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Female ambrosia beetles adjust their offspring sex ratio according
to outbreeding opportunities for their sons
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Recent studies on the effect of local mate competition (LMC) on sex ratios
have focused on the effect of post-dispersal mating success by males. A higher
proportion of males is expected to be produced as the potential for outbreeding
increases. Here we demonstrate that males of a haplodiploid ambrosia beetle
with LMC disperse to seek additional matings, and brood sex ratios increase
with outbreeding opportunities in the field. Manipulations in the laboratory

confirm that females produce more sons when the post-dispersal mating
prospects of their sons are experimentally increased. This is the first study
showing that male dispersal options may influence individual female sex
allocation decisions in species with strong LMC.

Introduction

Hamilton’s concept of local mate competition (LMC;
Hamilton, 1967, 1979) has inspired a great number of
studies in the field of sex ratio theory. According to this
theory, sex ratios should depart from equality if mating is
not random within the population, but takes place within
groups containing related individuals. In such situations,
females maximize fitness by producing female-biased
brood sex ratios. In the extreme case of strict local mating
and a single founding female, the model predicts that the
sex ratio should approach zero; broods should contain
the minimum number of sons sufficient to fertilize all
daughters. With increasing number of foundresses repro-
ducing within one patch, female bias should be reduced
and the sex ratio approach equality as predicted by Fisher
(1930).

In fig wasps and parasitoid wasps a small number of
females reproduce within a patch, mating takes place
before female dispersal, and males are often unable to
disperse as a result of reduced wings and body size.
Numerous empirical tests have qualitatively confirmed
Hamilton’s theory of sex allocation (reviewed for fig
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wasps: Herre et al., 1997), but often more males than
predicted are produced. One explanation could be con-
straints on females, preventing them from producing
optimal sex ratios. For example, less-than perfect control
of sex determination or developmental mortality (Hardy
et al., 1998) could increase the risk of producing all-
female broods, which would result in unmated daughters
(Oku & Nishida, 2001), and thus additional ‘insurance
males” could be produced. Similarly, limited insemin-
ation capacity of males should lead to an increase in sex
ratio (but see Hardy et al., 2000).

Alternatively, females may be behaving optimally, but
the assumptions of LMC theory need not be correct. The
original theory has been refined to include additional
factors determining sex ratios in structured populations.
In particular, the assumption of strict local mating has
been relaxed in several models (e.g. Nunney & Luck,
1988; Ikawa et al., 1993; Taylor, 1993). This situation has
been termed partial LMC. It has been argued repeatedly
that outbreeding or nonlocal mating should decrease the
female bias of Hamiltonian sex ratios. In these models, a
mother gains inclusive fitness through an extra son only
if he is outbreeding.

Unfortunately, assumptions about mating and popu-
lation structure are often indirect, and have only rarely
been tested in studies of LMC (Molbo & Parker, 1996).
Increasing evidence suggests that strict local mating may
be the exception rather than the rule in typical
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inbreeders (see reviews by Nadel & Luck, 1992; Hardy,
1994; Hardy et al, 1999). Comparative studies have
shown a correlation between inferred male dispersal
abilities and average sex ratios (Hardy & Mayhew, 1998;
West & Herre, 1998a; Fellowes et al., 1999). However,
indirect inferences of population structure from mor-
phological data should be treated with care (Drapeau,
1998). To our knowledge, no study has shown as yet that
females individually adjust the sex ratio of their brood
according to outbreeding opportunities.

The most popular taxon for testing LMC theory are the
Hymenoptera, owing to the biology of fig wasps and
parasitoids clearly exhibiting structured populations with
limited male dispersal. However, nonlocal mating success
in the field is difficult to study in Hymenoptera because
of their small size and difficulties of tracking them
individually after dispersal. The life history of certain
ambrosia beetles (Scolytinae, Xyleborini) shows striking
similarities with these hymenopteran groups; mated
females disperse, and each female excavates a brood
chamber with a single entrance/exit hole in freshly dead
trees. Thus, offspring groups are produced by a single
foundress. The female and her offspring feed on the fungi
they cultivate on the gallery walls. Unfertilized eggs
develop into haploid males, which are smaller than
females and have reduced, nonfunctional flight wings.
For the whole tribe Xyleborini, it is generally believed
that mating occurs exclusively within the natal gallery,
and males are assumed to die or be evicted by their sisters
after mating, resulting in strict LMC (Kirkendall, 1993).
Indeed, the whole group exhibits heavily biased sex
ratios. However, there may be hundreds of galleries per
tree, and males can be observed wandering on the bark
surface and visiting other gallery entrances (Schneider-
Orelli, 1913). This offers a unique opportunity to study
male dispersal behaviour and outbreeding opportunities
in a species with single foundress broods. If these males
have some post-dispersal mating success, this should
influence optimal sex allocation of the founding female.

The aims of this study are:

(i) to determine whether the xyleborine mating system

is best described by strict or partial LMC;
(ii) to determine the relationship between outbreeding
prospects and sex allocation in a natural situation;
(iii) to manipulate male post-dispersal mating oppor-
tunities in the laboratory, and to test whether or not
females react according to the predictions of LMC
theory.

Methods

Study population

Field work was carried out from the beginning of May
until the end of September 2002 in the Bremgarten
Forest surrounding the Hasli Ethological Station at
Berne, Switzerland. Xylosandrus germanus (Blandf.) is

one of nine xyleborine species in Europe, which has been
introduced from East Asia about 50 years ago (Groschke,
1953) and has a body length of about 2.2 mm. Dispersal
flights last from May to June, when females colonize
freshly fallen trees and start excavating a brood chamber
or gallery. They carry spores of fungi in special structures
(mycangia) and cultivate these fungi on the surface of
the gallery walls. After the fungus has started to grow,
females oviposit, and broods develop until the end of
August. Around this time, many males leave their natal
galleries and can be observed on the bark surface. Mated
females overwinter in their gallery and disperse the next
spring (Gauss, 1960; Heidenreich, 1960, 1964).

Male dispersal behaviour

We investigated male dispersal behaviour during late
summer. The males of one subpopulation (tree log) were
individually colour-marked, and their movements on the
bark surface were recorded. Each observation session
lasted for 1-2 h, and we observed a total of 23 males over
a period of 4 days. We presumed any gallery within a
radius of 2 cm of its movements to be within a potential
‘perception range’ of the male. As an index of gallery
attractiveness for males, galleries were classified into
three categories: ‘ignored’ (no contact with gallery
entrance by any male coming within 2 cm of a gallery),
‘visited’ (at least one contact of a male with the entrance
<1 min), or ‘stayed’ (at least one contact of a male with
the entrance > 1 min). After completion of behavioural
observations, we dissected galleries that had been within
the range of wandering males and counted the number
of females inside.

Female behaviour

The gallery entrance is often blocked by one of the
females from inside the brood chamber. In order to judge
the relevance of this blocking behaviour for extrafamilial
male mating opportunities, we quantified this behaviour
at the entrances of 24 galleries on three different trees.
Blocking females were individually colour-marked, and
each gallery entrance was observed on 7 days over a
period of 3 weeks. On each observation day 6 consecu-
tive scans were performed with an interscan-interval of
30 min. Frequency of blocking and the identity of the
blocking females were recorded.

Sex ratio and outbreeding opportunities in the field

Post-dispersal mating opportunities are likely to be
determined by the density of galleries on a tree, as males
cannot fly. We selected 15 trees with varying levels of
X. germanus colonization densities. After the end of the
dispersal period, a grid with 470 cells of 2 x 2 cm was laid
over the bark surface of each tree. The percentage of cells
containing at least one gallery entrance of 50 randomly
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selected cells was determined. This percentage was used
as an index of colonization density. In addition,
45 gallery entrances were marked and emergence traps
placed over them. The beetles that left their gallery were
trapped in a plastic vial, which was checked once a week.
At the end of the season, small chunks of wood
containing the marked galleries were removed from the
logs with hammer and chisel, and the numbers of males
and females inside were counted under a dissection
microscope in the laboratory. Thereby we obtained data
on both dispersing and nondispersing individuals.
Because of gallery failure, our final sample size was 36
galleries dispersed over 13 trees, with a mean of 2.2 + 0.4
galleries per tree.

In the field, all-male broods are likely to result from an
unfertilized female, whereas all-female broods are
assumed to result from sampling error, because they
occur in the laboratory only very rarely (3% in the
laboratory vs. 19% in the field). Emergence traps were
difficult to attach to the bark surface, so that sometimes
small gaps occurred, through which males could escape.
Therefore, all-female broods (7 = 7) were excluded from
the analysis of the relationship between colonization
density and sex ratio in natural galleries.

Lab experiment

We tested the significance of nonlocal mating opportun-
ities for brood sex ratios in an experiment with artificial
breeding medium in tubes. Females were assigned
randomly to treatments of one, two or three per tube.
As galleries were never observed to merge in nature, any
sex allocation change was assumed to be an adaptation to
nonlocal mating opportunities for dispersing males (as
opposed to outbreeding in multiple foundress broods).
When there were several foundresses per tube, each
female excavated her own gallery, although the galleries
sometimes merged late during brood development. The
resource volume per female was kept approximately
constant between treatments by adjusting the tube
diameter (11, 15 and 19 mm, respectively). To control
for effects of tube size on sex ratio, single females were
also put into tubes of these sizes. The medium was
removed after the end of brood development and the
numbers of male and female offspring in each tube were
counted.

During the course of the experiment, it turned out that
the sex ratios produced by single foundresses in small
tubes were unusually high compared with single-foun-
dress broods in medium and large tubes, where no
difference was expected (medians: 0.11 in small tubes,
0.06 and 0.06 in medium and large tubes; logistic
regression, y7 _ 18.59, P < 0.001, n =30, 17 and 21,
respectively). One main assumption of the experiment
was that resource quality is equal in all tube sizes, but in
the smallest tubes the medium unexpectedly dried out
more quickly than in the remaining tubes. If female
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offspring suffer more from low resource quality, foun-
dresses are expected to produce relatively more sons on
low quality patches (Charnov et al., 1981). Because of
this confounding effect we had to exclude the broods in
small tubes from further analyses.

We investigated the timing of male maturation relative
to female maturation by dissecting tubes with single
foundress broods in the laboratory at the age of 4 weeks,
when about one-third of the offspring had reached
adulthood. Sex and stage (pupal, adult) of the offspring
was recorded.

Foundresses used for experiments were collected in the
field during dispersal, with ethanol-baited live traps. The
traps were checked every day, and the female were kept
in plastic vials with filter paper for 2 days, already at
densities according to experimental treatment. Before we
transferred the beetles onto the medium on a sterile
bench, they were rinsed for a few seconds in 70%
ethanol and deionized water to prevent microbial con-
tamination of the medium. Gallery structure, brood
development and fungal growth were comparable with
natural galleries in wood. All tubes were kept in constant
darkness at 70% humidity and 22 °C (‘night’, 14 h) and
28 °C (‘day’). The agar-based medium consisted of 0.35 g
streptomycin, 1 g Wesson’s salt mixture, 5 g yeast, 5 g
casein, 5 g starch, 10 g sucrose, 20 g agar, 75 g pear tree
sawdust, 2.5 mL wheat germ oil and 5 ml 95% ethanol
(modified from Norris & Chu, 1985). All dry ingredients
were mixed, and 500 ml of deionized water was added.
The mixture was autoclaved for 20 min at 121 °C, and
the hot medium was poured into sterile tubes, covered
immediately, and left to dry for 4-5 days.

Statistical analyses

We used nonparametric statistics to examine the rela-
tionship between gallery attractiveness and gallery con-
tents, because data were not normally distributed and
variances were unequal between the groups. For all
analyses, sex ratio was defined as the proportion of males
in the total brood. Unless stated otherwise, the total sex
ratio per tube was used in all calculations for tubes with
multiple broods. Sex ratios were analysed using gener-
alized linear models with binomial error distribution and
a logit link function [weighted logistic regression
(Crawley, 1993) using GLIM (Glim 4 © Royal Statistical
Society, 1993) (Crawley, 1993; Krackow & Tkadlec,
2001)]. Brood sizes and number of males were analysed
with Poisson regressions with a logarithmic link function
using GLIM (Crawley, 1993). For both types of analyses,
GLIM reports the significance of the effects based on the
change in deviance from the model, which has a
chi-square distribution. Whenever the final model was
over- or underdispersed, variances were rescaled using
Pearson’s chi-square (Crawley, 1993). After rescaling,
F-tests were used for testing significance of the change in
deviance of logistic regressions (Crawley, 1993, p. 279;
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Wilson & Hardy, 2002, p. 68), but not of Poisson
regressions (Crawley, 1993, p. 263). To account for an
effect of differential mortality (of females), brood size was
always included in the analyses.

To compare sex ratios at different maturation stages,
the data were arcsine transformed to attain normality.
This was performed in order to allow for paired analyses.
To determine the preciseness of sex determination, the
ratio of observed sex ratio variance to expected variance
under random sex determination with a binomial
distribution was calculated [Green variance (GV); Green
et al., 1982; West & Herre, 1998b].

Results

Male and female behaviour

From the galleries equipped with emergence traps, data
on male emergence rate could be collected. Of the
69 males found in 39 galleries, 47 (68%) had emerged
before gallery dissection. From only eight (20%) of these
galleries had not a single male emerged, and from three
galleries (8%) males had already emerged although there
were still female pupae present at the time of dissection.
In galleries where the entire female brood had reached
adulthood at the time of dissection, males had emerged
on average 14 days before dissection, which makes it
likely that at this time there were still female pupae and/
or unmated females present.

On each of the 4 days of behavioural observations, the
tree was scanned for marked males. In total, 27 males
were marked. Of those, four were seen the next day,
three 2 days later, one 3 days later and one 4 days later.
Males passed within 2 cm of 2.6 gallery entrances per
hour, and they stayed at 50% of these for more than
1 min (median staying time not including visits up to
1 min was 9 min; n = 23). We never observed a male
entering a gallery, but there were numerous interactions
between males and females at the gallery entrances
(i.e. touching with antennae, copulation attempts, it
could not be determined whether those attempts were
successful). Males were more attracted to galleries that
contained a higher number of females [median number
of females in different gallery categories: O (ignored),
1 (visited) and 11 (stayed), Kruskal-Wallis, y3 = 13.73,
P < 0.001, n = 31; Fig. 1].

Gallery entrances were occupied by a female on
average for 60 + 6% (X £ SEM) of the time, and there
were on average two different females in succession
(median = 2, interquartile range = 2-2.75, max = 6)
attending the gallery entrance.

Brood sex ratio characteristics

Galleries with larger broods contained more males in
natural and single foundress laboratory galleries (Poisson
regression, field: y} =10.52, P<0.001, n=36;
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Fig. 1 Medians and interquartile ranges of the number of females in
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Fig. 2 The total number of males produced across different brood
sizes in field and laboratory galleries, and Poisson regression line
(field: In y = =0.37 + 0.27 + 0.039 + 0.011 X brood size; laboratory:
In y =0.067 + 0.32 = 0.019 + 0.007 x brood size).

laboratory: y? = 6.223, P < 0.05, n = 38; Fig. 2). Brood
sizes were smaller in the field than in the laboratory
(X = 14.6 and 36.87, respectively; Poisson regression,
rescaled for overdispersion, y? = 85.16, P < 0.001), but
mean sex ratios did not differ significantly (x = 0.1 and
0.063 in the field and the laboratory, respectively;
x3 = 1.07, ns). GV was significantly lower than binomial
variance for both field and laboratory data (field:
GV = 0.36, y3 = 12.32, P<0.001, n = 36; laboratory:
GV =0.2, 2 = 6.93, P < 0.001, n = 38).

The sex ratio of adult offspring of broods at the age of
4 weeks was higher than that of pupae (paired #-test on
arcsine transformed sex ratios, t = 7.592, P < 0.001,
n = 32). Thus, most males were between the first third
of maturing offspring.
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Sex ratio adjustment in the field and lab

In the field, there was a significant increase of sex ratio
with colonization density (sex ratio data were pooled
over trees and variances rescaled for underdispersion,
Fy 11 = 8.71, P < 0.01, Fig. 3). The distribution of data
points in Fig. 3 suggested that the result might be due to
the two trees with the highest density estimates. We
therefore repeated the analysis without these two data
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Fig. 3 Relationship between outbreeding opportunities and average
sex ratios per tree in the field and logistic regression line; In

(p/q) = —-3.24 £ 0.37 + 0.072 + 0.02 x density, P = 1/[1 + 1/(p/q)].
Density is measured as the percentage of grid cells containing gallery
entrances.
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Fig. 4 Female adjustment of brood sex ratios according to out-
breeding opportunities. Medians and interquartile ranges of brood
sex ratios with different foundress numbers and tube sizes are
shown. Sample sizes are given above bars. Available resource
volume per foundress decreased from one to two and from one to
three foundress treatments, but was constant between two and three
foundress treatments.
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points, after which the correlation was not significant
(F10 = 2.1, ns). For the laboratory experiment, we
investigated the effect of foundress number on brood
sex ratio after 8 weeks, controlling for brood size and
tube size. The effect of the number of foundresses was
significant, whereas there was no effect of brood size or
tube size (number of foundresses: y3 = 25.13, P < 0.001;
brood size: y? =2.37, ns; tube size: x} = 1.38, ns,
n = 89; Fig. 4).

To exclude an effect of differential resource availab-
ility, we also compared the tubes containing two vs.
three foundresses with the same amount of resources
per female. The sex ratio was significantly higher in
tubes with three than in tubes with two founding
females. The effect of brood size may be caused by
mortality of late maturing individuals, which are
females (number of foundresses: y? = 12.9, P < 0.001;
brood size: y? = 5.06, P < 0.05, n = 50). Furthermore,
we analysed the data from tubes, which were dissected
after 4 weeks, when individual galleries could still easily
be distinguished within tubes. Thus, sex ratios from
individual broods could be analysed before mortality
because of gallery fusion occurred. Including only
individuals, which could already be sexed at this stage
(pupae and adults), individual brood sex ratio was
higher in tubes containing three broods than in those
containing two broods. There was a strong effect of
brood size, indicating that males matured first, and the
sex ratio depended on the number of females having
reached pupal or adult stage (rescaled for underdisper-
sion; brood size: F;g; = 31.59, P < 0.01, number of
broods: F; g; = 4.49, P < 0.05).

Discussion

Under strict LMC with no dispersal before mating, single
foundresses maximize their inclusive fitness by produ-
cing a single son only, regardless of brood size (Hamilton,
1967). In contrast to strict LMC theory, the number of
males in X. germanus tamilies increased with brood size.
Together with our observations on male dispersal beha-
viour, this strongly suggests that mating is not restricted
to the local patch (i.e. natal gallery).

There are several possible, not mutually exclusive
explanations for the relationship between number of
males and brood size. On the contrary, females may
experience constraints in their optimal sex allocation. If
male lifespan is not long enough to fertilize late born
female offspring, foundresses may do best by producing a
constant rate of males over the course of egg laying.
However, as males always eclose first, our results cannot
be interpreted as an insurance against a short lifespan of
males. Neither is post-eclosion mortality of males a likely
explanation, as males already dispersed when unmated
females were still present in their natal gallery. Stochas-
ticity in sex determination and male sperm limitation are
also predicted to lead to an increase in number of males
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with larger broods. (Nagelkerke & Hardy, 1994; Hardy
et al.,, 1998, 2000). Since sex ratio variance was signifi-
cantly lower than binomial variance, stochasticity in sex
determination is not likely to be a strong selective force.
The observed variance in the field and in the laboratory
was only 36% and 20% of the binomial variance,
respectively. These values are substantially lower than
those reported for species of parasitic wasps and fig wasps
(Green et al., 1982; West & Herre, 1998b). Similarly,
sperm limitation is not likely to be expressed frequently
in natural populations. In the only case of unfertilized
females resulting from a laboratory brood, the brood
contained only one male and 26 females. With the brood
sizes observed in natural galleries, single males are
unlikely to reach the limits of their insemination capa-
city.

On the contrary, females could make strategic deci-
sions in their sex allocation according to outbreeding
opportunities. Models of partial LMC predict that post-
dispersal mating potential should decrease female bias
in offspring sex ratios. Our observations on male
dispersal behaviour show that males do not die after
mating within their brood chambers. Instead, they
apparently search for mating opportunities in neigh-
bouring galleries for 1 to several days. The most likely
mechanism by which males are able to locate occupied
galleries and estimates the number of females inside is
by chemical communication. A variety of bark beetle
species use pheromones for both long- and short-
distance communication (e.g. Klimetzek et al., 1981;
Wood, 1982; Teale et al., 1994). Males spend more time
at galleries with more adult females, which may raise
their potential mating success. It is very likely that
nonlocal mating success is the selective force shaping
male dispersal behaviour. At present we cannot esti-
mate the mating success of dispersing males. We have
never observed a male entering a gallery, because
females occupying the entrance were effectively block-
ing it. Although our data indicate that females were
only blocking 60% of the time, average blocking
frequency is likely to be higher. The entrance tunnel
may be several millimetres long, and females may
obstruct access to the gallery without being seen from
outside. However, copulations at the entrance hole
would allow dispersing males to reproduce. We have
observed male copulation attempts with the guarding
females. Since often two or more females (i.e. not only
the founding female) participate in entrance blocking,
males could propagate their genes without actually
entering another gallery.

Even low levels of post-dispersal mating success may
substantially influence the optimal sex ratio (Taylor &
Bulmer, 1980; Taylor, 1993). According to theoretical
models, sex ratios of 0.09-0.1 should result from a nonlocal
mating probability of about 20%. In X. germanus this would
correspond to successful copulations in another gallery for
one male of five. A female bias in offspring sex ratio should

disappear almost completely if each male reproduces on
average in two patches of reproductive females after
dispersal (Nunney & Luck, 1988).

The biology of ambrosia beetles offers a unique chance
to quantify post-dispersal mating opportunities. As males
are unable to fly, they can reach other galleries only by
walking. The density of galleries on a tree will thus
determine their outbreeding opportunities. After disper-
sal flight, females spend considerable time walking
around the surface of the tree (personal observation),
apparently searching for a suitable place to start tunnel-
ling. During this time, they repeatedly encounter other
females or gallery entrances, and could potentially
estimate the outbreeding opportunities for their pros-
pective sons and adjust their offspring sex ratio accord-
ingly. Indeed, brood sex ratios were correlated with
gallery density in the field, although the significance of
this result depends on two trees.

Our laboratory experiment confirmed that females
adapt their offspring sex allocation to the potential
outbreeding success of their sons. If alone, females
always allocated less effort into male production than
in the presence of additional females, and the proportion
of males increased when the number of foundresses was
experimentally raised from two to three with the same
amount of resources available to each female. This is not
probably due to higher mortality (of females) in tubes
containing more broods. Although we do not have data
on primary sex ratios, the result was the same for
individual broods at the age of 4 weeks, when mortality
because of competition has not become important yet.
Recently it has been shown that in a pollinating fig wasp
species with dispersing males the average sex ratio is
higher than in regular species (Greetf, 2002), which
matches results of comparative studies on other fig wasps
(West & Herre, 1998a) and parasitoids (Hardy &
Mayhew, 1998). However, individual adjustment of sex
ratios to outbreeding opportunities had not been shown
as yet.

Apart from a reduction in the degree of LMC for males,
post-dispersal mating may have an additional effect on
sex allocation. In haplodiploid species inbreeding leads to
a relatedness asymmetry, in that mothers are more
related to their daughters than to their sons. Females
therefore have higher fitness gains through daughter
reproduction and should bias their brood sex ratio
towards females independently of LMC (Herre, 1985).
If males mate after dispersal, this reduces inbreeding
levels in the population, and the proportion of males
should increase. Greeff (1996) suggested that this could
lead to split sex ratios in populations with single
foundress broods and partial LMC; if females are able to
determine whether they have mated with a brother or an
unrelated male, they should bias their progeny’s sex ratio
accordingly. Future studies the effects of male dispersal
on fitness should allow predicting individual sex alloca-
tion decisions even quantitatively.
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