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ABSTRACT

Males of many species invest resources in their offspring. For paternal investment to evolve, it must
exhibit heritable variation. Using a standard half-sibling quantitative genetic design, we investigated
whether genetic variation in male ejaculate size, a trait that affects female fecundity and copulation
duration, are present in the seed beetle Callosobruchus maculatus. Ejaculate size was estimated as the
amount of weight lost by males during mating. Dams, but not sires, had significant effects on their sons’
absolute ejaculate size (both replicates) and relative ejaculate size (proportion of body weight; one
replicate only), explaining 21–25% of the variance in absolute ejaculate size and 8–16% of the variance in
relative ejaculate size. These results suggest either a large maternal effect on ejaculate size or sex-linkage
of loci that affect the variation in ejaculate size. The proportion of phenotypic variance explained by sex-
linkage (assuming no maternal effects) was 42 and 49% (ejaculate size) and 17 and 31% (relative ejaculate
size) in the two replicates. These results indicate that male paternal investment can respond to selection,
and that it may be able to do so especially rapidly because sex-linked traits have the potential to evolve
much more quickly than autosomal traits. There were only weak negative correlations between ejaculate
size and mating duration, contrary to what we predicted. There was additive genetic variation in female
copulation duration, but not in male copulation duration, suggesting that copulation duration is under
female control.
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Male parental investment in offspring is often an import-
ant component of male reproductive tactics (Clutton-
Brock 1991). In insects and other organisms, males can
provide considerable nutrients via ejaculates or spermato-
phores (Thornhill 1976; Thornhill & Alcock 1983) and
females obtaining more or larger spermatophores lay
more or larger eggs (e.g. Thornhill 1976; Thornhill &
Alcock 1983; Ridley 1988; Fox et al. 1995b; Eberhard
1996). Fecundity selection may thus favour males that
can produce large ejaculates (e.g. Savalli & Fox 1998). If
nutrients from ejaculates or spermatophores can be used
by females for somatic maintenance and egg production,
it should benefit females to choose males that can pro-
vide large ejaculates. Thus, sexual selection via female
choice can favour the evolution of large ejaculates. On
the other hand, large paternal contributions may reduce
male survivorship (Partridge & Andrews 1985) or reduce
future mating opportunities (Dewsbury 1982; Parker
1984; Birkhead & Fletcher 1992; Pitnick 1993; Pitnick &
Markow 1994), favouring the evolution of reduced
ejaculate size.
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For paternal investment to evolve there must be herit-
able variation in the size or nutrient content of male
ejaculates or spermatophores. Although there has been
considerable interest in the genetics of traits involved in
sexual selection, including analyses of female preferences
(reviewed in Ritchie 1992; Bakker & Pomiankowski 1995),
and male secondary sexual traits (e.g. Cade 1984; Houde
1992; Hedrick 1994), few studies have examined the
genetics of traits relevant to paternal investment in off-
spring. A notable exception is the demonstration that, in
the cricket Gryllodes supplicans, the relative size of the
spermatophylax (the portion of the spermatophore that
is eaten by females and used for egg production) is
heritable (h2=0.47; Sakaluk & Smith 1988).

In addition to the amount of genetic variation, the
location of genes on chromosomes can affect responses to
selection. For example, recessive alleles are shielded from
selection when heterozygous but are exposed to selection
when hemizygous. Thus, selection acting on the hetero-
gametic sex will lead to more rapid fixation of favourable
recessive or partially recessive alleles if they are sex-linked
rather than autosomal (Charlesworth et al. 1987). Sex-
linkage can even facilitate the evolution of sexual dimor-
phism, and may be favoured (via the translocation of loci
to the sex chromosomes) if selection on a particular
 1998 The Association for the Study of Animal Behaviour3
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trait differs between males and females (Rice 1984;
Charlesworth et al. 1987). Other than loci affecting the
viability of interspecific hybrids, there are relatively few
examples of sex-specific traits that are known to be
sex-linked (e.g. Bennet-Clark & Ewing 1970; Grula &
Taylor 1980; Kawanishi & Watanabe 1981; Thompson
1988; Houde 1992).

In seed beetles (Coleoptera: Bruchidae), radiolabelled
nutrients in male ejaculates are incorporated into both
somatic and reproductive tissues of females (Boucher &
Huignard 1987; Huignard 1983), and these nutrients are
used by females during egg production. Females that
receive multiple ejaculates live longer, lay more eggs and
lay larger eggs than once-mated females (Fox 1993a, b;
Fox et al. 1995a b). Males of some species produce large
ejaculates that contain up to seven times the sperm that
can be retained in the female’s spermatheca, suggesting
that sperm competition may also play a role in the
evolution of large ejaculates (Eady 1995).

In this study we examine genetic variation in male
paternal investment (ejaculate size) in the seed beetle
Callosobruchus maculatus (Coleoptera: Bruchidae). In par-
ticular, we demonstrate that at least part of this genetic
variation is probably sex-linked, which should favour
especially rapid responses to selection. We also examine
genetic variation in mating duration and demonstrate
that female mating duration is genetically variable, but
that male mating duration is not (indicating that females
control mating duration in this insect).

METHODS

Callosobruchus maculatus is a cosmopolitan pest of stored
legumes (Fabaceae). Females cement their eggs to the
surface of host seeds (Messina 1991) and larvae burrow
into the seeds. Larval development and pupation are
completed entirely within a single seed. Emerging adults
are well adapted to storage conditions, requiring neither
food nor water to reproduce. This beetle’s short gener-
ation time (about 4 weeks) and ease of laboratory rearing
make it an excellent subject for genetic and life history
studies. Callosobruchus maculatus has nine pairs of auto-
somes and, like most insects, an XY sex-determining
mechanism in which males are the heterogametic sex
(Smith & Brower 1974). All beetles used in these exper-
iments were collected from infested pods of cowpea
(Vigna unguiculata) in Niamey, Niger, at the University of
Niamey Experiment Station, in November 1989, and
maintained in laboratory growth chambers at more than
1500 adults per generation, prior to this experiment.

A traditional half-sibling design was used to estimate
genetic effects on male ejaculate size and copulation
duration (Falconer 1989). We performed two replicates of
the experiment. Twenty-one sires (replicate 1) and 10
sires (replicate 2) were each mated to three or four
different dams, creating 106 full-sibling families (nine
females did not mate or produce eggs). After excluding
those families with less than two male offspring, we
obtained data from 95 families.

Half-sibling families were initiated with virgin males
and females collected within 12 h of their adult
emergence from haphazardly collected eggs laid in a mass
culture. Beetles were reared at one larva per seed. To
reduce the potential for maternal effects (Mousseau &
Dingle 1991), we only used beetles raised from eggs laid
during the first 24 h following mating (since egg size
varies with female age; Fox 1993a). Because males emerge
with only partially filled seminal vesicles, ejaculate size is
largest for males approximately 2 days old (Fox et al.
1995a). Thus, all virgin males were isolated from each
other in individual 35-mm petri dishes without seeds and
allowed to mature for 48 h before use in experiments,
such that all male parents were of similar age, between 48
and 60 h old. Similarly, we used females that were similar
in age to the males, between 36 and 60 h old. To estimate
the heritability of ejaculate size using a parent–offspring
regression (for comparison with estimates from the half-
sibling experiment), we measured ejaculate size and copu-
lation during (see below) for each male in replicate 1
during his copulation with his first dam. We only
recorded ejaculate size and copulation duration for the
first dam to mate with a male because ejaculate size
declines and copulation duration increases with subse-
quent matings (Fox et al. 1995a; Savalli & Fox, in press).

Mated females were placed on 10–12 seeds for 24 h and
allowed to lay eggs. These eggs were reared to adulthood
at densities of one beetle per seed (females typically lay
between 15 and 25 eggs under these circumstances;
excess eggs were haphazardly chosen and scraped off
prior to hatching). Thus, we reared 10–12 progeny per
family. As in the previous generation, virgin males and
females were collected within 12 h of their adult emer-
gence, isolated from each other in individual 35-mm petri
dishes without seeds, and allowed to mature for 48 h
before being mated to determine ejaculate size and copu-
lation duration. We mated the first four offspring to each
sex to emerge from each family (occasionally fewer, if
fewer than four beetles of a sex emerged from one family,
or more, if additional beetles of a sex were needed), but
excluded those families with fewer than two males emerg-
ing, for a total of 712 offspring (446 for replicate 1; 266
for replicate 2) or an average of 3.7 offspring of each sex
per family.

Ejaculate size was estimated by weighing both males
and females before and after mating. Before pairing,
beetles were weighed twice to 0.01-mg precision on an
electronic balance. If the two values differed by more
than 0.04 mg, a third weighing was performed. A beetle’s
weight was estimated as the average of these two or three
values. Following mating, beetles were reweighed as
above. A male’s ejaculate size was estimated as the
amount of weight lost by the male during mating (weight
of male before mating"weight of male after mating).
Male weight loss was compared to female weight gain to
quantify the amount of ejaculate that was lost during
mating.

Once paired, the beetles were observed continuously
until they finished mating. Courting males approach
females from behind and antennate their backs while
attempting to mount. While clasping the female with his
pro- and mesothoracic legs, the male antennates and
palpates the sides of the female and extends his aedeagus
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Figure 1. The relationship between female weight gain and male
weight loss as a result of ejaculate transfer during mating in the seed
beetle Callosobruchus maculatus. Note that most observations fall
below the lines of equality.
under the female’s abdomen, attempting to contact her
genitalia (Rup 1986; Fox & Hickman 1994). Once males
successfully insert their aedeagus, they cease waving their
antennae and lean back, remaining motionless. We
scored this coincident shift in posture and behaviour as
the initiation of mating. Once mating is completed,
females begin kicking at the male with their hind legs in
an attempt to remove the male (separation appears diffi-
cult and can take several minutes; males do not play an
active role in the separation attempt). We scored a mating
as completed when the female began kicking. Mating
duration was calculated as the time, to the nearest 10 s,
between the initiation and completion of mating.

We examined genetic and maternal influences on
ejaculate size using the restricted maximum likelihood
variance component estimation procedure of SAS (SAS
VARCOMP method=REML; SAS Institute 1985). We esti-
mated the proportion of phenotypic variance (VP)
explained by additive genetic effects (VA) as 4#VS (the
between-sire variance component). We calculated stan-
dard errors for the proportion of VP explained by VA (i.e.
the heritability, h2) following Becker (1984). We calcu-
lated the maternal effects variance (VM) assuming that
the dominance variance and higher-order interactions
(e.g. VAA, VAAA) were 0. See Fox (1994, 1997) for other
examples of these procedures.

RESULTS

Male weight loss during mating was highly correlated
with female weight gain. However, males tended to lose
more weight than females gained (Fig. 1), suggesting that
there is either some spillage or that females expel some of
the ejaculate after mating (a possible form of cryptic
female choice; Eberhard 1996). Mean (&SE) ejaculate size
in C. maculatus was 0.31 (&0.01) mg (7.9&0.12% of a
male’s body mass) for replicate 1 and 0.28 (&0.01) mg
(7.2&0.13% of body mass) for replicate 2. Male ejaculate
size was positively correlated with male body size prior to
mating; that is, larger males produced larger ejaculates
(linear regression analyses; replicate 1: R2=0.096,
P<0.001; replicate 2: R2=0.241, P<0.001). Similar results
were obtained when the family means were compared
(Fig. 2); if ejaculate size is maternally inherited and
maternal or common environmental effects on ejaculate
size are small, then the family mean correlations approxi-
mate the genetic correlations between ejaculate size and
body size. There were only weak negative correlations
between ejaculate size and mating duration (linear regres-
sion analyses; replicate 1: R2=0.015, P=0.039; replicate 2:
R2=0.035, P=0.020), suggesting that mating duration is at
best a weak predictor of male investment.

In a nested analysis of variance, with dams nested
within sires, dams but not sires had significant effects on
their sons’ ejaculate size for both replicates (Table 1). A
similar pattern, significant for one replicate, was obtained
for relative ejaculate size (proportion of a male’s body
mass donated to the female). Using a genetic model that
assumes no sex-linkage, there was no evidence of any
additive genetic variation in ejaculate size; that is, the
between-sire variance component was nonsignificant and
the estimated VA using SAS VARCOMP (SAS Institute
1985) was 0 (i.e. h2=0) for both replicates. However, the
between-dam variance component was highly significant
in both replicates, explaining 21 and 25% of the vari-
ance in ejaculate size in replicates 1 and 2, respectively
(Table 1). Similarly, there was no evidence of additive
genetic variation in relative ejaculate size (again assuming
no sex-linkage), although dam effects explained 8 and
16% of the variance in replicates 1 and 2. These results are
suggestive of either a large maternal effect on ejaculate
size or sex-linkage of loci that affect the variation in
ejaculate size. Assuming no maternal effects, the pro-
portion of phenotypic variance explained by sex-linkage
(see Becker 1984) was 42 and 49% (ejaculate size) and 17
and 31% (relative ejaculate size) for replicates 1 and 2
(Table 2).

We performed parent–offspring analyses of ejaculate
size of fathers and sons for replicate 1 (we did not obtain
ejaculate size for fathers in replicate 2). The heritabilities
obtained from these analyses were small and did not
differ statistically from 0 (h2: ejaculate size: 0.109&0.278;
relative ejaculate size: 0.054&0.265; NS for both), a result
consistent with the half-sibling analyses. Because ejacu-
late size is a character expressed only in males, it is not
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Figure 2. The relationship between the full-sibling family averages of
male ejaculate size, measured as male weight loss during mating,
and male size (prior to mating) in the seed beetle Callosobruchus
maculatus. If ejaculate size is maternally inherited and maternal
effects or common environmental effects on ejaculate size are small,
then these correlations approximate the genetic correlations
between ejaculate size and body size.
possible to detect genetic variation that is inherited via
the X-chromosome, or to examine maternal effects, using
parent–offspring regression.

Because both males and females can potentially influ-
ence copulation duration, we investigated genetic vari-
ation in male and female mating duration separately.
Copulations lasted an average of 5.3 (&0.12) min. Only
the female’s sire affected copulation duration (Table 3),
suggesting that copulation duration is under female
control (which accords with behavioural observations)
and that there is additive genetic variation in female
copulation duration (h2=0.25 and 0.35 for replicates 1
and 2, respectively), but not in male copulation duration
(Table 4). There were no correlations between the female
full-sibling family means for mating duration and male
full-sibling family means for ejaculate size (linear regres-
sion analyses; replicate 1: R2=0.0002, P=0.92; replicate 2:
R2=0.032, P=0.33), indicating that these traits are not
genetically correlated. This result is consistent with the
possibility that ejaculate size is sex-linked while mating
duration is autosomal.

DISCUSSION

Our results demonstrate that mothers, but not fathers,
affect a male offspring’s ejaculate size. This indicates that
either (1) maternal effects, which are nongenetic factors
that are passed from parent to offspring (Mousseau &
Dingle 1991), influence the characteristics of the off-
spring or (2) some or all of the loci influencing ejaculate
size are on the X-chromosome (males inherit their
X-chromosome exclusively from their mother).

That ejaculate size is influenced by maternal effects
seems unlikely because it is hard to imagine a mechanism
by which ejaculate size could be inherited nongenetically
from an individual’s mother. Studies that have examined
the types of characters influenced by maternal effects
suggest that, although maternal effects can have large
influences on progeny phenotype early in ontogeny, they
rarely affect progeny later in ontogeny (Roach & Wulff
1987; Mousseau & Dingle 1991; Fox 1997; Mousseau &
Fox 1998). For example, in the seed beetle Stator limbatus,
very dramatic differences in body size (up to an order
of magnitude) produced by variable rearing con-
ditions do not lead to detectable phenotypic effects in
adult offspring (Fox 1997). Similarly, maternal effects on
C. maculatus body size have not been detectable. For
example, egg size is associated with maternal age but has
no effect on progeny body size (Fox 1993a, 1994). In the
present experiment, all beetles were reared under identi-
cal conditions of low density (one beetle per seed) from
eggs laid within 24 h of mating, so there were no dra-
matic environmental differences among the families that
could result in the observed pattern. We found no evi-
dence of maternal effects on the body size of C. maculatus
when females and progeny were reared at low density
(Fox & Savalli 1998).

The alternative explanation, that at least some of the
loci influencing ejaculate size are on the X-chromsome, is
more plausible. Ejaculate size is expressed only in males,
which are heterogametic, and loci on the X-chromosome
are always in the hemizygous state in males and
thus always expressed. Consequently, sex-linked traits
have the potential to evolve much more quickly than
autosomal traits if they are at least partially recessive
(Charlesworth et al. 1987). However, although sex-
linkage is a more plausible explanation than maternal
effects, our data do not allow us to distinguish between
these hypotheses. A three-generation experiment, testing
the effect of grandparents on grandoffspring, would
enable environmentally based maternal effects to be dis-
tinguished from sex-linkage or genetically based maternal
effects, but we know of no way, given the limited knowl-
edge of the genetics of this species, to distinguish
sex-linkage from genetically based maternal effects.

We have made a number of assumptions during our
parameter estimation and interpretation. We have
assumed that there were no dominance or epistatic effects
and that variation in ejaculate size is controlled by
multiple loci. These assumptions are common to the
interpretation of half-sibling designs because such
designs provide no means of distinguishing these effects.
In fact, it is difficult to measure dominance and epistatic
effects and to determine how many loci govern quantita-
tive traits in any organism (Barker 1979; Roff 1997). For
morphological traits, the assumption of no dominance
seems generally to be warranted (Crnokrak & Roff 1995;
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Table 2. Sex-linkage variance components and the proportion of
total phenotypic variance explained by sex-linkage variance (assum-
ing no maternal effects) for ejaculate size of male Callosobruchus
maculatus

Sex-linkage variance

Replicate 1
(×10−3)

Replicate 2
(×10−3)

Ejaculate size 2.01=42.0% 2.14=49.1%
Ejaculate size

(proportion body size) 0.05=17.1% 0.06=31.1%

Variance components were estimated using the restricted maximum
likelihood method of SAS VARCOMP. The sex-linkage variances
(VLM) were calculated assuming that maternal effects, dominance
variance and higher-order interactions (e.g. VAA, VAAA)=0. Calcu-
lations follow Becker (1984).
Table 3. Nested analyses of variance for mating duration of male
and female Callosobruchus maculatus

Character/Source

ANOVA

df
MS

(×10−2) F P

Replicate 1 0.13 0.04 0.843
Male’s sire (rep) 29 3.08 0.91 0.601
Male’s dam (sire, rep) 75 3.39 1.17 0.210
Female’s sire (rep) 29 5.56 2.01 0.009
Female’s dam (sire, rep) 70 2.77 0.96 0.575
Error 140 2.89

Type III sums of squares were calculated using SAS GLM (SAS
Institute 1985).
Table 4. Observational and genetic variance components (assuming autosomal inheritance) for mating duration of
male and female Callosobruchus maculatus

Variance components

Observational (×10−3) Genetic (×10−3)

Replicate 1 Replicate 2 Replicate 1 Replicate 2

Males VS 0 0 VA 0 0
VD 1.54 1.51 VM 1.54 1.51
VE 37.23 24.44 Ve 37.23 24.44

Females VS 3.09 2.43 VA 12.34=31.9±24.5% 9.71=36.8±34.5%
VD 0.91 2.28 VM 0 0
VE 34.70 21.70 Ve 26.36 16.70

Variance components were estimated using the restricted maximum likelihood method of SAS VARCOMP (SAS
Institute 1985). Genetic variance components VA and VM were calculated from separate models for males and
females and for each replicate, with each model including only sire and dam (nested within sire) effects. The
maternal effects variances (VM) were calculated assuming no sex-linkage and that dominance variance and
higher-order interactions (e.g. VAA, VAAA)=0. Standard errors for the percentage VP (phenotypic variance) explained
by additive genetic variance (VA) were calculated following Becker (1984). VS=between-sire variance, VD=between-
dam variance, VE=error variance in ANOVA, Ve=environmental variance. The heritability (h2) of male mating
duration was 0 in each replicate; h2 of female mating duration was 0.32±0.25 and 0.37±0.35 for replicates 1 and
2, respectively.
Roff 1997); for example, there was no evidence for domi-
nance effects on body size in an earlier study of this
species (Fox 1994) or in the seed beetle Stator limbatus
(Fox 1998). For most life history traits, on the other
hand, dominance effects can make a significant contri-
bution, while behavioural and physiological traits, and
probably ejaculate size, tend to be in between these
extremes (Crnokrak & Roff 1995; Roff 1997). The effects
of epistasis tend to contribute to the additive genetic
variance term and as a consequence it is difficult to
determine how much of the additive genetic variance is
due to truly additive effects and how much is due to
epistatic effects. Thus, it is not known how important
epistatic effects generally are (Roff 1997). Although it has
proven difficult to reliably estimate the number of loci
that affect quantitative traits, it appears that for most
such traits, the assumption of numerous loci of small
effect is reasonable, with estimates ranging from the tens
to hundreds of loci (Roff 1997).

Although a number of studies have demonstrated sex-
linked loci that affect the viability of one or the other
(usually heterogametic) sex of interspecific hybrids
(reviewed in Charlesworth et al. 1987), there have been
relatively few demonstrations of sex-linkage for other
kinds of sex-specific traits, and most of these have focused
on between-species differences rather than within-
population variation. For example, between-species
differences in male courtship songs of Drosophila are
determined by loci on the X-chromosome (Bennet-Clark
& Ewing 1970; Kawanishi & Watanabe 1981). Similarly,
between-species differences in female mate preferences in
Colias butterflies (Grula & Taylor 1980) and female ovi-
position differences in Papilio butterflies (Thompson
1988) are influenced by X-linked loci (since females are
the heterogametic sex in butterflies, these traits are
always hemizygous).
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Few examples of within-population genetic variation
of sex-linked, sexually dimorphic traits are known. In
guppies, Poecilia reticulata, within-population variation in
the amount of orange colour on males is at least partially
Y-linked (Houde 1992). In Drosophila melanogaster, selec-
tion experiments revealed that there is genetic variation,
at least some of which is X-linked, in female traits that
affect the latency to remate but not in male traits that
affect remating interval (Pyle & Gromko 1981; Gromko &
Newport 1988). If ejaculate size is in fact sex-linked in
C. maculatus, then this species is unusual in exhibiting
detectable within-population variation in a sex-linked
trait. One possible explanation for the apparent scarcity
of within-population genetic variation of sex-linked traits
is that, since X-linked male-expressed traits are likely to
evolve more rapidly than autosomal traits, they will
rapidly evolve towards fixation and thus exhibit little
genetic variation. It is not clear how genetic variation in
ejaculate size is maintained in this population, if indeed
it is sex-linked. It is possible that it is maintained by
stabilizing or fluctuating selection: although large ejacu-
late size is favoured in the laboratory because females
mated to males with large ejaculates do not remate as
readily (Savalli & Fox 1998, in press) and may also be
favoured by sperm competition (Eady 1995), in nature
there sometimes may be selection for small ejaculates if
males have many opportunities to remate and need to
keep a supply of available sperm. Mutations and hetero-
zygous advantage may also contribute to the mainten-
ance of genetic variation (Roff 1997).

Although ejaculate size was correlated with male size,
both absolute ejaculate size and relative ejaculate size (as
a proportion of body mass) showed genetic variation.
Thus, ejaculate size could evolve under stabilizing or
counter selection on body size. The only other study, to
our knowledge, to show heritable variation in paternal
investment is Sakuluk & Smith’s (1988) demonstration of
heritable variation in the size of the spermatophylax in
the cricket Gryllodes supplicans.

Although there was also genetic variation in copulation
duration, only the female’s sire, and neither the male’s
sire nor dam, affected copulation duration (i.e. there was
genetic variation in the females’ mating duration but not
in the males’ mating duration; Tables 3, 4). This suggests
that copulation duration is under female control (which
accords with behavioural observations). However,
because females are homogametic, it is not possible from
our experiment to determine whether mating duration is
sex-linked or autosomal, although the lack of evidence
for a genetic correlation between ejaculate size and
mating duration suggests it is autosomal, assuming that
ejaculate size is sex-linked.

The relatively weak negative relationship between
ejaculate size and copulation duration, with ejaculate
size explaining only 2–4% of the variation in copulation
duration, was surprising, since we expected that it
should take longer to transfer more material. Our result
is consistent with a finding of little to no relationship
between mating duration and ejaculate size within
and among several species of Drosophila (Pitnick et al.
1991).
The evolutionary significance of heritable variation in
copulation duration is not clear, since the weak relation-
ship between copulation duration and ejaculate size was
negative, contrary to our prediction. Why C. maculatus
mate for the duration they do remains uncertain. One
common explanation for mating duration is that it is a
form of mate guarding (Alcock 1994), but mate guarding
is unlikely to occur in C. maculatus since mating duration
appears to be under female control and matings are short
(~5 min) relative to the oviposition period of the female
(multiple days). Another possibility is that mating
duration is a component of postmating courtship (e.g.
Eberhard 1996): females may require some initial period
of mating to evaluate the male before they permit the
transfer of ejaculate. High-quality males that are capable
of producing large ejaculates may be able to initiate
sperm transfer sooner than low-quality males. Alterna-
tively, larger males, which produce larger ejaculates, may
simply have larger sexual structures that permit sperm to
be transferred at a higher rate, offsetting the increase in
quantity.

There has been substantial interest in the evolution of
male investments as well as in sperm competition (e.g.
Clutton-Brock 1991; Birkhead & Møller 1992). Male
ejaculate size can influence female fecundity and egg or
offspring size and quality, and thus influence a male’s
fitness via nongenetic contributions to his offspring (e.g.
Thornhill 1976; Thornhill & Alcock 1983; Ridley 1988;
Fox et al. 1995b; Savalli & Fox 1998). Ejaculate size may
also affect the outcome of sperm competition by reducing
the likelihood that a female will remate; female C. macu-
latus mating with previously mated males and thus
receiving small ejaculates remate more readily than
females mating with virgins (Savalli & Fox, in press).
Sperm competition by swamping another male’s sperm
(Parker 1970; Smith 1984) may also be important in
C. maculatus (Eady 1995), and could lead to the evolution
of large ejaculates if sperm number affects ejaculate size.

Nutrients within the male’s ejaculate appear to be
important to female C. maculatus: females that receive
multiple ejaculates live longer, lay more eggs and lay
larger eggs than once-mated females (Fox 1993a, b; Fox
et al. 1995a, b). However, despite clear benefits from pro-
ducing large ejaculates, few studies have demonstrated
that there is heritable variation in this trait. Our study
demonstrates that there is genetic variation in male in-
vestment via ejaculates, some of which is independent of
body size. Our data suggest that some of the loci influenc-
ing ejaculate size are on the X-chromosome, such that
ejaculate size may respond especially rapidly to selection.

Acknowledgments

This is contribution No. 161 of the Louis Calder Center of
Fordham University. This research was funded in part by
Fordham University Research Funds. F. J. Messina pro-
vided the beetle populations. We thank John Wehr and
Berish Rubin for providing space and support to U.M.S.
We are grateful to Mary Ellen Czesak for assistance
in weighing beetles. Three anonymous referees made
helpful comments on this manuscript.



960 ANIMAL BEHAVIOUR, 56, 4
References

Alcock, J. 1994. Postinsemination associations between males and
females in insects: the mate-guarding hypothesis. Annual Review of
Entomology, 39, 1–21.

Bakker, T. C. M. & Pomiankowski, A. 1995. The genetic basis of
female mate preferences. Journal of Evolutionary Biology, 8, 129–
171.

Barker, J. S. F. 1979. Inter-locus interactions: a review of experimen-
tal evidence. Theoretical Population Biology, 16, 323–346.

Becker, W. A. 1984. Manual of Quantitative Genetics. 4th edn.
Pullman, Washington: Academic Enterprises.

Bennet-Clark, H. C. & Ewing, A. W. 1970. The love song of the fruit
fly. Scientific American, 223, 84–92.

Birkhead, T. R. & Fletcher, F. 1992. Sperm to spare? Sperm
allocation by male zebra finches. Animal Behaviour, 43, 1053–
1055.

Birkhead, T. R. & Møller, A. P. 1992. Sperm Competition in Birds.
New York: Academic Press.

Boucher, L. & Huignard, J. 1987. Transfer of male secretions from
the spermatophore to the female insect in Caryedon serratus (Ol.):
analysis of the possible trophic role of these secretions. Journal of
Insect Physiology, 33, 949–957.

Cade, W. H. 1984. Genetic variation underlying sexual behavior and
reproduction. American Zoologist, 24, 355–366.

Charlesworth, B., Coyne, J. A. & Barton, N. H. 1987. The relative
rates of evolution of sex chromosomes and autosomes. American
Naturalist, 130, 113–146.

Clutton-Brock, T. H. 1991. The Evolution of Parental Care. Princeton,
New Jersey: Princeton University Press.

Crnokrak, P. & Roff, D. A. 1995. Dominance variance: associations
with selection and fitness. Heredity, 75, 530–540.

Dewsbury, D. A. 1982. Ejaculate cost and male choice. American
Naturalist, 119, 601–610.

Eady, P. 1995. Why do male Callosobruchus maculatus beetles
inseminate so many sperm? Behavioral Ecology and Sociobiology,
36, 25–32.

Eberhard, W. G. 1996. Female Control: Sexual Selection by Cryptic
Female Choice. Princeton, New Jersey: Princeton University Press.

Falconer, D. S. 1989. Introduction to Quantitative Genetics. 3rd edn.
New York: Longman.

Fox, C. W. 1993a. The influence of maternal age and mating fre-
quency on egg size and offspring performance in Callosobruchus
maculatus (Coleoptera: Bruchidae). Oecologia, 96, 139–146.

Fox, C. W. 1993b. Multiple mating, lifetime fecundity and
female mortality of the bruchid beetle, Callosobruchus maculatus
(Coleoptera: Bruchidae). Functional Ecology, 7, 203–208.

Fox, C. W. 1994. Maternal and genetic influences on egg size
and larval performance in a seed beetle: multigenerational
transmission of a maternal effect? Heredity, 73, 509–517.

Fox, C. W. 1997. The ecology of body size in a seed beetle, Stator
limbatus: persistence of environmental variation across multiple
generations? Evolution, 51, 1005–1010.

Fox, C. W. 1998. Genetic and maternal influences on body
size and development time in the seed beetle, Stator limbatus
(Coleoptera: Bruchidae). Annals of the Entomological Society of
America, 91, 128–134.

Fox, C. W. & Hickman, D. L. 1994. The influence of ovi-
position substrate on female receptivity to multiple mating in
Callosobruchus maculatus (Coleoptera: Bruchidae). Annals of the
Entomological Society of America, 87, 395–398.

Fox, C. W. & Savali, U. M. 1998. Inheritance of environmental
variation in body size: superparasitism of seeds affects progeny
and grand-progeny body size via a non-genetic maternal effect.
Evolution, 52, 172–182.

Fox, C. W., Hickman, D. L., Raleigh, E. L. & Mousseau, T. A.
1995a. Paternal investment in a seed beetle (Coleoptera:
Bruchidae): influence of male size, age, and mating history. Annals
of the Entomological Society of America, 88, 101–103.

Fox, C. W., McLennan, L. A. & Mousseau, T. A. 1995b. Male body
size affects female lifetime reproductive success in a seed beetle.
Animal Behaviour, 50, 281–284.

Gromko, M. H. & Newport, M. E. A. 1988. Genetic basis for
remating in Drosophila melanogaster. II. Response to selection
based on the behavior of one sex. Behavior Genetics, 18, 621–
632.

Grula, J. W. & Taylor, O. R., Jr. 1980. The effect of X-chromosome
inheritance on mate-selection behavior in the sulfur butterflies,
Colias eurytheme and C. philodice. Evolution, 34, 688–695.

Hedrick, A. V. 1994. The heritability of mate-attractive traits: a case
study on field crickets. In: Quantitative Genetic Studies of Behavioral
Evolution (Ed. by C. R. B. Boake), pp. 228–250. Chicago: University
of Chicago Press.

Houde, A. E. 1992. Sex-linked heritability of a sexually selected
character in a natural population of Poecilia reticulata (Pisces:
Poeciliidae) (guppies). Heredity, 69, 229–235.

Huignard, J. 1983. Transfer and fate of male secretions deposited
in the spermatophore of females of Acanthoscelides obtectus
Say (Coleoptera: Bruchidae). Journal of Insect Physiology, 29,
55–63.

Kawanishi, M. & Watanabe, T. K. 1981. Genes affecting courtship
song and mating preference in Drosophila melanogaster,
Drosophila simulans, and their hybrids. Evolution, 35, 1128–1133.

Messina, F. J. 1991. Life-history variation in a seed beetle: adult
egg-laying versus larval competitive ability. Oecologia, 85, 447–
455.

Mousseau, T. A. & Dingle, H. 1991. Maternal effects in insect life
histories. Annual Review of Entomology, 36, 511–534.

Mousseau, T. A. & Fox, C. W. (Eds) 1998. Maternal Effects as
Adaptations. New York: Oxford University Press.

Parker, G. A. 1970. Sperm competition and its evolutionary conse-
quences. Biological Reviews, 45, 525–567.

Parker, G. A. 1984. Sperm competition and the evolution of animal
mating strategies. In: Sperm Competition and the Evolution of
Animal Mating Systems (Ed. by R. L. Smith), pp. 2–60. New York:
Academic Press.

Partridge, L. & Andrews, R. 1985. The effect of reproductive
activity on the longevity of male Drosophila melanogaster is not
caused by an acceleration of ageing. Journal of Insect Physiology,
31, 393–395.

Pitnick, S. 1993. Operational sex ratios and sperm limitation in
populations of Drosophila pachea. Behavioral Ecology and Socio-
biology, 33, 383–391.

Pitnick, S. & Markow, T. A. 1994. Male gametic strategies: sperm
size, testes size, and the allocation of ejaculate among successive
mates by the sperm-limited fly Drosophila pachea and its relatives.
American Naturalist, 143, 785–819.

Pitnick, S., Markow, T. A. & Riedy, M. F. 1991. Transfer of ejaculate
and incorporation of male-derived substances by females in the
nannoptera species group (Diptera: Drosophilidae). Evolution, 45,
774–780.

Pyle, D. W. & Gromko, M. H. 1981. Genetic basis for repeated
mating in Drosophila melanogaster. American Naturalist, 117, 133–
146.

Rice, W. R. 1984. Sex chromosomes and the evolution of sexual
dimorphism. Evolution, 38, 735–742.

Ridley, M. 1988. Mating frequency and fecundity in insects. Biologi-
cal Reviews, 63, 509–549.

Ritchie, M. G. 1992. Setbacks in the search for mate-preference
genes. Trends in Ecology and Evolution, 7, 328–329.

Roach, D. A. & Wulff, R. D. 1987. Maternal effects in plants. Annual
Review of Ecology and Systematics, 18, 209–235.

Roff, D. A. 1997. Evolutionary Quantitative Genetics. New York:
Chapman & Hall.



961SAVALLI & FOX: GENETIC VARIATION IN EJACULATE SIZE
Rup, P. J. 1986. Mating and its attendant behaviour in Calloso-
bruchus maculatus (F.) (Coleoptera: Bruchidae). Journal of Stored
Products Research, 222, 77–79.

Sakaluk, S. K. & Smith, R. L. 1988. Inheritance of male parental
investment in an insect. American Naturalist, 132, 594–601.

SAS Institute. 1985. SAS User’s Guide: Statistics, Version 5. Cary,
North Carolina: SAS Institute.

Savalli, U. M. & Fox, C. W. 1998. Sexual selection and the fitness
consequences of male body size in the seed beetle Stator limbatus.
Animal Behaviour, 55, 473–483.

Savalli, U. M. & Fox, C. W. In press. The effect of male mating
history on paternal investment, fecundity, and female remating in
the seed beetle Callosobruchus maculatus. Functional Ecology.
Smith, R. L. (Ed.) 1984. Sperm Competition and the Evolution of
Animal Mating Systems. New York: Academic Press.

Smith, S. G. & Brower, J. H. 1974. Chromosome numbers of
stored-product Coleoptera. Journal of the Kansas Entomological
Society, 47, 317–328.

Thornhill, R. 1976. Sexual selection and paternal investment in
insects. American Naturalist, 110, 153–163.

Thornhill, R. & Alcock, J. 1983. The Evolution of Insect Mating
Systems. Cambridge, Massachusetts: Harvard University Press.

Thompson, J. N. 1988. Evolutionary genetics of oviposition
preference in swallowtail butterflies. Evolution, 42, 1223–1234.


	Genetic variation in paternal investment in a seed beetle
	
	METHODS
	RESULTS
	DISCUSSION
	Acknowledgments
	References

