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Abstract. As predicted by the theory of local mate competition, the offspring sex ratios of many parasitoid
wasps become increasingly male biased as the number of conspecific females ovipositing in a patch rises.
The braconid wasp Bracon hebetor appears to be an exception. Recent experiments have suggested that
wasps ovipositing in the presence of a conspecific female produce more daughters than solitary wasps.
Larval competition is more intense when two females oviposit together and it has been suggested that
females lay fewer sons in these circumstances because the resultant small males have poor mating success.
Experiments are reported that (1) compare the sex ratio of solitary and paired B. hebetor; (2)investigate the
importance of differential mortality and (3) explore the relative mating success of small and large wasps.
Paired and solitary wasps produced the same sex ratio and there was no evidence of differential mortality.
Small males were able to mate both large and small ferales and, at least in the laboratory, appeared to
suffer no disadvantage in competition with larger males. There are statistical problems with some previous
analyses of sex ratio and foundress number in B. hebetor, and there are also problems in making inference

about adaptation from inbred strains of a naturally outbred species.

Much of the empirical support for the theory of
sex allocation has been obtained through exper-
iments with parasitoid wasps. Like other Hymen-
optera, ferale parasitoid wasps are able to control
the sex of their offspring at oviposition by fertiliz-
ing or not fertilizing the egg. The ability of the
mother 10 determine the sex of her offspring allows
natural selection to influence female behaviour to
produce sex ratios adapted to local conditions.
Biased sex allocation patterns are common among
parasitoid wasps and, in large part, are success-
fully explained by sex allocation theory (Charnov
1982; Waage 1986; King 1987; Werren 1987,
Godfray 1993).

One of the most important factors influencing
parasitoid sex ratios is local mate competition
(Hamilton 1967). Mating frequently takes place
between siblings, and sons often compete together
for mates. In these circumstances, the mother
obtains diminishing fitness returns from the pro-
duction of sons and the evolutionarily stable
strategy (ESS} is for the sex ratio to be biased
towards females. The extent of the female bias
depends on the severity of competition between
siblings. Hamilton (1967) showed that if mating
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occurred randomly between the progeny of n
females (called foundresses), each of whom pro-
duce the same number of offspring, the ESS sex
ratio is (n—1)/2n. When n=1, this expression
predicts a sex ratio of zero which is interpreted as
only enough sons to fertilize the female’s daughters;
for n>>1 the sex ratio becomes progressively less
female biased, approaching (-5 as n becomes large.
This result applies exactly to diploids. In haplo-
diploid species, mating between siblings causes the
mother to share more genes with daughters than
with sons; the increased coefficient of relatedness
of daughters to mothers selects for a small extra
female bias in the ESS sex ratio (Hamilton 1979;
Taylor & Bulmer 1980). Hamilton’s (1967) original
model has been extended in many directions (e.g.
Taylor 1981; Frank 1985, 1986, Nunney & Luck
1988) and has been tested both experimentally and
using comparative data (for reviews see King 1987;
Godfray 1993). For example, a number of workers
have manipulated or gbserved natural variation in
foundress number and found that progeny sex ratio
varies in line with theoretical predictions (Werren
1983; Waage & Lane 1984; Frank 1985; Herre 1985,
1987; King & Skinner 1991; though see Orzack
1986 for a dissenting view of the explanatory power
of theory).
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Recently, Galloway & Grant (1989) reported
unusual results from a foundress manipulation
experiment using the wasp Bracon hebetor
Say (= Habrobracon juglondis; Braconidae). This
wasp attacks the larvae of stored product moths
(Lepidoptera, Pyralidae) laying a clutch of eggs
which develop gregariously on the host. Bracon
hebetor has a female-biased sex ratio which has
sometimes been interpreted as due to local mate
competition (see discussion in Taylor 1988). How-
ever, Galloway & Grani reasoned that local mate
competition is unlikely to explain the female-biased
sex ratio of B hebetor. This is because local
matings would often involve siblings and inbreed-
ing depression is severe in species such as B. hebetor
that produce diploid males (discussed later).
Consequently, B. hebetor is expected to outbreed
{Whiting 1961; Galloway & Grant 1989) and this
prediction has recently received strong support
from observations of mating behaviour made in a
semi-natural environment by Antolin & Strand
(1992).

Galloway & Grant compared the brood sex
ratios of two strains of wasp when one or two
females oviposited on the same host. They found
that in one strain, but not the other, the sex ratio
was more female-biased in the two-foundress case.
This is a trend in the opposite direction to that pre-
dicted by local mate competition theory. Galloway
& Grant suggested an adaptive explanation for
their results. When two females oviposit together,
the greater number of eggs laid on the host results in
increased competition for resources and, in conse-
quence, smaller adult wasps. Grosch (1948) had
previously reported that dwarf male B. hebetor
were unable to mate with normal-size females while
dwarf females can both mate and successfully
produce progeny. Galloway & Grant suggested
that females ovipositing on overcrowded hosts
might lay fewer male eggs as these would result in
adults with very low fitness.

We report here a series of experiments with
B. hebetor designed to investigate sex allocation
and foundress number. We repeat Galloway &
Grant’s experiments and investigate changes in
clutch size when one or two females attack the same
host. We manipulate the numbers of eggs per host
to explore any confounding effects of differential
mortality of the sexes at increased larval densities.
We explore the ability of large and small males to
copulate successfully with ferales of different size,
and to compete with other males for access to
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females. Qur results support neither Galloway &
Grant’s hypothesis, nor the importance of local
mate competition. We discuss other factors that
may influence sex ratio in B. hebetor.

Studies of sex allocation in B. kebetor are compli-
cated by the sex determination system found in this
wasp. Haploid (unfertilized) eggs always develop
into males but diploid (fertilized) eggs become
ferales only if the individual is heterozygous at a
sex determination locus (Whiting 1943; Whiting
1961, reviewed by Cook, in press). Diploid,
homozygous individuals normally die as embryos
although some survive to become adult males
(Whiting 1961; Petters & Mettus 1980). Wild
populations of B. hebetor are probably highly
polymorphic at the sex determination locus so that
only a small proportion of diploid eggs develop as
males. However, laboratory strains of B. hebetor
often carry only two alleles, in which case 50% of
diploids are male, Based on observed sex ratios,
Galloway & Grant estimated that one of the strains
they used had two alleles, the other four,

METHODS
Insects

We used two strains of B. hebertor: a wildtype
strain (Lumberton) with normal black eyes, and a
mutant strain (Peach) with peach-coloured eyes.
The difference in eye colour is caused by a single
recessive gene (Whiting 1961). To remove sex ratio
variation due to the number of sex determination
alleles, we initiated populations of the two strains
of wasps from pairings of a virgin female with her
haploid son. In the absence of further mutation,
each strain carries two alleles segregating at the sex
determination locus. All experiments were con-
ducted with wasps from the first six generations
after the mother—son cross.

The host used both in the experiments and in the
stock cultures was Corcyra cephalonica Stainton
{Pyralidae). Hosts were reared on a medium con-
sisting of 70% wheatgerm and 30% maize meal
supplemented with 50 ml glycerol and 10 g Bakers’
yeast per 2-5kg dry medium. Wasps and moths
were maintained in a constant temperature room
at 30°C and 70% relative humidity, the moths in
darkness, the wasps in a 16:8 h light:dark cycle.

It is important that all wasps are maintained
under identical conditions prior to use in an
experiment. Females of several species of parasi-
toid are known to use contact with other females, or
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Table L. The sex ratio and brood size of the progeny of single and paired
fernales of the two strains of B. hebetor (X +5E)

Single foundress

Paired foundress

Peach Sex ratio 0-5004 0-029 0-496+0-035
Brood size 15-53 +0-88 937 +1:36
Replicates 4i 27

Lumberton Sex ratio 0-608 +0-038 0-600 +0-066
Brood size 252 +0-68 6:38 +G-54
Replicates 29 16

Only data {rom the first brood produced by each wasp are shown.

contact with the chemical traces of other females, as
proximate cues to bias their sex ratio (e.g. Viktorov
& Kochetova 1971, 1973; Strand 1988). Groups of
20 newly emerged females were placed in round
plastic pots {12 cm diameter, 6 cm depthy with 20
newly emerged males and provided with four hosts
and dried honey for food. After 24 h, females were
removed and assigned randomly to experimental
treatments.

Experiment I. Foundress Number and Sex Ratio

In this experiment we determined whether sex
ratio was influenced by foundress number, Unfor-
tunately little is known about foundress number in
the field but it seems reasonable to consider cases
where either one or two females oviposit together.
Female wasps of the two strains were placed either
alone (Lumberton or Peach female) or in pairs
(Lumberton female plus Peach female) in a petri
dish 3 cm in diameter with a single host and some
dried honey. All hosts were approximately the same
size (30-40 mg) and their weights were recorded.
Wasps were allowed to remain with the host for
24 h after they commenced oviposition. They were
then transferred to a new petri dish with a fresh host
for another 24 h, and this procedure continued for
five hosts or until one of the wasps died. Each brood
was kept until the adult wasps emerged and the sex
ratio of the progeny of each female recorded. If a
female produced no daughters she was assumed to
be unmated and her sex ratio score was discarded
(although in paired treatments the sex ratio of the
progeny of her pariner was included in the analy-
sis). If a female failed to lay any eggs, the data
from her partner were also discarded. The resultant
replication of each treatment is shown in Table I

In a separate experiment, wasps of the Peach
strain were placed alone or in pairs on a single
host. In this design, it is not possible to distinguish
the sex ratios of the progeny of individual females
in the paired treatment; however, any eflects of
asymmetric competition between the two strains
can be excluded.

We analysed sex ratios (proportion of males) in
two ways. First, we treated the sex ratio of cach
female’s progeny as a response variable ina 2x2
factorial experiment with strain and experimental
treatment as the two factors (in the second
experiment with Peach wasps treatment alone was
the single factor). We used generalized linear
modelling techniques (McCullagh & Nelder 1983)
implemented on the GLIM statistical package to
assess the importance of the explanatory variables
assuming binomial error variance and a logit link
function. The appropriateness of the assumption
of binomial errors was checked by comparing the
residual deviance with the residual degrees of free-
dom after fitting the full model. Large relative
values of the residual deviance indicate overdis-
persion which may result in artefactually narrow
confidence limits. Where the residual deviance
exceeded the residual degrees of freedom by more
than 20% we rescaled the deviance using William’s
algorithm (Collett 1991). Second, we follow
Galloway & Grant (1989) in combining across
replicates the number of offspring of each sex laid
by Lumberton and Peach females in each of the two
treatments. The resulting contingency table was
analysed using the G-test. Brood size was analysed
using standard ANOVA assuming normal error
variance (we use clutch size to denote the number of
eggs laid and brood size to describe the number of
larvae or adults that emerge from the clutch).
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Experiment 2. Foundress Number and Clutch Size

In experiment 2 we investigated how foundress
number affects clutch size and hence the compe-
tition for host resources among parasitoid larvae,
Female wasps of the Peach strain were placed either
alone or in pairs in a 5cm petri dish with a single
host and some dried honey. Two sizes of host were
used: small (20-35mg) and large (45-70 mg).
Wasps were allowed to remain with the host for
24 h after they began to oviposit and then the
number of eggs laid were counted under a binocular
microscope. The four treatments were replicated
15 times; in some cases females died or did not lay
¢ggs leading to reduced replication in the statistical
analysis,

Experiment 3. Differential Mortality

In experiment 3 we investigated whether females,
haploid males or diploid males suffer dispro-
portionate mortality at high larval densities. Peach
females were mated with Lumberton males (in
crosses known to involve two sex determination
alleles) and ailowed to oviposit on host caterpillars.
This mating combination was chosen because all
diploid offspring (male or female) have dark eyes
and all haploid offspring peach-coloured eyes. The
three sex types (haploid male, diploid male and
female) are thus phenotypically distinguishable.
Eighty paralysed hosts weighing 30-40 mg were
cleared of parasitoid eggs and then artificial
clutches of 10, 20, 30 and 40 eggs were created by
transferring eggs with a pin. Eggs in each clutch
were chosen randomly from a large pool and placed
on the host in positions typical of natural oviposi-
tion. Parasitoids were allowed to grow to the adult
stage and the number of males, diploid females and
diploid males recorded. Tn the data analysis, the
four clutch size manipulations were considered
separate experimental treatments,

Experiment 4. Body Size and the Ability to Mate

In experiment 4 we investigated whether adult
body size influences successful mating. Pairs of
wasps of different size were placed together in a
petri dish for 40 h and supplied with dried honey for
food. Four size combinations were used: large
male/large female; large malefsmall female; small
male/large female; and small male/small female.
Large wasps were obtained by allowing a female
to lay only a few eggs on a host, small wasps by
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removing larvae from a host before they were fully
grown. All wasps were isolated as pupae to ensure
no matings occurred before the experiment. Tt is
difficult to measure accurately the size of an adult
wasp while it is still alive and so the two size
categories of wasps were initially separated by eye,
At the end of the experiment, all wasps were killed
and their thorax length measured under a binocular
microscope. Post-mortem measurements indicated
virtually no overlap of the two size categories. After
mating, cach female was provided with a host
weighing 3040 mg. The female was given a fresh
host after 24 h and the procedure repeated until
death. All wasps used in this experiment were of the
Peach strain.

Experiment 5. Body Size and Competition Among
Males

In experiment 5 we tested whether small wasps
were disadvantaged in competition for mates.
Large and small males were obtained as in exper-
iment 4. Wasps were initially categorized by eye
and their exact size measured after death. Again,
post-mortem measurements indicated virtually no
overlap of the two size categories. Pairs of males,
one large and one small, were allowed to compete
for either one, two or four females in a large petri
dish (diameter 9 cm, depth 1-5cm). To identify
paternity, a Peach and a Lumberton male were
used in each experiment while all females used
were Peach (recall that the eye colour mutant is
recessive so that Lumberton/Peach crosses have
the Lumberton phenotype). To control for pos-
sible differences in the number of sex alleles in
Peach x Lumberton and Peach x Peach crosses,
and also for differences in the competitive ability
of the two strains, two sets of experiments were
performed, one with small Peach males, and
one with small Lumberton males. Each of the
six experimental combinations was replicated 20
times. The significance of the results was assessed
using log-linear analysis.

RESULTS

Experiment 1. Foundress Number and Sex Ratio

Table | shows the sex ratio and brood size of the
first broods of the two strains of wasps. We first
analyse the results treating the sex ratio of the
progeny of each fernale as the response variable.
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Table I The total numbers of males and females produced by different genotypes ovipositing

alone and in pairs

Single foundress

Paired foundress

Genotype Males Females Males Females G-test P
Lumberion  1st brood 175 103 63 69 8-44 0-0037
All broods 483 337 549 498 778 0-0053
Peach 1st brood 328 313 137 116 0-65 NS
Al broods 874 704 553 435 0-03 N§
Combined  Ist brood 503 416 200 185 0-85 NS
All broods 1357 1041 1082 893 1-43 NS

The data from the first brood and from all broods combined are analysed separately.

There was no significant difference between the
sex ratio produced by single and paired females
of either genotype although Peach females pro-
duced a significantly more female-biased sex ratio
than Lumberton females (x2=12-3, P <0-01); the
interaction between genotype and foundress number
was not significant. The brood size of both geno-
types was smaller when two females oviposited
pet host (F, ;5,=23-9, P<(-001) and broods of
Lumberton were larger than Peach (F, 5=173,
P < 0-001); again, the interaction was not significant.
To see if brood size might explain variation in the
sex ratio we added this variable to the statistical
model containing genotype and foundress number
but found no significant increase in the explanatory
power of the model (33 =2-3, Ns).

We also analysed the sex ratio of all the offspring
produced by each female on five hosts (fewer if the
female died during the experiment). The analysis
included three factors: genotype, foundress number
and the number of broods produced before death.
No interactions were significant and the only
significant main effect was brood number: females
that laid more broods tended to produce a greater
proportion of males, perhaps because of sperm
depletion (see Discussion). Thus Peach females
produce more females in their first brood but over
five broods the two genotypes on average produce
the same sex ratio.

To facilitate comparison of our analysis with
that of Galloway & Grant (1989), we analysed our
results using a G-test. For both first broods and all
broods combined there were no differences in the
offspring sex ratio of single and paired foundresses
of the Peach strain, or for both strains combined
(Table II). However, there were significant dif-

ferences in the sex ratio of Lumberton offspring
with more females produced in the paired treat-
ment. These findings contrast with the analysis
using logistic regression, a discrepancy we return to
in the Discussion.

In the experiment using wasps of a single strain
(Peach), there was no significant difference between
sex ratios Jaid by single females (¥ +3E=0-506+
0-098) and paired females (0-502+0-046). Here,
13-46 (s& (-78) wasps emerged on average from
clutches laid by a single female while 17-07 (se
1-92) emerged from clutches laid by two females.
Clutches laid by two females were thus about 27%
larger.

Experiment 2. Foundress Number and Clutch Size

Single wasps laid on average 34-31 (SE 3-:23) eggs
and paired wasps together laid 51-83 (SE 4-72), an
increase in the number of eggs per host of just under
50%. In an analysis of variance, host weight did not
significantly improve the fit of a statistical model
containing foundress number, although there wasa
trend for wasps to lay more eggs on larger hosts
(F, 45=3-46, critical value (P < (-05) =4-08). Com-
paring these results with the number of adult wasps
produced by Peach females ovipositing alone or in
pairs, the survival of young on hosts attacked by
one female is approximately 39% and on hosts
attacked by two females 33%.

Experiment 3. Differential Mortality

Table 1T shows the numbers and proportions of
adult females, haploid males and diploid males.
Because there were only two sex determination
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Table TIL. The average number and proportion of females, hapioid males and
diploid males that developed successfully on hosts with different egg densities

Egg density
10 20 30 40

Females 2-894£0:26 4-80 1061 668 +0-32 673 £ 0-4%

0-54 053 0-55 0-60
Haploid males 2:424029 3:751+90-13 505038 4264029

0-45 0-41 0-42 0-37
Diploid males 0-05+0-05 0-574-0-16 0361074 031 £0:57

0-01 0-06 003 0-03

Table IV. Results of the experiment to determine the mating success of large and

small males

Noeggslaid  Unmated — Mated Total
Small male/small female 3 I 14 18
Small male/large female 1 3 28 32
Large male/small female 1 1 16 I8
Large maleflarge female 1 2 pe) 30
Total 6 7 83 98

The number of females that failed 1o lay any eggs, the numbers laying only male
eggs and hence assumed to be unmated, and the pumbers laying eggs of both sexes

are shown.

alleles present in each strain, females laid equal
numbers of daughters and diploid males. The much
smaller proportion of diploid males among the
adult progeny indicates that, as expected, they are
particularly susceptible to juvenile mortality, How-
ever, the proportion of the three sex types was not
significantly influenced by egg density. As expected
there was a strong effect of egg number on overall
survival (x3=30-14, P<0-01), The adult size of
wasps of each sex type was not significantly different,
but clutch size had a strong influence on adult size
(F3.165=183-5, P<(-001); the interaction between
sex type and clutch size was not significant.

Experiment 4. Body Size and the Ability to Mate

Table IV shows the mating success of the four
combinations of large and small males and females.
Eighty-seven per cent of females mated successfully
and laid eggs. There was no significant effect of
either the difference in male and female size, or the
absolute size of either sex, on the probability of

failing to oviposit, or the probability of being
mated. We also found that neither the lifetime pro-
duction of offspring, nor the lifetime production of
daughters (a measure of the father’s reproductive
success), was influenced by the absolute or relative
size of the parent.

Experiment 5. Body Size and Comtpetition Among
Males

There were four outcomes to the competition
experiment (Table V). In 15% of replicates the
females either died before presentation with a host
or laid no eggs; in a further 8% of replicates the
female laid only male eggs and hence was probably
unmated; in 2% of cases the female produced eggs
of both phenotypes and was thus definitely mated
by both tmales, while in the remaining 75% of
replicates the female produced uniform broods of
one phenotype indicating that a single male insemi-
nated all the female’s eggs. The ratio of the four
outcomes was statistically independent of the strain
of the large and small wasps.
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Table V. The reproductive success of females in the male competition experiments

Females
Noeggs Uniform  Mixed
Males laid Unmated  broods  broods  Total
Small wasp Peach 11 4 54 2 72
Small wasp L.umberton 10 8 53 1 71
Totals 21 12 107 3 143

Females either lay no eggs, lay only male eggs (unmated), produce uniform broods
of one phenotype, or mixed broods of both phenotypes.

Table V1. The genotype of the successful wasp in the
uniform broods of the male competition experiment

Successful male

Large Small
No. of
females Lumberton Peach  Lumberton Peach
1 7 4 5 2
2 12 5 10 4
4 21 5 24 8
Total 40 14 19 14

Table V1 shows the genotype of the successful
male in the replicates that produced uniform
broods. Size, or the interaction between size and
the number of females, had no significant effect on
the outcome of competition (x2=23-18). However,
Lumbertonmales weresignificantly more successful
in competition than Peach males, and their advan-
tage was independent of the number of females in
the mating group (x2=25-37, P<0-001). We also
analysed the influence of male genotype and male
size (thorax length) on the number of daughters
produced by mated females with uniform broods.
Females mated with Lumberton males produced
significantly more daughters (x} = 60-79, P <0-001)
but size and the interaction of size and genotype
had no significant influence on the number of
female progeny.

DISCUSSION

There are now many examples of parasitoids that
producc a less female-biased sex ratio in the
presence of conspecifics. Galloway & Grant’s

(1989) experimental result with B. hebetor is an
interesting exception to this rule. To explain their
results, Galloway & Grant (1989) argued that local
mate competition does not occur in B. hebetor and
proposed that females produce more daughters in
circumstances that adversely affect the fitness of
sons. This is a special case of conditional sex
expression first suggested by Trivers & Willard
(1973} and rigorously modelled by Charnov (1979).
In our experiments we have tried to replicate the
original result, to investigate whether differential
mortality of one sex or of diploid males occurs,
and to examine whether male mating success is
influenced by adult size.

We were unable to find a difference in the sex
ratio produced by females ovipositing singly and in
pairs. OQur procedures differed from Galloway &
Grant in two ways: we used a smaller host, and we
analysed ourresults using logistic regression. Today
B, hebetor is normally collected from grain silos
and similar artificial habitats where it parasitizes a
variety of pyraustine pyralids, especially those in
the genera Ephestig and Plodia. Both the hosts used
by us (Corcyra cephalonicay and by Galloway &
Grant (Galleria mellonella) are galleriine pyralids
that are readily parasitized by the wasp. We chose
C. cephalonica as it is a similar size to the more
normal hosts of this parasitoid while G. melloniella
is distinctly larger. If females lay more males
in circumstances where resource competition
among their laivae is relatively severe, more biased
sex ratios should be found on C. cephalonica in
comparison with G. mellonella.

There is a problem in using log-linear analysis
{G-test) of eggs summed across replicates Lo assess
the significance of the sex ratio adjustment, In
experiments such as these the independent statisti-
cal unit is the sex ratio of the female's offspring and
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this should be analysed using logistic regression
{or equivalent parametric or non-parametric pro-
cedures). Performing a G-test on the total number
of eggs implicitly assumes that the probability of
each egg being maie or female is determined by a
systematic component and an error component,
and that the distribution of errors is identical and
independent. Unfortunately, eggs from the same
parent are not independent and this reduces the
degrees of freedom. Suppose that an experiment is
carried out with only one female in each treatment,
Without replication no statistical inference can
be made about the effect of treatment on the sex
ratio. However, if the female lays enough eggs it is
possible to get a significant G-test. Galloway &
Grant of course replicated their experiment but
we fear that these problems may have led to an
erroncously significant result. It is interesting that
for the Lumberton strain we found no significant
difference in the sex ratio using logistic regression,
yet were able to obtain a highly significant G-test.

The sex ratio of broods laid by single and paired
females may differ if greater competition for host
resources results in the differential mortality of one
sex or, in the case of B. hebetor, in the differential
mortality of diploid males. We found that pairs
of females laid more eggs than single females
(although less than twice as many) and that mor-
tality is greater in broods produced by two females.
However, in our egg manipulation experiment,
we found no evidence of a relationship between
cgg density and differential mortality of females,
haploid males, or diploid males. Differential
mortality has been implicated in several studies of
competition in gregarious parasitoids but typically
female larvae suffer more than males. Benson
(1973) and Taylor (1988) observed differential
mortality of females in B. hebetor, but Galloway &
Grant noted that increased female mortality at high
densities could not explain their results.

Grosch (1948) observed that dwarf males were
sometimes produced in B. hebetor that were physi-
cally incapable of mating, We tested the ability of
B. hebetor to mate using smal males that had been
artificially created by removing larvae from hosts
before they were fully grown. Most of the small
wasps obtained in this way were considerably
smaller than those emerging from hosts naturaily
parasitized by the wasps. We found no evidence
that small males were unable to mate with either
large or small females. We also found no evidence
that small males were at a disadvantage in com-
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petition for mates with large males, although
experiments on mate competition in unnatural
environments must obviously be interpreted with
caution. Wasps of the Lumberton strain were con-
sistently more successful at obtaining matings than
wasps of the Peach strain. We have no explanation
for this result: possibly Lumberton males are
intrinsically superior competitors to the Peach
strain. Alternatively, females may prefer to mate
with a different phenotype to reduce the probability
of inbreeding (Grant et al. 1980) or may avoid
mutant males. Peach females produced more
daughters when crossed with Lumberton males
than when crossed with Peach males. The reason
for this is that while Peach x Peach crosses always
contain two sex alleles, Peach x Lumberton crosses
may contain three alleles and thus produce no
diploid males.

In many ways, laboratory populations of
B. heberor are poor experimental models to investi-
gate sex ratio adaptations. Strains that have been
kept for many gencrations in the laboratory
may have been subject to artificial selection. In
B. hebetor, these problems are compounded by the
origin of many laboratory strains which are derived
from wasps caught in warehouses and other sites
that may have been colonized relatively recently.
Another problem is that [aboratory strains tend to
be inbred and to have very few alleles at the sex
determination locus (Petters & Mettus 1980) lead-
ing to high diploid male production. Galloway &
Grant estimated their wasps to have two to four
alleles while we deliberately reduced the number to
two. This action maximizes diploid male production,
which is probably low in natural populations, but is
preferable to having an unknown but potentially
large variance between broods due to diploid male
production. While diploid males are a potential
complicating factor, our experiments indicated that
they had a uniform high mortality in the different
experimental treatments.

Most studies of B. hebetor have found that
wasps produce a female-biased sex ratio (e.g.
Whiting 1961; Benson 1973; Rotary & Gerling
1973; Taylor 1988; Strand & Godfray 1989). Local
mate competition is an important factor leading
to female-biased sex ratios in other species of
gregarious parasitoids and is an obvious candidate
to explain the bias found in B. hebetor. However, in
species with the type of sex determination found in
B. hebetor, mating between siblings leads to the
production of diploid males and a substantial
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drop in fitness (Whiting 1960; Galloway & Grant
1989). This paradox has been partially resolved by
Antolin & Strand (1992) who studied the mating
behaviour of B. hebetor in semi-natural conditions
in large grain silos. They found that males con-
gregated at the tops of small *hills” of grain which
females visited to obtain matings. These obser-
vations strongly suggest that outbreeding is normal
in this wasp, and thus the fitness penalties of
producing many diploid males are avoided. This
still leaves the problem of why this species produces
a female-biased sex ratio (Antolin & Strand 1992).
One possibility is asymmetric competition between
male and female larvae on a host (Benson 1973;
Godfray 1986). To predict sex ratio in such circum-
stances, it is important to consider simultaneously
selection acting on both clutch size and sex ratio
(Suzuki & Iwasa 1980; Werren 1980; Godfray 1986;
Frank 1990). Alternatively, mated females may be
selected to produce a female-biased sex ratio in
response to the presence of unmated or sperm-
depleted females laying broods consisting only
of sons (Godfray 1988). Interestingly, Antolin &
Strand (1992) found both categories of females
ameng individuals caught in grain silos. Further
progress towards understanding sex ratio in
B. hebetor, and in similar species, is most likely to
occur by following Antolin & Strand’s example
and attempting to study mating systems and
larval competition under natural and semi-natural
conditions.
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