t33 ¼ 1.72, P ¼ 0.09)
with a power of 0.39 (two-tailed power analysis: effect size
f ¼ 0.30, a ¼ 0.05, d ¼ 1.72, n ¼ 34).

Seminatural Colonies

We recovered 19 seminatural nests where skew could be
calculated (12 from the high-relatedness and 7 from the
low-relatedness treatments). Relatedness among breeders
ranged from r � SE ¼ 0.05 � 0.11 in the low-relatedness
treatment to 0.76 � 0.16 in the high-relatedness treat-
ment. Mean breeder relatedness was 0.38 � 0.05 in the
high-relatedness treatment and 0.31 � 0.12 in the low-re-
latedness treatment. Despite a tendency for higher related-
ness in the high-relatedness treatment, this difference was
not significant (unpaired t test: t17 ¼ 0.61, P ¼ 0.55); thus
mean relatedness in seminatural colonies was 0.35 � 0.05.
Reproductive skew did not differ significantly between the
high-relatedness (B � SE ¼ 0.11 � 0.05) and the low-relat-
edness (0.06 � 0.07) treatments either (unpaired t test:
t17 ¼ 0.58, P ¼ 0.57). The average reproductive skew in
seminatural colonies came to 0.09 � 0.04, significantly
greater than zero (one-sample t test: t18 ¼ 2.15, P < 0.05).

Combined Data

Since seminatural colonies showed no significant differ-
ences from natural colonies in either relatedness or skew
(unpaired t tests: all NS), we combined both groups of
nests and analysed data for all nests combined (N ¼ 53).
Of this data set, 42 colonies consisted of newly founded
nests and 11 colonies were reused (overwintered).

The mean relatedness over all nests (r � SE ¼ 0.39 �
0.04) was significantly greater than zero (one-sample t
test: t52 ¼ 10.77, P < 0.0001). Newly founded nests
(r ¼ 0.39 � 0.04) showed no significant difference from
reused colonies (r ¼ 0.41 � 0.08; unpaired t test:
t51 ¼ 0.23, P ¼ 0.82). Nests contained a mean � SE of
6.7 � 0.5 offspring per nest, of which the most productive
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female produced on average 4.7 � 0.4 offspring. Offspring
production among breeders was shared with an overall re-
productive skew of B � SE ¼ 0.06 � 0.02, a value signifi-
cantly greater than zero (one-sample t test: t52 ¼ 2.73,
P ¼ 0.009). When considered separately, reproductive
skew was significantly greater than zero in newly founded
colonies (B � SE ¼ 0.06 � 0.03; one-sample t test:
t41 ¼ 2.37, P ¼ 0.02), but not in reused nests (0.06 � 0.05;
t10 ¼ 1.29, P ¼ 0.22). However, this probably reflects a dif-
ference in sample size, as reproductive skew was similar in
(0.06), and not significantly different between, both types
of colonies (unpaired t test: t51 ¼ 0.02, P ¼ 0.98).
Across all colonies, we found a significant negative

correlation between relatedness and reproductive skew
(Pearson correlation: r51 ¼ �0.39, P ¼ 0.004; Fig. 1). The
correlation was also negative in newly founded and reused
colonies considered separately (Fig. 2), but reached signif-
icance only in newly founded nests (Pearson: r40 ¼ �0.45,
P < 0.003), whereas reused colonies showed a nonsignifi-
cant negative correlation (r9 ¼ �0.13, P ¼ 0.70). The pow-
er of this nonsignificant correlation in reused nests was
only 0.11, however (one-tailed power analysis: r ¼ 0.13,
a ¼ 0.05, d ¼ 0.44), and the linear regression line from
newly founded colonies was not statistically different
from the line from reused nests in slope (ANCOVA:
F1,49 ¼ 0.93, P ¼ 0.34) or elevation (F1,50 ¼ 0.02, P ¼ 0.90).
The mean number of offspring produced was similar in

natural (6.2 � 0.6, N ¼ 34) and seminatural nests
(7.5 � 0.8, N ¼ 19; unpaired t test: t51 ¼ 1.3, P ¼ 0.18).
Newly founded colonies did not show significantly differ-
ent offspring production (6.3 � 0.5, N ¼ 42) from reused
nests (8.0 � 1.2, N ¼ 11; unpaired t test: t51 ¼ 1.4,
P ¼ 0.16); thus overall mean productivity was 6.7 � 0.5
(N ¼ 53). The number of offspring per nest was not corre-
lated with reproductive skew (Pearson correlation:
r51 ¼ 0.21, P ¼ 0.13) or breeder relatedness (r51 ¼ 0.15,
P ¼ 0.27). This was also true for newly founded and reused
nests considered separately (Pearson correlations: all NS).
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Figure 1. Correlation between a nest’s reproductive skew and breeder
relatedness across all colonies (natural nests and nests from the relat-

edness treatment, N ¼ 53). Each symbol represents a colony; the

straight line shows the linear regression with its 95% confidence in-

terval (F1,51 ¼ 9.16, P ¼ 0.004). The slope of the linear regression is
�0.24 � 0.08, goodness of fit is r2 ¼ 0.15, and data points showed

no significant departure from a straight line (runs test: P ¼ 0.73).
DISCUSSION

Set-up in Natural and Seminatural Colonies

Our attempt to manipulate relatedness in seminatural
nests failed. Although breeders in the high-relatedness
treatment were slightly more related than in the low-
relatedness treatment, the difference was not significant.
This contrasts with an experiment conducted in the
closely related species Exoneura nigrescens where the
same manipulations led to significant differences in re-
latedness between treatment groups (Langer et al.
2004a).
The present experiment failed because of the occurrence

of related females in nests of the low-relatedness treat-
ment. In contrast, nests of the high-relatedness treatment
contained only related breeders as intended. The most
likely explanations for the presence of related breeders in
the low-relatedness treatment are nest switching and
teaming up of former nestmates. Nest switching is known
to occur in E. robusta, with entire colonies sometimes
moving into other established colonies in observation
nests (Melna & Schwarz 1994). In our set-up, colour-coded
nests from the high- and low-relatedness treatments were
set out in the same area during brood rearing to allow sim-
ilar conditions (see Methods). If two females of the high-
relatedness treatment moved into an abandoned nest of
the low-relatedness treatment, one would indeed retrieve
related females in the low-relatedness nest. The second po-
tential explanation for related breeders in the unrelated
treatment is teaming up of former nestmates. In the
low-relatedness treatment, former nestmates were split
up into different colonies to found nests with unrelated
females. During brood rearing, all colonies were again
set out close to each other, and it is conceivable that for-
mer nestmates teamed up again at this time after having
excavated separate nests.
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Figure 2. Correlation between reproductive skew and breeder

relatedness across newly founded (C; N ¼ 42) and reused colonies

(B; N ¼ 11) separately. The solid straight line shows the linear re-
gression of newly founded nests (F1,40 ¼ 10.1, P < 0.003, goodness

of fit r2 ¼ 0.20); the dotted line represents the linear regression of

overwintered nests (F1,9 ¼ 0.16, P ¼ 0.70, goodness of fit r2 ¼ 0.02).

Data points showed no significant departure from straight lines, either
in newly founded (runs test: P ¼ 0.80) or in overwintered nests

(P ¼ 0.61).
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Combined Data Set

Since experimental nests showed no difference in re-
latedness, skew or productivity between the high- and
low-relatedness treatments, and because seminatural nests
did not differ significantly from natural nests in any of
these measures, we presented only the results of the
analyses obtained with all nests combined.
The genetic analyses revealed that reproductive females

were on average significantly related in both newly
founded and reused nests. Breeders in natural nests ranged
from unrelated to highly related, consistent with the
observation that females prefer nesting with relatives but
also associate with unrelated individuals when no kin are
available (Schwarz & O’Keefe 1991b). We found no signif-
icant difference in relatedness between newly founded
and reused nests. In contrast, Schwarz (1987) reported
a significant relatedness difference between newly
founded (r � SE ¼ 0.60 � 0.06, N ¼ 88) and overwintered
(0.49 � 0.06, N ¼ 98) nests based on allozyme data. The
study found that breeders were more related in newly
founded colonies and explained this by active kin associ-
ation of females for nest founding (Schwarz & Blows
1991). Compared to Schwarz’s (1987) values, we found
a similar relatedness in overwintered nests (unpaired t
test with Welch’s correction: t24 ¼ 0.80, P ¼ 0.44), but
our results indicate a significantly lower relatedness in
newly founded colonies (t127 ¼ 2.84, P ¼ 0.005). This
would be compatible with Bull & Adams’s (2000) finding
that females do not discriminate between kin of high
and low relatedness during the founding of a new nest,
but simply choose to nest with familiar individuals from
the same natal nest.
Overall reproductive skew was low but significantly

greater than zero, the value expected under random
partition of reproduction among females. Skew was not
significantly different between newly founded and reused
(overwintered) colonies. The fact that skew was greater
than zero in newly founded nests, but not in reused
colonies may merely stem from the smaller sample size in
reused nests (and hence the larger variance). Our finding
of equal skew in newly founded and overwintered colo-
nies contrasts with previous studies using relative ovary
development as a measure of skew (Schwarz & O’Keefe
1991a, b; Schwarz&Woods 1994). These studies concluded
that there is a higher skew in overwintered nests than in
newly founded colonies. This was deduced because the
first-eclosed dominant female in overwintered colonies
showed more developed ovaries than other ‘secondary’ re-
productives, and a third type of ‘worker’ female even had
permanently undeveloped ovaries. In contrast, cofoun-
dresses of newly founded nests showed very similar ovar-
ian development, suggesting little or no skew in these
colonies.
There are two possible explanations for the discrepancy

between our results and the findings of previous studies.
The first is that maternity is not directly correlated with
the presence of large oocytes in the ovaries as recorded in
earlier studies, since ovaries may shrink or even degener-
ate after egg laying (e.g. Michener 1971). In support of
this, we found inconsistencies between a female’s
reproductive status from dissections and the genetic nest
data at an incidence of 13% (16 of 120 dissections). In
these cases, the genetic egg-layer had only small oocytes
or a seemingly empty spermatheca despite having pro-
duced female offspring. Alternatively, it is possible that
a significant skew occurs only in nests containing large
numbers of females. In the present study, we restricted
our analyses to nests containing mainly two females. By
contrast, nests with three (Schwarz & O’Keefe 1991a) or
four (Schwarz & O’Keefe 1991b; Schwarz & Woods 1994)
females had been considered in previous analyses.

Reproductive skew was negatively correlated with re-
latedness in both the newly founded and reused natural
colonies. However, the association was significant only for
newly founded colonies. It is unclear whether the lack of
significant association for reused nests reflects the lower
sample size of this group (11 nests) or a genuine difference
in the role of relatedness on reproductive skew between
overwintered and newly founded nests in E. robusta. A
negative influence of relatedness on reproductive sharing
suggests that females are able to assess their nestmate’s re-
latedness, despite the finding that they do not seem to dis-
criminate between related and unrelated former nestmates
during nest founding (Bull & Adams 2000). This supports
the view of Schwarz et al. (1998) that cooperative nesting
in this species is primarily a response to the large benefits
of increased brood survival and communal colony de-
fence. Relatedness during the founding stage could there-
fore play a minor role even if females are capable of kin
discrimination.

Among reproductive skew theory, two of the four main
reproductive skew models are inconsistent with the
finding that reproductive skew was negatively correlated
with relatedness (Table 1). The classic concession models
predict a positive correlation between relatedness and
skew while the ‘bidding game’ predicts no correlation.
Thus, both models can be ruled out for E. robusta. This is
further confirmed by the nest productivity results where
no significant correlation between nest productivity and
skew occurred, whereas concession models would nor-
mally predict a positive association between these two pa-
rameters (Reeve et al. 1998, 2000).

In contrast, both the tug-of-war and the restraint
models predict a negative correlation between relatedness
and reproductive skew (Table 1) and are in line with our
findings. Precise discrimination between these two models
would require the availability of additional parameters po-
tentially influencing skew, such as x (the subordinate’s sol-
itary nesting success) or k (the productivity benefits of
cooperative nesting), both of which are predicted to affect
skew under the restraint model, but not under the tug-of-
war model (Reeve & Keller 2001). As outlined earlier, nei-
ther of these parameters varies under natural conditions in
E. robusta, besides being inaccessible for manipulation
(Schwarz 1994). To pin down the model that is more prob-
able in E. robusta, we consider how the assumptions of
each model are met in newly founded and overwintered
nests separately.

The assumptions of the restraint model are compatible
with life cycle patterns in reused (overwintered) nests, but
not in newly founded nests. This model assumes a clear
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dominant/subordinate hierarchy, where the subordinate
can acquire unsanctioned reproduction and is constrained
only by the threat of eviction by the dominant, as the
latter controls group membership (Johnstone & Cant
1999a). This condition could be met in overwintered col-
onies of E. robusta, where the first-eclosing female is
known to assume dominant status (Schwarz & O’Keefe
1991b; Schwarz & Woods 1994). Before the brood-laying
period, the dominant evicts subordinates that have been
in contact with a foreign male (Bull et al. 1998), a clear
sign that it controls group membership as predicted by
the restraint model. To prevent eviction, subordinates
must probably refrain from mating before the dominant
starts egg laying. During the egg-laying period, the subor-
dinates’ egg production lags behind the dominants’ brood
rearing (Schwarz et al. 1998), and it is conceivable that the
subordinate has to restrain its egg laying to avoid eviction
by the dominant. The restraint model predicts further that
under high breeder relatedness, the dominant should
tolerate ample offspring production, compatible with the
overall low skew in our study given the high average
breeder relatedness. Taken together, the predictions
and assumptions of the restraint model are fully compati-
ble with the social structure in overwintered nests of
E. robusta.
Conversely, the social structure in newly founded nests

violates the restraint model’s basic assumption of a dom-
inant/subordinate hierarchy where the dominant controls
group membership. Cofoundresses in newly founded
nests cooperate in an egalitarian way and show no
dominant/subordinate hierarchy (Schwarz 1986; Schwarz
& O’Keefe 1991a). Apparently, no individual controls
group membership, and eviction of one colony member
by another has never been observed (P. S. Hurst, unpub-
lished data), although no observations have been made
during the brood-rearing period. Therefore, the basis of
the restraint model seems less likely to hold true in newly
founded nests.
On the other hand, the assumptions of tug-of-war

models are compatible with life cycle patterns in both
newly founded and overwintered nests, and may help
explain additional findings of group productivity. Tug-of-
war models do not consider issues of group stability, and
breeders simply engage in a struggle over apportionment
of reproduction, so that the resulting skew represents
a compromise between the conflicting optima of each
breeder (Reeve et al. 1998). This mechanism seems well
suited to explain sharing of reproduction in newly
founded colonies of E. robusta, where all cofoundresses re-
produce and where no dominant/subordinate hierarchy
exists. Importantly, the tug-of-war models can account
for the situation in overwintered colonies with a domi-
nant/subordinate hierarchy as well. Reeve et al. (1998)
suggested that a dominance/subordinate hierarchy can ex-
ist because of eclosion order or other inherent differences
between females, and that the subordinate may simply be
less efficient than the dominant in converting resources
into an increased share of reproduction, resulting in it
reproducing less. Dominance in overwintered nests of
E. robusta is indeed defined by eclosion order (Schwarz &
O’Keefe 1991b; Schwarz & Woods 1994), and the
subordinate is potentially less efficient in converting re-
sources into an increased share of reproduction because
of the later onset of its broodproduction. Theprecisemeans
by which subordinance (and the decreased efficiency in
converting resources) is enforced and maintained by the
dominant are presently unknown, although pheromonal
signals produced by dominants have been implicated in
the maintenance of reproductive hierarchies of Exoneura
(O’Keefe & Schwarz 1990). Under the tug-of-war model,
the eviction of a mated subordinate by the dominant be-
fore the egg-laying period (Bull et al. 1998) can be a man-
ifestation of the struggle that takes place between females
for an increased share of reproduction.
Further support for the tug-of-war models comes from

the observation that aggressive behaviour among nest-
mates is very rare in E. robusta (Melna & Schwarz 1994;
K. Hogendoorn, personal observation). Tug-of-war models
indeed predict low levels of struggle over reproduction
when breeders are highly related (Reeve et al. 1998). A fur-
ther, related prediction of tug-of-war models is a positive
association between relatedness and productivity (Reeve
et al. 1998). This is because related females should allocate
less energy to fighting over reproduction. Hence, produc-
tivity should increase with relatedness because fewer re-
sources are devoted to the struggle over reproduction.
Despite a positive trend between relatedness and produc-
tivity, we did not find a significant positive correlation be-
tween the two variables. The lack of significance could
stem from an insufficient sample size, or be explained if
the female’s resources (devoted to either struggle over re-
production or reproductive output) are not the limiting
factor to brood production in E. robusta. Overall, the
tug-of-war model still offers a plausible explanation for
the mechanism of reproductive sharing in both newly
founded and overwintered nests of E. robusta.
Finally, the presence of two potential mother–daughter

associations was surprising because E. robustawas generally
considered univoltine (Schwarz 1986; Schwarz et al.
1998). However, it is unlikely that social queuing for sub-
sequent reproduction is a widely applicable strategy and
that it explains reproductive skew in colonies, because off-
spring production by an older generation female occurred
in only one of 55 nests (overall frequency of 1.8%). Our
findings suggest that E. robusta is not compellingly univol-
tine, confirming previous observations of P. Hurst (unpub-
lished data) where some females presumably survived for
more than one winter in observation nests.
In conclusion, our study shows that reproductive skew is

low but greater than zero in E. robusta, indicating that di-
vision of reproduction is not uniform among breeders.
Skew and relatedness are negatively correlated, and two re-
productive skewmodels are compatible with such negative
association, the tug-of-war and the restraint models. Both
models predict that a dominant breeder in a society is un-
able to control fully the allocation of reproduction among
group members, in contrast to predictions from classical
concession models. Thus, control over reproduction can
be limited even within small colonies of insects, not
only in large animal groups (Clutton-Brock 1998). Be-
tween the two plausible models, the assumptions of the re-
straint model are likely to be met in reused (overwintered)
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colonies, whereas the basic assumptions of the tug-of-war
models apply for both newly founded nests and reused col-
onies. Overall, the tug-of-war model seems to account
better as a possible single model for reproductive sharing
in E. robusta, and was also found to be the best model to
explain reproductive skew in the closely related sister spe-
cies E. nigrescens (Langer et al. 2004a). However, neither
model can be ruled out in the case of E. robusta, and the
tug-of-war and the restraint models could also apply simul-
taneously in newly founded and overwintered colonies, re-
spectively. Reproductive dominance might be settled in
newly founded colonies according to the tug-of-war mod-
el, but take place according to the assumptions of the re-
straint model in reused nests once the first-eclosed
offspring assumes dominance status. This hypothesis
would raise the possibility that skew models are not mutu-
ally exclusive and points to amore dynamic view on repro-
ductive partitioning among breeders of an animal society.
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