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Abstract

Reproductive skew — the extent to which reproduction is unevenly shared between indi-
viduals in a social group — varies greatly between and within animal species. In this study,
we investigated how queens share parentage in polygynous (multiple queen) colonies of
the Mediterranean ant 

 

Pheidole pallidula

 

. We used highly polymorphic microsatellites
markers to determine parentage of gynes (new queens), males and workers in 

 

P. pallidula

 

field colonies. The comparison of the genotypes of young and adult workers revealed a very
low queen turnover (less than 2%). The first main finding of the study of reproductive skew
in these colonies was that there was a significant departure from equal contribution of
queens to gyne, male and worker production. Reproductive skew was greater for male
production than for queen and worker production. There was no relationship between the
magnitude of the reproductive skew and the number of reproductive queens per colony,
their relatedness and the overall colony productivity, some of the factors predicted to influ-
ence the extent of reproductive skew. Finally, our study revealed for the first time a trade-
off in the relative contribution of nestmate queens to gyne and worker production. The
queens contributing more to gyne production contributed significantly less to worker
production.
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Introduction

 

There is considerable intra- and interspecific variation in
how individuals in a group share reproduction. A central
question in studies of social evolution is to identify factors
responsible for these differences in apportionment of
reproduction (Keller & Reeve 1994). A shorthand term to
describe the distribution of direct reproduction among
individuals is reproductive skew (Keller & Reeve 1994). In
high-skew societies, actual direct reproduction is concen-
trated in one or a small subset of individuals in the group,
whereas in low-skew societies reproduction is distributed
more evenly among group members.

Built on kin selection theory, a new conceptual frame-
work has been developed recently to determine how eco-
logical, genetic and social factors influence jointly group

stability and reproductive skew among group members
(Emlen 1982a,b; Vehrencamp 1983a,b; Reeve & Ratnieks
1993; Keller & Reeve 1994; Reeve & Keller 1995; Reeve 

 

et al

 

.
1998; Johnstone & Cant 1999; Johnstone 2000; Reeve &
Keller 2001). In essence, skew models delineate the possible
reproductive strategies available to a focal individual. They
define under what conditions an individual should co-
operate and/or sacrifice part or all of its direct offspring pro-
duction rather than leaving the group to breed independently.
The three main parameters important in skew models are:
(1) the expected success of a subordinate that reproduces
solitarily; (2) the group’s overall productivity if the sub-
ordinate co-operates in group breeding; and (3) the genetic
relatedness among group members. The effect of these
parameters on reproductive skew is expected to vary
depending on which group member has control over
reproductive skew. Over the last two decades, a consider-
able amount of effort has been devoted to developing
reproductive skew models (Vehrencamp 1983a,b; Reeve &
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Ratnieks 1993; Keller & Reeve 1994; Reeve & Keller 1997;
Reeve 1998; Reeve 

 

et al

 

. 1998; Johnstone & Cant 1999;
Ragsdale 1999; Johnstone 2000; Reeve & Emlen 2000).
However, this profusion of models contrasts with the pau-
city of studies testing their assumptions and predictions
(Reeve & Keller 2001).

Most of the studies that have attempted to determine
how variation in relatedness and ecological factors influ-
ence skew within species have been conducted in social
insects, ants and wasps in particular (Bourke & Heinze
1994; Bourke 

 

et al

 

. 1997; Reeve 

 

et al

 

. 2000; Reeve & Keller
2001; Rüppell 

 

et al

 

. 2002). A particular feature of these
social Hymenoptera is that there are two types of females
within colonies; queens that carry out most or all the
reproduction and workers that perform most of the other
tasks, including foraging, nest construction and brood care.
Colonies can contain one (monogyny) or several queens
(polygyny) (Keller 1993b).

In polygynous colonies there is considerable intra- and
interspecific variation in the apportionment of maternity.
Several studies have shown significant reproductive
skew for worker and gyne (new winged queen) parentage
(Ross 1988; Seppä 1994; Bourke 

 

et al

 

. 1997; Hannonen &
Sundström 2002). Differences in maternity may arise from
several factors, including differences between queens in
their fecundity, proportion of eggs developing to adult-
hood and likelihood of female eggs to develop into gynes
or workers (Keller 1993a). In 

 

Formica fusca

 

 there are signi-
ficant differences between queens in their eggs’ likelihood
to develop into adults, and brood viability is highest for
queens that are on average most related to workers
(Hannonen & Sundström 2003). The authors suggested
that this is because workers exhibit nepotism by rearing a
greater proportion of eggs laid by the queen to which they
are most closely related on average. However, there is a
simpler and more probable explanation, namely that the
queens which produce more viable eggs have the highest
maternity and thus are also more related to workers on
average. Thus, the observed pattern may be explained
without invoking nepotism, a process that seems to be
absent within colonies of social insects (Keller 1997).

Only few studies have determined skew for male par-
entage (Fournier & Keller 2001; Heinze 

 

et al

 

. 2001). Another
important aspect that has also received little attention is
whether there are trade-offs in the relative contribution
of queens to male, gyne and worker production. This is
an important issue because in most ant species workers
rarely, if ever, reproduce.

In this study, we describe the results of a detailed inves-
tigation of reproductive skew in the ant 

 

Pheidole pallidula.

 

This species is facultatively polygynous with colonies
containing from one to few queens which are typically
unrelated (Fournier 

 

et al

 

. 2002; Fournier 

 

et al

 

. 2003). An inter-
esting aspect of this species is that queens are apparently

able to influence the fate of female eggs. Studies in labor-
atory colonies containing a single queen suggested that
eggs develop either into reproductive females or workers,
depending on the juvenile hormone and ecdysterone
levels of queens (Passera 1980; Suzzoni 

 

et al

 

. 1980; Passera
1982). However, it is unknown whether these maternal
effects on caste determination translate into differences in
apportionment of female sexuals, workers and males in
polygynous colonies.

We used highly polymorphic markers to determine par-
entage of gynes, males and workers in 

 

P. pallidula

 

 field col-
onies. We also examined the factors that may potentially
influence unequal reproduction in polygynous colonies.
First, because estimates of reproductive skew are directly
affected by queen turnover (Heinze & Keller 2000), we esti-
mated the rate of queen replacement in the population
studied. Second, we tested for a relationship between the
number of queens and the magnitude of reproductive
skew. Third, we examined whether reproductive skew is
associated with the relatedness of breeders, number of
breeders and overall colony productivity. Finally, we
determined whether there were trade-offs in the relative
contribution of nestmate queens to male, gyne and worker
production.

 

Materials and methods

 

Field collection and sampling

 

Queens of 

 

P. pallidula

 

 mate only once and mating occurs
between unrelated individuals (Fournier 

 

et al

 

. 2002). Workers
are completely sterile, with all eggs in a colony being laid
by the queen(s) (Passera 1978). In this species, there is no
overwintering brood (Passera 1980). Queens lay eggs from
early March to early September. Eggs laid early in spring
give rise to male and female sexuals that emerge at the end
of June/early July. The eggs laid develop later into workers
(i.e. minors and soldiers), most of them emerging after the
sexual brood (Bontpart 1964). Sex allocation is associated
closely with the breeding structure, with monogynous
colonies producing a male-biased sex ratio investment and
polygynous colonies producing almost all female sexuals
(Fournier 

 

et al

 

. 2003). Because of the very small number of
males produced in polygynous colonies, the estimate of
reproductive skew for male production is less accurate
than the estimates for gyne and worker production.

 

P. pallidula

 

 colonies were sampled just before mating
flights on 29 June and 1 July 1999 from a facultatively
polygynous population located in Bruniquel (Tarn-et-
Garonne, France). Colonies of this species extend under-
ground on rocky soil so that complete excavation and
collection of the queens that are located in the deepest part
of the nest in summer was not possible. We collected most
of the reproductive sexuals under stones covering the nest
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entrance. Because males and gynes do not differ in their
tendency to escape collection our collection procedure
probably provides a faithful picture of the different sex and
castes produced by each colony (Keller 

 

et al

 

. 1996). Samples
(pupae and adults) of workers, males and gynes were
stored at 

 

−

 

20 

 

°

 

C in 95% ethanol for subsequent genetic
analyses. In the laboratory, the proportion of individuals
belonging to each sex and caste was examined. Nine of 35
colonies collected produced less than 20 sexuals and were
discarded from the analyses. Genetic analyses (see below)
indicated that 10 colonies of 26 (i.e. 38%) contained more
than one queen (Fournier 

 

et al

 

. 2002; Fournier 

 

et al

 

. 2003).
These polygynous colonies were used to determine repro-
ductive skew and queen turnover. From the 10 polygynous
colonies, we genotyped 18.9 

 

±

 

 3.5 gynes (mean 

 

±

 

 SD),
4.4 

 

±

 

 6.4 males, 18.0 

 

±

 

 4.2 young workers and 17.0 

 

±

 

 2.8 old
workers per colony.

 

Genetic analyses

 

Four microsatellite loci (

 

Ppal-03

 

, 

 

Ppal-12

 

, 

 

Ppal-83

 

 and

 

Ppal-19T

 

; Fournier 

 

et al

 

. 2002) were used to determine
genotypes. The number of alleles and observed heterozy-
gosity at these loci were estimated from worker genotype
frequency data and ranged from 16 to 23 and from 0.69
to 0.93, respectively. Ant DNA was extracted by homo-
genization of an entire individual in digestion solution
(100 m

 

m

 

 NaCl, 50 m

 

m

 

 Tris, 1 m

 

m

 

 EDTA, 0.5% SDS, and
200 

 

µ

 

g/mL proteinase K) followed by digestion at 55 

 

°

 

C
for 2 h and extraction according to standard phenol/
chloroform protocol. The DNA was precipitated by sodium
acetate (3 

 

m

 

) in ethanol and suspended in 100 

 

µ

 

L of dis-
tilled water. Polymerase chain reactions (PCR) were carried
out in a 10-

 

µ

 

L volume. Amplified fluorescent fragments
were visualized on 5% polyacrylamide/6 

 

m

 

 urea sequen-
cing gels using an automated 377 ABI sequencer.

Estimates of genetic relatedness 

 

r

 

 among and between
classes of colony members were calculated following
the algorithm of Queller & Goodnight (1989) (identity-
by-descent method) with the program 

 

relatedness

 

 5.0.8.
Colonies were weighted equally and standard errors were
obtained by jackknifing over colonies. The minimum
number of queens in each colony and their genotypes
were inferred from the observed genotypes of workers at
all loci (see Fournier 

 

et al

 

. 2002 and Fournier 

 

et al

 

. 2003 for
details of the procedure). Maternity assignment was rel-
atively simple as the number of queens per colony was
fairly low (see Results) and because queens mate only once
and males are haploid. The genotypes of all offspring were
determined for at least three loci, which allowed us to
assign offspring to specific mothers without any ambigu-
ity, because nestmate queens are almost invariably unre-
lated and mate only once (Fournier 

 

et al

 

. 2002; Fournier

 

et al

 

. 2003). The probability that related queens produce

indistinguishable offspring was estimated conservatively
as the probability that queens would mate with males
carrying the same alleles at all loci (thus conservatively
assuming that queens have the same genotype). This
probability is the product of the sum of the squared allele
frequencies (Pamilo 1993), and is equal to 0.0014 in our
sample.

 

Queen replacement.

 

Workers were subdivided into two age
classes according to the developmental stage and/or
degree of melanization. Pupae and recently eclosed workers
with pale yellow colouration were classified as ‘young
workers’, whereas adult workers with definitive dark colou-
ration were classified as ‘old workers’. Young workers
developed from eggs laid in spring of the collection year
(1999). Old workers represent earlier age cohorts and
developed from eggs laid in spring/summer 1998, one year
prior to collection.

The genetic effective turnover of queens 

 

τ

 

 was calculated
from the genetic data following Pedersen & Boomsma
(1999; eqn 4, p. 906):

where 

 

r

 

w

 

 represents the relatedness between old workers,

 

r

 

w

 

′

 

 the relatedness between young workers and 

 

r

 

ww

 

′

 

 the
relatedness between members of these two worker cohorts.

 

Reproductive skew.

 

Reproductive skew within colonies was
estimated with Nonacs’ (2000) 

 

B

 

 index:

where 

 

K

 

 is the total number of offspring, 

 

p

 

i

 

 is the
proportion of offspring produced by the 

 

i

 

th queen, 

 

n

 

i

 

 is the
time queen 

 

i

 

 was present in a colony, and 

 

N

 

t

 

 is the sum of
the 

 

n

 

i

 

 for the colony. 

 

!

 

 = 

 

N

 

t

 

/

 

n

 

max

 

 is a weighted mean
group size where 

 

n

 

max

 

 is the maximum time any queen
could be present. Our study (see Results) revealed that
queen turnover is very small in this population of 

 

P.
pallidula

 

. We therefore assumed that all queens were
present the same length of time.

The 

 

B

 

 index is equal to 0 for randomly distributed re-
production, positive when skew is greater than random
and negative when skew is distributed more evenly than
random. Reproductive skew was calculated using the
program 

 

skew calculator

 

 2002 developed by P. Nonacs
(http://www.obee.ucla.edu/Faculty/Nonacs/). This pro-
gram also allows estimation of the probability level for
each group and across all groups that the observed 

 

B

 

-
values differ from zero (i.e. that reproduction is not
randomly distributed between breeders).
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Colony characteristics

 

To test whether reproductive skew was correlated with
colony productivity we estimated the biomass of sexuals
produced by multiplying the number of sexuals by their
relative dry weight (males: 

 

W

 

m

 

 = 0.88 mg 

 

±

 

 0.07; females:

 

W

 

f

 

 = 6.14 mg 

 

±

 

 1.44; Keller 

 

et al

 

. 1996).

 

Statistical analyses

 

Deviations of the variables from normality were tested
using the Shapiro–Wilk test. When logarithmic or angular
transformations did not suffice to normalize the data, we
used nonparametric statistics. When a Levene’s test did
not give evidence for homoscedasticity, we used median
test (Kasuya 2001). Tests for multiple comparisons were
corrected with sequential Bonferroni adjustments of
significance levels (Rice 1989). All statistical tests were
two-tailed.

 

Results

 

The genetic analyses of the workers revealed that 10
colonies contained several reproductive queens (were poly-
gynous) with six colonies containing two queens, two
colonies containing three queens and two colonies contain-
ing four queens. Overall, the harmonic mean number of
queens per colony was 

 

N

 

e,p

 

 = 2.40. The mean effective
numbers of queens estimated from young worker, gyne
and male genotypes were 1.82, 1.95 and 1.06, respectively;
Table 1. A one-way 

 

anova

 

 revealed that these four esti-
mates of queen numbers differed significantly (data were
log-transformed to correct for heteroscedasticity; 

 

F

 

3,30

 

 =

9.382, 

 

P

 

 < 0.001). A posteriori analyses indicated that the
mean effective number of queens estimated from male
production was significantly lower than the three other
queen number estimates (Tukey tests, comparison with:
young workers, 

 

P

 

 = 0.004; gynes, 

 

P

 

 = 0.001 and harmonic
mean of the number of queens, 

 

P

 

 < 0.001).
The examination of the pedigrees of old and young

workers yielded similar — and not significantly different —
estimates of queen number (one-way 

 

anova

 

, 

 

F

 

1,18

 

 = 0.333,

 

P

 

 = 0.571). Overall, the relatedness between young workers
(

 

r

 

ww

 

 = 0.403 

 

±

 

 0.043) was similar to that of old workers
(

 

r

 

w’w

 

′

 

 = 0.417 

 

±

 

 0.043). The relatedness between young and
old workers was also comparable (

 

r

 

ww

 

′

 

 = 0.407 

 

±

 

 0.039), the
three values not being significantly different from each
other (one-way 

 

anova

 

, 

 

F

 

2,27

 

 = 0.084, P = 0.920). The genetic
effective turnover of queens was very low and equal to τ =
1.79% per year.

All average values of reproductive skew were greater
than zero (Table 2). Overall, reproductive skew was signi-
ficantly higher than expected under random reproduction
for the production of gynes (P < 0.0001), males (P < 0.0001),
sexuals (males + gynes) (P < 0.0001) as well as young worker
production (P < 0.0001). In line with these results, we
found that for the production of all classes of individuals
the reproductive skew was significantly greater than ex-
pected under random reproduction in a notable propor-
tion of colonies [gynes: five of 10 colonies; males: four of
five colonies (no males were found in five colonies); sexuals:
five of 10 colonies; young workers: four of 10 colonies; see
Table 2].

A one-way anova revealed a significant difference
between the estimates of reproductive skew for male, gyne
and worker production (F2,22 = 11.964, P < 0.001). A post-
eriori analyses showed that reproductive skew for male
production was significantly greater than for the produc-
tion of gynes as well as workers (Tukey tests, comparison
with: gynes, P < 0.001; young workers, P = 0.001). By contrast,
there was no significant difference between the reproduc-
tive skew for gyne and worker production (P = 0.991).

Multiple regressions indicated that the degree of repro-
ductive skew for sexual productivity was not associated
significantly with the number of queens nor overall colony
productivity (r = 0.137; F2,7 = 0.067, P = 0.936). Similar results
were obtained when skew was assessed separately for the
production of gynes (r = 0.481; F2,7 = 1.051, P = 0.399),
males (r = 0.931; F2,2 = 6.504, P = 0.133) and workers (r =
0.193; F2,7 = 0.131, P = 0.876).

We obtained comparable results when the productivity
was expressed per capita (per queen) instead of per colony.
Multiple regressions showed no significant relationship
between queen number, per capita productivity and skew
for male production (r = 0.904; F2,2 = 4.460, P = 0.183), gyne
production (r = 0.528; F2,7 = 1.351, P = 0.319), sexual pro-
duction (r = 0.322; F2,7 = 0.404, P = 0.682) and worker

Table 1 Number of queens in each colony and overall colonies.
Ne,p is the harmonic mean number of queens, Ne,g g, Ne,g m and Ne,g w
are the effective number of queens weighted by the respective
contribution of each queen to the production of gynes, males and
workers, respectively

Number of queens 

Colony number Ne,p Ne,g g Ne,g m Ne,g w

B 99–1 2 1.80 1.41 1.68
B 99–2 4 1.96 1.02 2.07
B 99–7 2 2.09 — 1.34
B 99–13 2 2.04 — 2.36
B 99–15 2 1.37 — 1.47
B 99–16 3 1.72 0.62 2.13
B 99–27 3 3.64 — 2.97
B 99–29 4 2.09 — 3.13
B 99–31 2 2.14 −14.07 1.78
B 99–32 2 2.23 1.02 1.11

Overall colonies 2.40 1.95 1.06 1.82
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production (r = 0.212; F2,7 = 0.164, P = 0.852). There was
also no significant association between queen–queen related-
ness and reproductive skew (Spearman’s rank correla-
tions, P > 0.05 for all classes of individuals). However, it
must be mentioned that only one colony contained related
queens, thus resulting in a low power of this test.

The comparison of the relative contribution of queens to
gyne and worker production revealed the existence of a
trade-off between queens’ contribution to reproductive
and sterile females. The contribution of the most produc-
tive queen (i.e. the queen that produced the highest
number of offspring, workers + gynes + males) to gyne
production tended to be correlated negatively with her
contribution to worker production (Spearman’s rank cor-
relation: r = −0.608, n = 10, P = 0.062; Fig. 1). The existence
of a trade-off between gyne and worker production was
confirmed when considering the contribution of queens to

female production only. The contribution of the most pro-
ductive queen to gyne production was again associated
negatively with her contribution to worker production, the
difference being significant in this case (Spearman’s rank
correlation: r = −0.791, n = 10, P = 0.006; Fig. 1). The trade-
off was also found at the colony level, with a significant
difference between nestmate queens in their relative con-
tribution to gyne and worker production in five of the 10
colonies (χ2 tests, P < 0.05). Over all colonies, such a trade-
off did not occur for the relative contribution of queens to
male and gyne production (Spearman’s rank correlation:
r = −0.152, n = 6, P = 0.774), male vs. worker production
(Spearman’s rank correlation: r = −0.273, n = 6, P = 0.600),
and male vs. female (worker + gyne) production (Spearman’s
rank correlation: r = −0.030, n = 6, P = 0.954).

Discussion

Our genetic data showed that the queen turnover in
P. pallidula is less than 2%. This value is much lower than
in Myrmica sulcinodis (Pedersen & Boomsma 1999) and
M. tahoensis (Evans 1996), the only two other ant species
where turnover has been quantified on the basis of genetic
relatedness. In M. sulcinodis, the comparison of worker
cohorts separated by 1 year gave an effective turnover of
queens of about 60%. Indirect evidence suggests that such
high rates of turnover might be common in other polygynous
ants. Indeed, pedigree analyses showed high frequencies
of colonies with incompatible genotypes between queens
and adult workers (e.g. Seppä 1994; Bourke et al. 1997;
Pearson et al. 1997). Several studies have also found that a
high proportion of queens disappear each year (e.g. Line-
pithema humile, 90%, Keller et al. 1989; Myrmica tahoensis,
35–50%, Evans 1996). Finally, the finding that polygynous
queens typically have a much shorter lifespan than

Table 2 Number of queens, productivity and reproductive skew for the production of gynes, males, sexuals (gynes + males) and young
workers in colonies of Pheidole pallidula. The observed reproductive skew values were tested for significant differences from zero, the
expected value under random reproduction (*P < 0.05; **P < 0.01; ***P < 0.001)

Colony number
No. of 
queens

Productivity 
(mg)

Reproductive skew 

gynes males sexuals young workers

B 99–1 2 481.6 0.14* 0.25* −0.01 0.02
B 99–2 4 434.2 0.06 0.60** 0.12*** 0.02
B 99–7 2 147.4 0.10* — 0.10* 0.22**
B 99–13 2 128.9 0.14* — 0.14* −0.03
B 99–15 2 203.5 0.20* — 0.13 −0.03
B 99–16 3 531.6 0.12* 0.50* 0.18*** 0.18***
B 99–27 3 270.2 0.02 — 0.02 0.05
B 99–29 4 165.8 −0.01 — −0.01 0.14**
B 99–31 2 599.1 0.10 0.38 0.01 0.03
B 99–32 2 535.7 −0.05 0.14* 0.07* 0.30***

Overall colonies 0.08*** 0.37*** 0.08*** 0.09***

Fig. 1 Comparison of the relative contribution of the most
productive queen to gyne and worker production (data are
transformed to correct for the fact that the expected contribution
of queens is lower in colonies with higher queen number).
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monogynous queens (Keller & Genoud 1997) with queens
of many species having an average lifespan lower than M.
sulcinodis queens (4–5 years; Elmes 1987) is consistent with
the idea of high rates of queen turnover being common in
polygynous ants. A possible explanation for the low queen
turnover in P. pallidula is that in contrast to many poly-
gynous species, nests are stable structures that go deep into
the ground, thus possibly limiting queen mortality.

Our data revealed a significant reproductive skew for
the production of all castes. Reproductive skew was signi-
ficantly greater than expected under random reproduction
for the production of gynes, males, sexuals (males + gynes)
as well as young workers. However, reproductive skew
was relatively low for gyne, worker and sexual production.
The only relatively high value was observed for male
production. Skew for male production was significantly
higher than the skew for the production of the two female
castes. In line with this finding, our data showed that the
mean effective number of queens estimated from young
worker and gyne genotypes were slightly lower, but
not significantly so, than the harmonic queen number esti-
mated by pedigree analyses. By contrast, the effective
number of queens estimated from males was significantly
lower than the harmonic queen number.

Skew has been measured in several other ant species, but
only very few studies have compared reproductive skew
for the production of gynes, males and workers. As in P.
pallidula, there are significant differences in skew for gyne
and worker parentage in the fire ant Solenopsis invicta (Ross
1988). The values for gyne and worker production are B =
0.41 ± 0.23 (P < 0.001) and B = 0.14 ± 0.07 (P < 0.001), res-
pectively (recalculated from data in Table 2, Ross 1988).
Similarly, in the ant F. sanguinea, the mean relatedness
among worker pupae was lower than among sexual female
pupae, suggesting that a lower effective number of queens
contribute to gyne than worker production (Pamilo &
Seppä 1994). A possible explanation for differences in skew
for worker and gyne production is that in some species
queens may bias the fate of their eggs, thus leading to dif-
ferences between the relative contribution of nestmate
queens to gyne and worker parentage.

The idea that female offspring produced by different
queens may differ in the likelihood of developing into
queens or workers is supported by our data showing a
trade-off between the relative contribution of queens to
workers and gynes. There are three mechanisms that may
account for differences between queens in the likelihood of
their female offspring developing into queens or workers.

The first is a genetic component to caste determination.
So far, a strong genetic effect has been reported only in
some Pogonomyrmex species (Helms-Cahan et al. 2002;
Julian et al. 2002; Volny & Gordon 2002) and it has been
shown that this unusual system evolved following com-
plex events of historical hybridization (Helms-Cahan &

Keller 2003). A similar system of genetic caste determina-
tion is unlikely to be common in ants, where caste deter-
mination is primarily environmentally induced (Wheeler
1986; Hölldobler & Wilson 1990). However, it is conceiva-
ble that the fate of larvae might be slightly influenced by
genetic components, with some larvae being better able to
manipulate the workers into rearing as sexuals than are
others (Nonacs & Tobin 1992). This has been studied only
once in ants. In colonies of F. exsecta headed by queens
mated with several males, there was no difference in the
likelihood of female brood fathered by different males to
develop into queens vs. workers, suggesting a lack of herit-
ability for the process of caste determination (Keller et al.
1997). Thus, there is currently little support for the trade-
off between the relative contribution of queens to workers
and gynes resulting from genetic differences between their
offspring.

The second mechanism is a difference in the mean egg-
laying date of queens. In P. pallidula only eggs laid in early
spring by queens that have hibernated can develop into
female sexuals (Passera 1980). Thus, if nestmate queens
differ in their relative contribution of eggs laid in early
spring and later in the season (when all female eggs deve-
lop into workers), this may result in differences between
queens in their relative apportionment of gynes and workers.

The third and somewhat related mechanism is maternal
effects that are induced by hormones and/or other com-
pounds transferred to the egg. Interestingly, evidence for
such a maternal effect has been documented in P. pallidula.
Physiological analyses have shown that variation in the
juvenile hormone and ecdysterone levels of queens has a
strong effect on whether a diploid egg will develop as a
queen or a worker (Passera 1980; Suzzoni et al. 1980;
Passera 1982). Thus, it is possible that nestmate queens lay
different types of eggs with the effect that they contribute
differently to the production of gynes and workers.

Our study revealed no evidence of a relationship be-
tween the relative contribution of queens to male and gyne
production. Such a trade-off has been studied in only one
other social insect, the Argentine ant Linepithema humile. In
this species there was a negative relationship between a
queen contribution to male and gyne production in two-
queen colonies (Fournier & Keller 2001). Possibly, this
stems from queens differing in the proportion of male and
female eggs produced, although a previous study failed to
reveal such a difference in P. pallidula (Keller et al. 1996).

Finally, our study also revealed no evidence that repro-
ductive skew was associated with the colony social
attributes measured in this study. Skew was not associated
significantly with the number of queens, overall colony
productivity or per-queen productivity. This lack of asso-
ciation was true whether skew was measured for the pro-
duction of gynes, males, all sexuals or young workers. We
also found no evidence for an association between skew
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and queen–queen relatedness. However, it is important to
note that queens were related in only one of the 10 colonies
sampled. Thus, our study had little power to detect any
association between skew and queen–queen relatedness.
Finally, the number of potential breeders has been
proposed as being a possible factor influencing skew
(Johnstone et al. 1999; Reeve & Emlen 2000). Ours is the first
study testing the relationship between the number of
group breeders and the extent of reproductive skew; how-
ever, we found no significant relationship between the
number of queens per colony and reproductive skew.

In conclusion, this study shows a significant reproduc-
tive skew for the production of each caste and sex. Import-
antly, it reveals for the first time a trade-off between the
relative contribution of queens to gyne and worker pro-
duction. Indirect evidence suggests that such a trade-off
occurs possibly in other ants and might be more common
than generally realized. In any case, this study reveals that
it is necessary to quantify the contribution of queens to the
production of each caste and sex to assess their relative
reproductive success and understand the mechanisms
influencing reproductive skew.
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