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Abstract

[n many species, mating takes place in temporary patches where only a small number
of females produce offspring. In this situation Local Mate Competition (LMC) theory
predicts that the optimal sex ratio (defined as proportion males) should become
increasingly female biased as the number of females contributing offspring to a patch
decreases. However, in a large number of these species, some mating is also likely
to occur away from the natal patch (termed partial LMC). In this case the degree
of LMC is reduced, and theory predicts a relatively less female biased sex ratio. We
tested these two predictions with field data from 17 species of New World
non-pollinating fig wasps representing three genera. We present a model which
suggests that the average number of females ovipositing in a fruit (i.e. patch) is
positively correlated with the proportion of fruit of a given tree species in which that
species of wasp occurs. Across species, the overall sex ratio was positively correlated
with the proportion of fruit in which that species occurs. Furthermore, the males of
some species are wingless, and in these species all mating must take place before females
disperse from their natal fruit. In contrast, the males of other species are winged, and
in these species mating may also take place away from the natal fruit. Species with
winged males had less female biased sex ratios than species with wingless males that
occurred in a similar proportion of fruit. Finally, the correlation between sex ratio
and the proportion of fruit in which a species occurs was also observed within species
when comparing between the fruit crops of different trees. This suggests that individual
females facultatively adjust the sex ratio of their offspring in response to variable LMC.
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Introduction

The study of how sexually reproducing organisms allocate their resources between
the two sexes (sex allocation) has provided one of the most productive areas in
evolutionary biology (Charnov, 1982; Leigh et al., 1985). One particularly active
avenue of research has centred on the evolution of female biased sex ratios in
structured populations (where sex ratio is defined as the proportion of males).
Hamilton (1967) demonstrated that when the offspring of one or a few mothers mate
amongst themselves at their natal patch, before the daughters disperse, a female biased
sex ratio is favoured. This has been termed Local Mate Competition (LMC). Species
in the Hymenoptera, and in particular parasitoids, have played a central role in testing
models of LMC (Werren, 1987; King, 1993; Godfray, 1994; Herre et al., 1997).
However, future progress in this area is hindered severely by the lack of knowledge
of parasitoid mating StrUetIFes in nature (Nadel and Luck, 1992; Molbo and Parker,
1996). For example, considerable attention has been paid recently to situations in
which some mating occurs away from the natal patch (termed partial LMC; reviewed
by Hardy, 1994; Godfray and Cook, 1997). Theoretical models predict that in this
case the degree of LMC is decreased and a relatively less female biased sex ratio is
favoured for a given number of females ovipositing in a patch (Uyenoyama and
Bengtsson, 1982; Frank, 1986; Nunney and Luck, 1988; Werren and Simbolotti, 1989;
King and Skinner, 1991; Ikawa et al., 1993; Taylor, 1993; Greeff, 1995).

Two features of the non-pollinating fig wasps make these insects ideally suited to
testing theories of partial LMC. Firstly, they have population structures that lead
to LMC. Non-pollinating fig wasps are species of parasitoids or gall-formers that are
able to develop only within fig fruit. Females of most species, and all those considered
here, oviposit from the outside of the fig fruit. Fruit are suitable for oviposition for
only a few days, and so in some species the number of females ovipositing in each
fruit (i.e. patch) will be small. The wasps within a single fruit mature synchronously,
and so males are able to mate with females before they leave their natal fruit. Hence,
a small number of females lay their offspring in each fruit. and these offspring mate
amongst themselves before the daughters disperse. Secondly, the extreme interspecific
variation in male morphology allows us to distinguish between species in which either
no or some mating away from the natal patch is likely to occur (Hamilton, 1979;
Greeff, 1995; Cook et al., 1997; Herre et al., 1997). The males of some species are
wingless, and in these species all mating must take place before females disperse from
their natal fruit. In contrast, the males of other species are winged, and in these species
mating may take place either before or after females disperse from their natal fruit
(i.e. partial LMC).

Here we study 17 species of non-pollinating fig wasps representing three genera
({darnes Walker, Aepocerus Mayr and Physothorax Mayr). Each of these wasp species
develops within the fruit of one of 10 species of monoecious New World figs (Ficus,
subgenus Urostigma, section Americana). We are unable to determine the precise
number of females of each non-pollinating fig wasp species that oviposit in each fruit.
However, we present a model showing that the proportion of a tree’s fruit crop in
which ‘a4 wasp species coccurs is likely to be positively correlated with
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the average number of females of that species that oviposited in each fruit (Fig. la;
see also Hamilton, 1979; Greetf, 1995; Read et al., 1995). Given this assumption,
theoretical models predict that across species: (1). The average wasp sex ratio will
be positively correlated with the proportion of a tree’s fruit in which that species
occurs (Fig. 1b), and (2). Wasp species with winged males will have a less female
biased sex ratio than species with wingless males that occur in a similar proportion
of fruit.
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Fig. 1. The theoretical relationship between proportion of fruit in which a specics appears and: (a) the
average number of females of that species ovipositing in a fruit containing that species, and (b) the
overall sex ratio of that species. The different lines represent situations when: (I) females are randomly
distributed between the {ruit, visiting each fruit with an equal probability (i.e. poisson distribution); (II)
and (II) females aggregate at certain fruit (i.c. negative binomial distribution). The aggregation
parameter & is equal to 1.0 in line (II) and 0.5 in line (III) (low values of & describe high degrees of
aggregation).
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Background biology

Wasp species that are able to develop only within the fruit of fig trees are collectively
termed fig wasps. These species include both mutualistic pollinators upon which the
fig trees depend, and non-pollinators, which provide no apparent benefit to their
host figs. The fig species that we have examined are grouped in the subgenus
Urostigma, section Americana, and are each pollinated by a single species specific
pollinating wasp species from the genus Pegoscapus (Wiebes, 1995; Herre et al., 1996).
Individual trees of all fig species may produce one to three fruit crops per year
(Wdi)r\lisor et al., 1989). The development and maturation of the fruit within the crop
of a single tree is synchronous. When the fruit are receptive, mated pollen-bearing
female \pollinating wasps (foundresses) arrive at the tree, enter the fruit, pollinate
the receptive female flowers, and lay eggs in the ovaries of some of these flowers
(Frank, 1984; Herre, 1989, 1996; Herre and West, 1997). These foundress wasps
subsequently die inside the fruit. Just before final ripening of the fruit takes place,
the wingless males of the pollinating wasps chew their way out of the flowers in
which they have developed. They then crawl around the interior of the fruit searching
for flowers which contain female wasps. The males chew open these flowers and mate
with the females. The females then emerge from their flowers and gather pollen, before
leaving through a hole in the fruit wall chewed by the male wasps (Herre, 1989).

The non-pollinating wasps also appear to be generally restricted to a single host
fig species (Boucek, 1988, 1993; Machado et al., 1996). However, a single fig species
may have a large number of non-pollinating wasp species associated with it (Compton
and Hawkins, 1992; Cook and Power, 1996). The most common non-pollinating
wasps found emerging from the Urostigma figs in Panama are those in the genera
Idarnes, Aepocerus and Physothorax (West et al., 1996). The Idarnes wasps can be
split further into two morphologically distinct groups (Boucek, 1993; Machado et
al., 1996). Those belonging to the flavicollis and carme species-groups have wingless
males and females with very long ovipositors. We refer to this group as Idarnes.
In contrast, the Idarnes belonging to the incerta species-group have winged males
and females with relatively short ovipositors. We refer to this group as Idarnes
(incerta).

Unlike pollinating wasps, the females of the non-pollinating species considered
in this paper do not enter the fruit in order to lay their eggs. Instead females oviposit
into a fruit from the outside. Different species may oviposit at different stages of
the fruits development, and use different resources for larval development (Bronstein,
1991: West and Herre, 1994: West et al., 1996). For example, the Idarnes wasps
develop within female flowers, for which they appear to compete with the pollinating
wasps. In contrast, the Aepocerus and the Idarnes (incerta) wasps develop within
much larger galls which protrude into the centre of the fruit. The final group, the
Physothorax, are parasitoids of the Aepocerus wasps. However, within any wasp
species, oviposition, development and emergence are synchronised across the fruit
crop of a single tree. In addition, the different species within each of the genera/species
groups appear to use the same resources for larval development (West and Herre,
1994: West et al., 1996). The adult non-pollinating wasps emerge from their flowers
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at approximately the same time as the pollinators. After mating within the fruit the
females of all species, and any winged males, leave through the hole in the fruit
wall chewed by the pollinating males. While the Idurnes species produce wingless
males, as the pollinators do, the Idarnes (incerta), Aepocerus and Physothorax species
have winged males. Males of all the winged species that we have considered will
mate readily with females inside their natal fruit. Furthermore, we have observed
winged males of three species (Idarnes (incerta) sp. from F. citrifolia; Aepocerus sp.
and Physothorax sp. from F. dugandi) chew open galls containing females of their
own species within their natal fruit and then climb into those galls to mate with
the females. Males will mate multiple females (West et al., 1998).

Estimating the degree of LMC
The basic model

The purpose of this section and the accompanying appendix is to argue that the
proportion of a tree’s fruit crop in which a wasp species occurs is likely to be positively
correlated with the average number of females, of that species, that oviposit in each
fruit (Fig. 1a). In order to demonstrate this, consider a number of females, of a certain
species, who arrive at the fruit crop of a single tree and then move around laying
a few offspring in each fruit they visit. We assume that females may distribute
themselves amongst the fruit in one of three possible ways. First, females may be
randomly distributed among the fruit, with each female visiting each fruit with an
equal probability (poisson distribution). Second, females may aggregate at certain
fruit (negative binomial distribution). Third, females may be underdispersed, and
spread evenly among the fruit. Reasons why females might not be distributed at
random will be considered in the discussion.

Nonetheless, a feature common to all these possible distributions is that increasing
numbers of females visiting a tree will lead to an increase in both the average number
of females ovipositing in a fruit, and the proportion of fruit in which females of
that species oviposit. Consequently, the average number of females that-eviposited
in fruit that contains wasps of 4 certain species should be positiveﬁ)rrelated with
the proportion of fruit in that crop containing wasps of that species (Fig. 1a). This,
therefore, leads to the prediction that the overall sex ratio of a species should be
positively correlated with the proportion of a tree’s fruit in which that species occurs
(Fig. 1b; see Read et al., 1995) for a similar argument applied to parasitic protozoa).

The constraint of finite brood size

The above model assumes that females can produce any offspring sex ratio and
that all females produce broods of equal size. Relaxing these assumptions can cause
a number of complications (Stubblefield and Seger, 1990; Read et al., 1992, 1995;
Nagelkerke, 1994, 1996; Nagelkerke and Hardy, 1994; Shutler et al., 1995; Greeff,
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Fig. 2. The effect of the constraint imposed by small brood size on the theoretical relationship between
the sex ratio of a certain species and the proportion of [Tuit in which that species appears. In all cases
females are assumed not to be able to produce an offspring sex ratio lower than 0.14. The different lines
represent situations when: (a) females adjust their sex ratio according to the average number of females
that oviposit in a fruit, (b) and (c) females adjust their offspring sex ratio in response to the precise
number of females that oviposit in each fruit. For (b) we assumed that the total number of oflspring that
developed in a fruit was independent of the number of females that oviposited in it. For (c) we assumed
that the total number of offspring that developed in a fruit was linearly dependent upon the number of
females that oviposited in it.

1997; West et al., 1997; West and Herre, 1998). For example, finite brood sizes limit
the offspring sex ratios that a female can produce. One consequence of this is that
the most female biased offspring sex ratio that a female can produce, whilst still
producing sons, is 1/(brood size). It is therefore possible to produce a more femate”
biased sex ratio with a large brood than with a small brood (Griffiths and Godfray,
1988). Here, we consider the implications of this for the sex ratio pattern that we
would expect to observe in nature.

The general conclusion is that the constraint of finite brood sizes leads to less female
biased sex ratios being predicted for a given proportion of a tree’s fruit in which a
species occurs. In Figure 2 we show the possible consequences of incorporating this
constraint into our model in three ways. The equations for deriving these relationships
are given in the Appendix, and the predicted sex ratios represent the overall
population sex ratio. In all cases we assumed that females are distributed amongst
the fruit at random (i.e. poisson), and that there is a minimum possible sex ratio that
a female can produce. This minimum sex ratio was set as 0.14, the predicted
Y-intercept of the best fitting lines through the data in Figure 3, and corresponds
to one male in a brood of seven offspring. Line (a) was calculated assuming that
females adjust their sex ratio according to the average number of females that oviposit
in a fruit, as in Figure 1b. For lines (b) and (c) we assumed that females
adjusted their sex ratio precisely, as predicted by Hamilton’s original



Partial LMC in fig wasps 537

model, in response to the number of females that oviposited in each fruit. However,
if a single female oviposited in a fruit we assumed that she produced a sex ratio of
0.14. To obtain line (b) we assumed that the total number of offspring that developed
in a fruit was independent of the number of females that oviposited in it. This
represents the case when a single female produces the maximum brood size that can
develop in a fruit, and so there is extreme density dependence. For line (c) we assumed
that the total number of offspring that developed in a fruit was linearly dependent
upon the number of females that oviposited in the fruit. This represents the situation
where oviposition sites are not limiting and larvae in a fruit do not compete for
resources. Lines (b) and (c) therefore represent two extreme possible scenarios
between which species could occur, and we might expect intermediate situations. For
example, consider a species in the genus Idarnes, which competes with the pollinating
wasps for female flowers (West and Herre, 1994; West et al., 1996). Although the
total number of oviposition sites (female flowers) may not be limiting, increasing
numbers of females ovipositing in a fruit could lead to females laying eggs in flowers
in which other Idarnes females had already laid an egg, and/or being forced to lay
their eggs in flowers that provide less resources for a developing larvae (e.g. those
containing pollinator larvae). The difference in these two lines arises if fruit in which
several foundresses oviposited produce more offspring, thus having a greater effect
on the overall population sex ratio.

In the extreme case, it is possible that brood size may be a major determinant of
sex ratio variation between species. As discussed above, it is possible to produce a
more female biased sex ratio, and still produce both sexes, with a larger brood size.
Consequently, under conditions of extreme LMC, Tégative corrclation’s are pre-
dicted, and have been observed, between sex ratio and brood size (Griffiths and
Godfray, 1988; Morgan and Cook, 1994; Nagelkerke and Hardy, 1994; Hardy and
Cook, 1995; Nagelkerke, 1996; Herre et al., 1997 West et al., 1997, West and Herre,
1998). If the sex ratios of the species that we are considering here were determined
primarily by the constraint of small brood size then we would expect to observe a
negative correlation across species between sex ratio and brood size.

Methods

We sampled trees in the vicinity of Barro Colarado Island, Republic of Panama.
Each of these trees was visited approximately twice a week between January and May
1994. This procedure enabled us to monitor fruit development on a large number
of trecs. Any trees bearing a fruit crop near maturation were visited more frequently,
and a sample of 40— 50 fruit was collected during the period of wasp emergence. These
fruit were collected before any wasps had exited. Each fruit was then cut open and
sealed between two matching petri dish halves, and all the wasps were allowed to
emerge before being frozen. Later, the fruit was dissccted for unemerged wasps, and
the number and sex of each species of wasp that the fruit had contained were recorded.
We then calculated, for each wasp specics, the proportion of fruit in which they
occurred (considering only fruit from their host fig species), their overall sex ratio,
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and the average number of wasps developing in fruit which contained that species
(defined as the combined brood size).

Statistical analysis

We first analysed our data treating species as independent data points. Proportional
data such as sex ratios often have non-normally distributed error variance and
unequal sample sizes (McCullagh and Nelder, 1989; Crawley, 1993). To avoid these
problems we analysed the data with a general linear model analysis of deviance,
assuming binomial errors in the GLIM statistical package (GLIM 3.77, Numerical
Algorithms Group, Oxford, 1985). The number of males in a species was used as the
response variable and the total number of males and females in that species as the
binomial denominator. Initially, a full model was fitted to the data, including all
explanatory variables and their interactions. All continuous explanatory variables
were assessed for non-linearity by fitting quadratic terms. Terms were then removed
from the full model by step-wise deletion (Crawley, 1993). Whether the removal of
a term caused a significant increase in deviance was assessed with a y°-test. In all
cases the residual deviance was approximately equal to the residual degrees of
freedom, and so the assumption of binomial errors appeared to be valid (Crawley,
1993). In addition to examining the pooled data set, we also examined the data for
the wingless (i.e. Idarnes) and the winged species (i.e. Idarnes (incerta), Aepocerus and
Physothorax) separately. This was done to investigate if the same relationships
occurred within groups.

However, species may not be independent data points because they are phyloge-
netically related (Felsenstein, 1985; Burt, 1989). This leads to potential problems if
a trait is evolutionarily conserved, or highly correlated with an unknown phylogenet-
ically inert third variable (Ridley, 1989). Put simply, closely related species tend to
share many characters through common descent rather than through independent
evolution. We therefore also used the molecular phylogeny constructed by Machado
et al. (1996) and the method of independent contrasts (Felsenstein, 1985; Grafen,
1989; Pagel, 1992) to examine the relationship between the overall sex ratio of a species
and the proportion of fruit in which it appears. Independent contrasts are derived
by calculating the difference in the response and the explanatory variables across pairs
of species, or higher nodes that share a common ancestor. Hypothesis testing can
then be carried out on these contrasts with a regression fixed through the origin or
a sign test (Harvey and Pagel, 1991; Garland et al., 1992). We derived contrasts using
the statistical package of Purvis and Rambaut (1995), which allows both the Grafen
(1989) and the Pagel (1992) methods of assigning branch lengths to be used.

Results

The characteristics of each species are shown in Table 1. An estimate of the
average number of developing offspring that were laid by individual females
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(defined as the average brood size) can be made if we assume that ovipositing females
were distributed at random amongst fruit. Given this assumption, the proportion of
fruit in which each species occurs allows us to estimate the average number of females
ovipositing in a fruit that contains that species (equation 1 of the appendix). Dividing
the combined brood size by this number gives an estimate of the average brood size.
Across species this estmate of the average brood size was significantly positively
correlated with the combined brood size (F{; 5, = 275.47, P < 0.01, r?=0.948,n=17).

Across specics there was a significant positive relationshp between the proportion
of fruit in which a species occurs and its sex ratio (y? = 113.50, d.f. =1, P <0.001,
n=17; Fig. 3). Species with winged males had a significantly steeper relationship
between sex ratio and proportion of fruit in which a species occurs than species with
wingless males (y?=90.72, d.f. =1, P <0.001; Fig. 3). The predicted intercept for
the two lines was not significantly different (2 = 0.35, d.f. = 1, P> 0.1). In contrast,
there was no significant correlation across species between sex ratio and either
combined brood size (32 =0.04, d.f. = 1, P > 0.1) or the estimated average brood size
(y?>=2.36, d.f. =1, P>0.1). Together the proportion of a fruit in which a species
occurs and whether or not a species is winged explained 94.5% of the variation in
sex ratio across species. Models which also contained the combined brood size or
the estimated average brood size explained an extra 0.02% and 1.1% of the variance
respectively.

Considering the winged and wingless species separately there were significant
positive correlations between the average sex ratio of a species and the proportion
of fruit in which it occurred (wingless: y > = 129.50,d.f. = 1, P < 0.001, n = 10; winged:
¥2=34.55d.f.=1, P<0.001, n="7). In contrast, there were no significant correla-
tions across species between sex ratio and either combined brood size (wingless:
y2=191,df =1, P>0.1; winged: y*=0.63, d.f.=1, P>0.1).
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Fig. 3. The relationship between the sex ratio of a species and the proportion of fruit in which that
species oceurs (proportion of fruit parasitised). The square points represent species with winged males,
while the star points represent species with wingless males. The dashed and solid curves represents the
best fit lines for the specics with winged and wingless males respectively.
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Table 1. Characteristics of the non-pollinating fig wasp species studied. Species with a higher proportion
of fruit in a crop parasitised were likely to have a higher number of foundresses contributing to cach
fruit. Species with winged males were able to mate with females away {rom their natal patch. Idarnes
represents species from the flavicollis and carme species groups, while Idarnes (i) represents species from
the incerta species group.

Fig specics Wasp Males Number Combined Proportion Sex ratio
Ficus genera winged/ of trees brood size parasitised
wingless sampled fruit

perforata ldarnes wingless 2 15.0 0.02 0.16
nr. trigonata ldarnes wingless 2 5.9 0.11 0.13
bullenei Idarnes wingless 2 8.8 0.14 0.13
columbrinae Idarnes wingless [ 9.8 0.17 0.26
dugandi Idarnes wingless 2 22.5 0.39 0.22
citrifolia Idarnes wingless 5 20.0 0.39 0.21
costaricana ldarnes wingless 2 30.6 0.54 0.27
obtusifolia Idarnes wingless 3 53.6 0.68 0.31
popenoel Idurnes wingless 2 100.3 0.72 0.33
trigonata ldarnes wingless 4 126.4 0.88 0.35
costaricana Aepocerus winged 1 4.0 0.29 0.25
obtusifolia Aepocerus winged 1 10.9 0.30 0.33
rrigonata Aepocerus winged 2 8.6 0.56 0.37
dugandi Aepocerus winged 2 6.7 0.62 0.48
dugandi Idarnes (i) winged 2 8.8 0.14 0.20
citrifolia ldarnes (i) winged 2 5.6 0.44 0.38
dugandi Physothorax winged 2 3.5 0.40 0.29

If the overall sex ratio, and proportion of sibmating are known for a species with
winged males then equation (7) of Greeft (1995) allows an estimate of the amount
of mating away from the natal fruit to be obtained. We can estimate the degree of
sibmating by assuming that ovipositing females were distributed at random amongst
fruit (Hamilton, 1979; Greeff, 1995; equation 1 of Appendix). Making this assumption,
our estimates of the proportion of mating that occurs away from the natal patch range
from 0.43 (Idarnes (incerta) sp. in F. dugandi) to 0.95 (Aepocerus sp. in F. dugandi).

The phylogeny given by Machado et al. (1996) allowed the calculation of nine
independent contrasts. For both the Grafen (1989) and Pagel (1992) methods of
assigning branch lengths there was a significant positive relationship between the sex
ratio contrasts and the proportion of fruit parasitized contrasts. This was the case
whether analysis was carried out with a regression fixed through the origin (Grafen:
F =703, P <005 n=9,Fig. 4; Pagel: F, ;,=7.42, P <0.05, n =9) or a sign test
(Grafen and Pagel: P = 0.02).

Discussion

Across 17 species of non-pollinating fig wasps the average sex ratio of a species
was positively correlated with the proportion of fruit in which that species occurred
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(Fig. 3). This same relationship was found within each genus/species group. In
addition, species with winged males had less female biased sex ratios than species with
wingless males that occurred in a similar proportion of fruit (Fig. 3). Given our
assumptions, these results support the theoretical predictions that the average sex
ratio should be positively correlated with the number of females which oviposit in
a patch, and that increased mating away from the natal patch leads to relatively less
female biased sex ratios due to lowered LMC.

These results were supported by a formal comparative analysis using independent
contrasts. The difference in the sex ratio of two species/taxa was positively correlated
with the difference in the average proportion of fruit in which each of those two
species/taxa occurred. In addition, the position of two outlying data points (marked
a and b on Fig. 4) supports the suggestion that species with winged males had less
female biased sex ratios than species with wingless males. Point ¢ was the only
comparison in which the taxon which occurs in the highest proportion of fruit had
a more female biased sex ratio. This point was a comparison of the Idurnes and Idarnes
(incerta) with the Aepocerus. In point b there was little difference in the average sex
ratio of the taxa despite a considerable difference in the proportion of fruit in which
they occur. This point was a comparison of the Idarnes with the Idarnes (incerta).
In both these cases (a4 and b) the taxa consisting entirely of winged species had a less
female biased sex ratio than we would have cxpected on the basis of the other
comparisons. More generally, within fig wasps, wingless males have evolved on at
least seven scparate occasions (Cook et al., 1997), and so future work could examine
this question in more detail.

Hamilton (1979) has previously shown that non-pollinating fig wasp species with
winged males tend to have less female biased sex ratios than those species with
wingless males. However, the winged males of the species studied by Hamilton were
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Fig. 4. The relationship between the sex ratio contrasts and the proportion of fruit in which a species
occurs contrasts. Point a represents a comparison of the /ldarnes and Idarnes (incerta) with the
Aepocerus. Point b represents a comparison of the ldarnes with the Idarnes (incerta).
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not observed to mate within their own fig. The distinction between species with winged
and wingless males was therefore one between local mating and outbreeding species.
In contrast, the winged males of the species studied here actively searched within their
natal fruit for females with whom they mated before leaving to search for females
from other fruit (see background biology). The distinction between our species with
winged and wingless males was therefore one between local mating partially local
mating species.

The variation in the average sex ratios of the different species was in qualitative
agreement with the predictions made by our model (Fig. 1). Howcver, the observed
sex ratios of the species with wingless males were all less female biased than we would
have expected if ovipositing females were randomly distributed amongst the fruit of
trees. A possible explanation for this is that ovipositing females were not distributed
at random. If females aggregated at certain fruit then the average number of females
ovipositing in a fruit would be higher for a given proportion of fruit parasitised (Fig.
la) and we would expect less female biased sex ratios (Fig. 1b). Females would be
expected to aggregate if fruit differed in their quality as oviposition sites, and if
females could detect this variation, or if different fruit were at the correct stage for
oviposition at different times. An alternative, and non-exclusive explanation is
suggested by the extension of our model to incorporate the constraint imposed by
finite brood size (Fig. 2). Nonetheless, a consequence of both of these possibilities
is that our estimates of the amount of mating away from the natal patch, in species
with winged males, are likely to be overestimates. The extent of this possible
overestimation is shown if we use the same assumptions (Greeff, 1995) to calculate
the predicted amount of mating away from the natal patch in species with wingless
males. Instead of the predicted 0, we obtain values ranging from 0.28 (Idarnes sp.
from F. bullenei) to 0.49 (Idarnes sp. from F. popenoer).

The average sex ratios of the species may represent different fixed strategies, or
different manifestations of facultative strategies. Population densities of most of these
species fluctuate enormously in both space and time (Herre, 1989; West et al., 1996),
and so there is likely to have been selection for facultative strategies (Herre, 1987,
Herre et al., 1997). Indeed, given such fluctuations if individuals use only fixed
strategies we would expect considerably more scatter in our data (Fig. 3). Further
suggestive evidence for facultative strategies is found if we examine the sex ratios
produced in the fruit crops of trees, for the species in which more than two crops
were sampled (The Idarnes species from F. citrifolia, F. obtusifolia and F. trigonata).
In all three species there was a perfect rank order correlation between the sex ratio
of a sample and the proportion of fruit in which they occurred (Fig. 5). This is the
same pattern that we observed between species, and suggests that females are
facultatively producing less biased offspring sex ratios in crops where local densities
of females are higher, and higher average numbers of females are ovipositing in each
fruit.

Future work on non-pollinating fig wasps could examine experimentally whether
females facultatively adjust the sex ratio of their offspring, and if so, the ways in
which they judge the number of females ovipositing in a patch. A possible experi-
ment would be to determine how a female adjusts the sex ratio of her
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Fig. 5. The relationship across crops between the sex ratio of a single species and the proportion of fruit
in which that species occurred. (a) Idarnes sp. from F. citrifolia. (b) Idarnes sp. from F. trigonata. (c)
Idarnes sp. from F. obtusifolia.
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offspring in response to confinement with various numbers of females before and/or
during oviposition in a fruit. Alternatively molecular techniques, such as measuring
allozyme polymorphism (see Molbo and Parker, [996), could be used to examine how
females adjust their offspring sex ratio in response to population structure in the field.
We believe that understanding how females assess foundress number in natural
conditions may help explain why the results of laboratory experiments with
parasitoids often have not precisely matched the predictions of theory (e.g. Waage
and Lane, 1984; Orzack et al., 1991; King and Skinner, 1991; see also Godfray, 1994).
For example, in many species where females oviposit sequentially at a patch, an
individual female may be unable to determine precisely the foundress number. In this
case females may judge foundress number at least partially by their average contact
with other females over time (e.g. Strand, 1988), and so the circumstances in which
a female is kept prior to an experiment will effect the sex ratio that she produces in
that experiment.
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Appendix

Suppose that ovipositing females are randomly distributed between fruit, with
each female visiting each fruit with an equal probability (i.e. poisson distribution).
In this case the average number of females ovipositing in a fruit that contains that
species (defined as 71) is

_ —In(l1 —P)

= P , ()
where P is the proportion of fruit in which that species occurs (Line I of Fig. 1a).
The numerator represents the average number of females ovipositing in all the fruit.
This includes those in which no females oviposited and so must be divided by P to
obtain 7.

If n females oviposit in a fruit, then assuming haplodiploid genetics, equal brood
sizes, and that all mating takes place within the natal fruit, the optimal offspring
sex ratio (defined as r) is

(=12 —y)
T n(@d—s)

where s is the proportion of sibmating in the population (Frank, 1985; Herre, 1985;
Werren, 1987). If all females produce the same sex ratio then the optimal sex ratio
to produce is that associated with the average number of females ovipositing in a
fruit (n; Nunney and Luck, 1988). Given this further assumption, and by substitut-
ing equation | into equation 2, we are able to predict the relationship between the
sex ratio of a species and the proportion of fruit in which it occurs (Line 1 of Fig.
1b).

Let us now assume that females aggregate at certain fruit (i.e. negative binomial
distribution). In this case the average number of females ovipositing in a fruit that
contains that species (77) is

- ( -1k
’_:A((I—P) ’71)’ 3)
P
where k is the aggregation parameter (Lines II and III of Fig. 1a). Low values of
k describe high degrees of aggregation. Substituting equation 3 into equation 2 we
are able to predict the relationship between the sex ratio of a species and the proportion
of fruit in which it occurs (Lines II and IIT of Fig. 1b; sec¢ also Read et al., 1993).

We now examine the consequences of partially relaxing the assumption that females

can produce any offspring sex ratio, in three different ways (see also Nagelkerke, 1996;

. (2)
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West et al., 1997). For all cases we assume that females are randomly distributed
between the fruit, visiting each fruit with an equal probability. We also assume that
there is a minimum possible sex ratio that a female can produce, as a result of the
constraint imposed by small brood size. The minimum sex ratio is set as 0.14, the
predicted intercept of the best fit lines through the data in Figure 3, and corresponds
to one male in a brood containing seven individuals.

Firstly, we assume that all females produce the same sex ratio in each fruit, as above.
However, if the predicted optimal sex ratio (from equation 2) is below 0.14 then a
value of 0.14 is assumed (Line a of Fig. 2). For the second and third case we assume
that females facultatively adjust their sex ratio according to the number of females
that oviposit in each individual fruit (#). In » females oviposit in a fruit and »n > 1
then they produce the sex ratio predicted in equation 2. However, if only one female
oviposits in a patch then she produces a sex ratio of 0.14 and not 0. The constraint
of small brood size is therefore assumed to only affect the sex ratio produced when
one female oviposits in a fruit (n=1).

In the second case we assume that the total number of offspring that develop in
a fruit is independent of the number of females that oviposit in it. Given this
assumption we would expect to observe an overall sex ratio (defined as SR) of

0.14P(,+< i P\r(x)>

1—-P,
where P, is the proportion of fruit in which x females oviposit. The expected
proportion of fruit in which x females oviposit is
eln(l 7[7)(_11,1(1 “]7))'\'

x!

SR = , 4)

P =

N

(5)

(line b of Fig. 2).

The only difference in the third case is that we assume that the number of offspring
developing in a fruit is linearly dependent upon the number of females that oviposit
in the fruit. For example, twice as many offspring will develop in a fruit in which
two females oviposit than in a fruit in which one female oviposits. Given this
assumption we would expect to observe an overall sex ratio (SR) of

0.14P(,+< Y P_\xr(x)>

SR =
P

X

R

\‘M> ,

A

(Line ¢ of Figure 2).



