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Previous laboratory studies of Mediterranean fruit flies, Ceratitis capitata (medflies), have identified large
size and protein feeding as positive influences on the ability of males to secure copulations. In this study,
we investigated whether large and protein-fed males experience additional advantages in terms of
amount and distribution of sperm stored by mates. We also examined relationships between copula
duration and sperm storage. Mates of large and protein-fed males were more likely to store sperm and to
store more sperm than mates of small and protein-deprived males. Probability of sperm storage was
associated with copula duration; all copulations lasting less than 100 min failed whereas 98% lasting
longer than 100 min succeeded. Copulations involving sperm storage were longer if males were small or
protein deprived or if the female was large, although there was no evidence of a relationship between
copula duration and total sperm storage. Evidence from related studies suggests that variation in latency
until sperm transfer, caused by size and diet, is a likely explanation for varying copula duration. Sperm
tended to be stored asymmetrically between the female’s two spermathecae, consistent with a mating
system in which females maintain isolated populations of sperm from different males and later select
between them. Storage was less asymmetric when large numbers of sperm were stored but there was little
evidence that male size or diet affected this asymmetry. It is uncertain whether postcopulatory
advantages of large and protein-fed male medflies arise from female preferences or male dominance
through coercion or force.
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In most insect mating systems, males vary considerably in
their ability to gain access to the limiting resource of ova
(Alexander et al. 1997). Rather than arising from differ-
ential male ability in a single prerequisite activity, such as
precopulatory courtship display, this variation may
instead represent the net effects of male ability at over-
coming a diverse suite of challenges. Activities preceding
fertilization of ova may be divided into distinct phases
and, after initial success, males may fail a subsequent
challenge. For example, having successfully located or
attracted a female, a male may then fail to copulate
(Webb et al. 1984; Simmons 1988; Tuckerman et al.
1993). Recent studies have emphasized that courtship,
and differential male success, may extend well beyond
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the onset of copulation (Eberhard 1994, 1997; Brown
1997; Sakaluk 1997; Ward 1998). Males that find mates
and copulate may fail, or have limited success, at later
stages of sperm transfer and storage. In this study, we
consider qualities of male Mediterranean fruit flies, Cera-
titis capitata (medflies), that confer success at securing
copulations and whether these qualities also confer
success after copulation.

Some previous studies have implicated size and diet as
important predictors of a male medfly’s mating success.
First, only males that obtain sufficient protein are able to
participate in leks, the primary mating arena of this
species (Yuval et al. 1998). Although data for wild flies in
nature and simulated nature are conflicting (Arita &
Kaneshiro 1988; Whittier et al. 1992), Orozco & Lopez
(1993) found that, in simulated nature, large males from
a laboratory strain mated more frequently than smaller
rivals. Furthermore, some laboratory studies allowing
 1999 The Association for the Study of Animal Behaviour
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males the opportunity to court females without the
barrier of lek participation have found that large and
protein-fed males copulate more frequently than small
and protein-deprived males (Churchill-Stanland et al.
1986; Blay & Yuval 1997). Although variation in male
ability to secure copulations has been partly explained
by size and diet, there is large, and as yet un-
explained, variation in postcopulatory success of male
medflies.

First, as in some other insects (Webb et al. 1984; Choe
1995, 1997; Bloch et al. 1996), medfly copulations do
not invariably culminate in sperm storage. Studies
directly checking presence of sperm in spermathecae
have reported failure in 2–5% (Wong et al. 1984)
and 25% (Seo et al. 1990) of naturally terminating
copulations. Other studies have reported failure to
produce offspring after 7% (Whittier & Kaneshiro 1995)
and 22% (Saul & McCombs 1993) of copulations, sug-
gesting failure of sperm transfer or storage in these
cases.

In addition to sometimes failing to have any sperm
stored, male medflies vary dramatically in how many
sperm are stored by mates; copulation may result in
storage of fewer than 100 or more than 8000 sperm (Seo
et al. 1990; Yuval et al. 1996). Total sperm storage
may equate to postcopulatory success because females
storing large amounts may be less prone to remate
(Nakagawa et al. 1971; Eady 1995) or because there is
less potential for dilution by rival ejaculates (Simmons
1986; Dickinson 1997). A male’s postcopulatory success
may also depend on how his sperm are distributed in
storage. Some recent studies have suggested that female
insects control sperm storage patterns, isolating differ-
ent males’ ejaculates to allocate offspring paternity
(LaMunyon & Eisner 1993; Siva-Jothy & Hooper 1996;
Otronen 1997a; Ward 1998). Consistent with this possi-
bility for medflies, Yuval et al. (1996) found that one
spermatheca typically contains many more sperm than
the other. However, this sperm storage asymmetry
(potential for ejaculate isolation) spanned the full
range from all sperm in one spermatheca to an even
distribution.

Male success in each component of postcopulatory
sexual selection identified here (probability of sperm
storage, total sperm storage, sperm storage pattern) has
not been clearly related to specific male qualities.
Although copula duration is known to depend on male
size and diet (Churchill-Stanland et al. 1986; Field &
Yuval 1999), how this translates to postcopulatory
success is also poorly understood. We considered
whether initial advantages for large and protein-fed
males in securing copulations persist in postcopulatory
sexual selection. Specifically, we focused on the follow-
ing hypotheses: (1) male size and protein feeding are
positive influences on the probability of sperm storage;
(2) male size and protein feeding are positive influences
on the amount of sperm stored by females; (3) degree
of sperm storage asymmetry (potential for ejaculate
isolation) is related to male size and diet; and (4)
amount of sperm stored by females varies with copula
duration.
METHODS
Origin and Maintenance of Flies

As in other medfly studies (Yuval et al. 1996; Field &
Yuval 1999), we used flies of strain ‘Sade’ supplied as
pupae by the Citrus Research Board laboratories, Bet
Dagan, Israel. This laboratory strain differs from others in
being routinely ‘refreshed’ with wild males collected in
the same region as the original source flies (central coastal
plains of Israel).

The pupae were kept at 24–26)C, 65–75% relative
humidity and 14:10 h light:dark photoperiod in a room
with constantly recirculating air. Adult flies from each
batch of pupae emerged over 3–4 days, with peak emer-
gence typically being on the second day. Only flies that
emerged on the second day were used in experiments.
Flies were sexed within 24 h of emergence after which
males were maintained on two different diet regimes:
‘protein fed’ and ‘protein deprived’. Protein-fed males
had access to a mixture of sucrose and protein hydro-
lysates, with water supplied separately, whereas protein-
deprived males had access to a 20% sucrose solution, also
with water provided separately. All females were given
the same diet as protein-fed males. Each batch of sexed
adult flies was divided into three 5-litre cages: one with
80–100 females; one with 60–80 protein-fed males; and
one with 60–80 protein-deprived males. These flies were
kept in the same room as prior to emergence and
were used in experiments on the fourth day after
emerging as adults.
Experiments

Testing procedures closely resembled those in previous
studies (Seo et al. 1990; Blay & Yuval 1997; Field & Yuval
1999). On the day of testing, 2.5 h after the light phase
began, we set up two 5-litre testing cages: one with 30
protein-fed males and the other with 30 protein-deprived
males. We used an aspirator to transfer the flies. Next, we
transferred 30 females to each cage of males and checked
the cages for copulating pairs at 5-min intervals for 2 h.
We removed copulating pairs from the testing cage by
gently coaxing them into glass test-tubes which were
then plugged with cotton wool. Because males sometimes
spend more than 20 min mounted, but not yet copulat-
ing, we ensured that the male had clasped the female’s
ovipositor (the genital opening) with his surstyli (geni-
talic clamps) before scoring a pair as copulating (Eberhard
& Pereira 1993). Copulating pairs were then checked at
5-min intervals for termination of copula.

Between 2 and 24 h after the flies mated, we deter-
mined the amount and distribution of sperm stored by
mated females. After killing the fly by crushing the head
and thorax with forceps, we removed the spermathecae
directly into a drop of phosphate-buffered saline (PBS).
Each spermatheca was then transferred to a 12-ìl drop of
PBS on a haematocytometer stage. The spermatheca was
broken apart with entomological pins and the sperm
mass gently removed and teased apart. The drop was
stirred for 1 min and a cover slip lowered into place.
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Using the central and four corner haematocytometer
grids, we counted the number of sperm in 5% of the total
area at #400 magnification under a phase-contrast
microscope (Zeiss axioscop). If no sperm were detected in
this area, we also checked the spermatheca remnants
and scanned the haematocytometer stage before
recording absence of sperm. We removed the right wing
of each fly and, as an index of size, we measured the
distance from alular notch to distal tip to the nearest
0.025 mm, using an ocular micrometer. Experiments
were replicated five times, and the flies for each
replicate came from a different batch (pupated at least
3 days apart).
Statistical Analyses

To investigate probability of mating and probability of
some sperm being stored, we used logistic regression and
tested significance using likelihood ratio chi-square. Ini-
tially, all possible interactions between male diet, male
size and female size were considered and replicate was
included as a blocking effect. Next, highly nonsignificant
(P>0.1) interactions were removed stepwise from the
highest order of interaction until significant effects
(P<0.1) were detected. When replicate was a highly non-
significant effect at every stage, it was excluded to
increase the power of remaining comparisons.

To explain some of the population variation in copula
duration, total sperm storage and sperm storage asym-
metry (difference between spermathecae as a percentage
of total sperm storage), we used analysis of covariance
(ANCOVA). When deriving models in ANCOVA, we used
the same stepwise procedure as for logistic regressions.
Residuals of each initial model suffered heteroscedasticity
which was best resolved by square-root transformation
(Y*=√[Y+0.5]).

General population characters for copula duration,
total sperm storage and sperm storage asymmetry are
presented as backtransformed means with lower and
upper 95% confidence limits (L1 and L2, respectively;
Sokal & Rohlf 1981). As an indication of effects of con-
tinuous variables, correcting for other effects, we present
standardized partial regression coefficients (b*). To iden-
tify effects of male diet (a categorical variable), correcting
for other effects, we present backtransformed least
squares means (LSMs) and 95% confidence limits for the
two diet regimes. All analyses were carried out using JMP
3.1 (SAS 1995).
RESULTS
Probability of Copulating

A male’s probability of copulating within 2 h depended
on his size and diet: a male that was large or protein fed
was more likely to mate than a male that was small or
protein deprived (Table 1, Fig. 1a). The lack of significant
interaction between size and diet indicates that a male’s
vulnerability to the effects of protein deprivation on his
ability to secure a copulation within 2 h did not depend
on his size.
Table 1. Logistic regressions investigating probability of copulating
and probability of sperm storage in relation to male size and diet,
and female size

Source df χ2 P

Probability of copulating
(overall model significance: χ2

2,294=16.84, P<0.001)
Male diet 1 10.38 0.001
Male size 1 9.85 0.002

Probability of sperm storage
(overall model significance: χ2

6,178=30.15, P<0.001)
Male diet 1 16.03 0.001
Male size 1 7.43 0.006
Female size 1 9.41 0.002
Male diet*male size 1 12.28 0.001
Male diet*female size 1 3.91 0.048
Male size*female size 1 8.81 0.003
Table 2. Analyses of covariance investigating copula duration, total
sperm storage and sperm storage asymmetry

Source df F P

Copula duration
(overall model significance: R2=0.42, F7,159=15.60, P<0.001)

Replicate 4 18.00 0.001
Male diet 1 5.22 0.024
Male size 1 15.92 0.001
Female size 1 8.63 0.004

Total sperm storage
(overall model significance: R2=0.30, F7,159=9.22, P<0.001)

Replicate 4 13.06 0.001
Male diet 1 4.52 0.035
Male size 1 10.72 0.001
Female size 1 0.24 0.628

Sperm storage asymmetry
(overall model significance: R2=0.03, F3,159=1.36, P=0.256)

Male diet 1 3.04 0.083
Male size 1 0.17 0.676
Female size 1 0.14 0.713
Probability of Sperm Storage

Sperm were detected in spermathecae after 168 (94%)
of 178 assessed copulations. A male’s diet was an import-
ant predictor of whether sperm would be stored by mates
(Table 1); females were less likely to store sperm of
protein-deprived males than of protein-fed males. Effects
of diet were limited to small males, however, as large
males were comparatively unaffected (Fig. 1b). Female
size was also an important effect, as large females were
less likely to store sperm than were small females. Effects
of male and female size on probability of sperm storage
were interrelated: small males were more likely to have
sperm stored if their mate was also small (less than the
mean size; Fig. 1c).

For sperm storage to take place, a minimum copula
duration of ca. 100 min seemed necessary, although
longer copulation did not guarantee success; each of
seven copulations lasting less than 100 min failed
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Copula Duration and Sperm Storage

Copulations involving sperm storage lasted an average
of 197.5 min (N=168, range 110–335 min). Successful
copulations were longer if the male was protein deprived
(protein fed: LSM=194.4 min, L1=187.1, L2=202.0; pro-
tein deprived: LSM=208.0 min, L1=199.6, L2=216.7;
Table 2), if the male was small (b*= "0.28; Table 2, Fig.
2a) or if the female was large (b*=0.21; Table 2, Fig. 2b).

Females stored an average of 3191.5 sperm (N=168,
range 140–10 400 sperm). A male’s size and diet were
important predictors of how many of his sperm were
stored by females, more sperm being stored if the male
was large (b*=0.26; Table 2, Fig. 3) or protein fed (protein
fed: LSM=3639.2 sperm, L1=3232.7, L2=4069.8; protein
deprived: LSM=3037.7 sperm, L1=2701.8, L2=3393.3,
Table 2). There was no evidence that total sperm storage
was influenced by female size (b*=0.04; Table 2).
Additionally, there was no evidence of a relationship
between copula duration and total amount of sperm
stored (replicate: F1,166=13.64, P<0.001; copula duration:
F1,166=1.46, b*= "0.10, P=0.229).
Sperm Storage Asymmetry

On average, sperm storage asymmetry was 23.6%
(N=168, range 0–95.4%). An ANCOVA detected weak
evidence of a relationship between male diet and storage
asymmetry (protein fed: LSM=21.1%, L1=17.5, L2=25.1;
protein deprived: LSM=26.8%, L1=22.1, L2=31.9;
adjusted power=0.29), but there were no effects of male
size (b*=0.04) or female size (b*= "0.03; Table 2).

Sperm storage asymmetry was negatively related to the
total amount of sperm stored (R2=0.06, F1,166=10.20,
P=0.002; Fig. 4). Accordingly, to check whether the weak
effects of male diet on sperm storage asymmetry operate
via total sperm storage, we ran the original model (Table
2) with total sperm storage as an additional effect. The
resulting model supports this pathway: total sperm stor-
age remained highly significant (F1,159=8.73, P=0.004),
male size and female size remained highly nonsignificant
(male size: F1,159=1.10, P=0.296; female size: F1,159=0.07,
P=0.794), and the weak effects of male diet were negated
(F1,159=1.68, P=0.197).
DISCUSSION
3.4

1

0
2.6

Male wing length (mm)

Pr
ed

ic
te

d
 p

ro
ba

bi
li

ty
 o

f 
sp

er
m

 s
to

ra
ge

3.2

0.25

0.75

0.5

(c)

2.8 3.0

Large female
Small female

3.4

1

0
2.6

Pr
ed

ic
te

d
 p

ro
ba

bi
li

ty
 o

f 
sp

er
m

 s
to

ra
ge

3.2

0.25

0.75

0.5

(b)

2.8 3.0

3.4

1

0
2.6

Pr
ed

ic
te

d
 p

ro
ba

bi
li

ty
 o

f 
m

at
in

g

3.2

0.25

0.75

0.5

(a)

2.8 3.0

Protein deprived
Protein fed

Protein deprived
Protein fed

Figure 1. Predicted probability of (a) male mating (within 2 h) and
(b) sperm storage in relation to male size and diet. (c) Predicted
probability of sperm storage in relation to male and female size.
Diet and Size as Predictors of Reproductive

Success

Previous studies in simulated nature and in the labora-
tory have identified protein feeding and large size as
positive influences on a male’s chances of mating
(Churchill-Stanland et al. 1986; Orozco & Lopez 1993;
Blay & Yuval 1997). In our laboratory study we confirmed
the greater mating propensity of large and protein-fed
males, and then investigated how size and diet influence
postcopulatory success. We found that, in addition to
whereas 168 of 171 copulations lasting more than
100 min succeeded (chi-square test of independence:
÷2

1=122.41, N=178, P<0.001). The shortest successful
copulation lasted 110 min, and the longest unsuccessful
copulation lasted 265 min.
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advantages in securing copulations, large and protein-fed
males were more likely to have sperm stored by mates.
Additionally, large and protein-fed males tended to have
more sperm stored by mates and may therefore fertilize
more of each mate’s eggs. Other studies have found that
male activity level (Whittier et al. 1994) and symmetry of
secondary sexual characters (Hunt et al. 1998) are also
useful predictors of male copulatory success in medflies.
Further research is needed to reconcile the relevance of
these different male characters at each phase of the
mating sequence and to determine whether the impor-
tance of each male character varies in relation to the
laboratory or wild population studied.

At first sight, our results for total sperm storage appear
discordant with those of Blay & Yuval (1997), who
concluded that female medflies store more sperm if they
mate with protein-deprived males. However, Blay &
Yuval (1997) did not account for the effects of male size,
which also varied between the male diet regimes. Rather
than being a direct effect of diet, this previous result very
likely stems from mated protein-deprived males being, on
average, larger than mated protein-fed males.

It seems more than coincidence that male success at
(1) securing copulation, (2) securing sperm storage and
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of a relationship between copula duration and amount
of sperm stored by females. Data presented by Seo et al.
(1990) are consistent with ours; they found a similar
number of sperm in spermathecae after copulations
lasting between 70 and 190 min. In medflies, long
copulations do not appear simply to reflect longer
periods required for transferring larger quantities of
sperm.

Large and protein-fed males copulated for shorter dur-
ations than small and protein-deprived males. This size
and diet variation in copula duration may result from
tactical decisions related to the utility of persistence or
from differences in ability to complete postcopulatory
tasks. In some arthropods, there is a postinsemination
mate-guarding phase during which the male remains in
copula to prevent the female remating, using his entire
soma as a mating plug (Clark 1988; McLain 1989; Yuval
et al. 1990; Alcock 1994; Dickinson 1997). However, Seo
et al. (1990) interrupted copulations at intervals up to
150 min and found that sperm storage increased over this
period (average copula duration in their study was
120 min), suggesting that postinsemination guarding is
absent in medflies.

Nevertheless, the timing of sperm transfer is known to
vary in medflies. Seo et al. (1990) reported large variation
in the latency from first genitalic contact to sperm trans-
fer; in their study, 13% of males had begun transferring
sperm when interrupted after only 4 min in copula
whereas 14% had not yet begun after 2 h. Additionally,
Eberhard & Pereira (1995) reported considerable variation
in latency from first genitalic contact to intromission.
The same postcopulatory interactions that may limit a
male’s chances of sperm storage may also in part dictate
the timing of sperm transfer and overall copula duration.
Small and protein-deprived males may have prolonged
copulations because they take longer to complete
intromission. This may be because females take longer
over decisions to accept these males. Alternatively, these
comparatively weak males may be slower to overcome
female resistance.

The findings that copulations were prolonged and
probability of sperm storage reduced if females were large
are difficult to interpret in terms of direct female choice;
there is no obvious reason why large females should take
longer than small females over mating decisions or dis-
criminate more severely against small and protein-
deprived males. Alternatively, this result does make sense
in terms of female resistance to coerced or forced copu-
lation; large females might exert more powerful resistance
and sustain resistance for longer before successfully
repelling the male or yielding to him.

In addition to these explanations based on sexual
conflict, other possibilities should not be overlooked.
One alternative is that, once intromission is complete,
small and protein-deprived males take longer to pass their
ejaculate to the female. For example, small males may
have a narrower ejaculatory duct or small and protein-
deprived males may be less able to exert pressure to
propel the ejaculate. Also, effects of female size may be
partly explained by sperm having a longer path to travel
to the spermathecae in larger females.
(3) having large quantities of sperm stored by mates are
all enhanced by large size and protein feeding. This
consistency in qualities defining male success at different
phases suggests a close relationship between mechanisms
underlying differential male success at these phases. One
possibility is that females prefer certain qualities that are
more pronounced in large and protein-fed males, and
that courtship before, during and after intromission
allows a stepwise screening of males for these qualities.
Females are certainly able to exercise discrimination prior
to mounting by simply decamping (Whittier et al. 1994).
The behaviour of copulating male medflies is complex,
including bouts of rubbing the female’s abdomen with
legs II and III, rhythmic genitalic pumping and abrupt
pulling of the female’s ovipositor (Eberhard & Pereira
1995). Similar behaviour in other insects has been
interpreted as courtship functioning in ‘cryptic female
choice’ (Eberhard 1994, 1997; Otronen 1997b). In med-
flies, sperm are transported to the spermathecae appar-
ently largely by peristalsis of the spermathecal ducts
(Dallai et al. 1993), suggesting a high degree of female
control over this aspect of male success. Perhaps a male’s
quality is not always sufficiently apparent during pre-
copulatory courtship and so female medflies have
evolved an ability to delay accepting a male until after a
more thorough postcopulatory assessment, and then to
store an amount of sperm commensurate with the male’s
quality.

Other studies of medfly reproductive behaviour have
been interpreted almost exclusively from a female’s per-
spective, with differential male success given as evidence
of female preferences (Arita & Kaneshiro 1988; Whittier
et al. 1994; Whittier & Kaneshiro 1995). There are, how-
ever, viable alternatives to direct female choice that
deserve consideration. In some insects, large size is posi-
tively related to fighting ability (Zuk & Simmons 1997)
and protein feeding enhances energy reserves (Jacome
et al. 1995); the success of large and protein-fed males
may be partly attributable to superior stength and
stamina conferring an ability to court frequently and,
by coercion or force, to overcome female resistance
to mounting, genital contact, intromission and sperm
storage. Additionally, large and protein-fed males may
produce larger ejaculates and this could partly explain
their advantages in total sperm storage.

Discerning whether male or female influences underlie
differential male success in postcopulatory sexual selec-
tion is further complicated by the possibility of ‘passive
female choice’ in which females use resistance as a test of
male vigour (Alexander et al. 1997; Arnqvist 1997). Our
study was designed primarily to identify male qualities
associated with postcopulatory success. Identifying the
relative importance of male and female interests in the
postcopulatory success of large and protein-fed males will
require experimental procedures that carefully control
each sex’s influence.
Variation in Copula Duration

Successful copulations could last as little as 110 min
or as long as 335 min. There was, however, no evidence
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Sperm Storage Asymmetry and Ejaculate Isolation

Yuval et al. (1996) estimated sperm storage asymmetry
in the two spermathecae by determining the percentage
of total sperm that were in the more full one. Translating
this to the measure we used reveals that their results are
consistent with the 23.6% reported here: 28% for flies of
the Sade strain and 26% for flies collected from nature.

In arctiid moths, Utetheisa ornatrix, damselflies, Calop-
teryx splendens xanthostoms, yellow dung flies, Scatophaga
stercoraria, and dryomyzid flies, Dryomyza anilis, complex
sperm storage organs have been associated with isolation
of different males’ ejaculates, possibly as an instrument
of female choice (LaMunyon & Eisner 1993; Siva-Jothy
& Hooper 1996; Otronen 1997a; Ward 1998; but see
Simmons et al. 1996). Our results are consistent with this
possibility for medflies. By biasing sperm storage towards
one of her two spermathecae, the female medfly appears
to retain an option of accepting sperm from a second
mate, biasing this male’s contribution towards the less
full spermatheca, and maintaining the two sperm popu-
lations in partial isolation for postcopulatory decisions of
offspring paternity. Storage asymmetry, the potential for
ejaculate isolation, was negatively associated with total
amount of sperm stored. Consequently, qualities associ-
ated with total sperm storage, such as male diet, may be
associated with variation in storage asymmetry. Reduc-
tion in storage asymmetry may be proximally explained
by a reduced opportunity to accept sperm asymmetrically
once one spermatheca nears capacity.
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were provided by Y. Rössler and R. Akiva of the Israel
Citrus Board. This research was supported by a grant from
the Israel Science Foundation to B.Y.
References

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

Alexander, R. D., Marshall, D. C. & Cooley, J. R. 1997. Evolutionary
perspectives on insect mating. In: Mating Systems in Insects and
Arachnids (Ed. by J. Choe & B. Crespi), pp. 4–31. Cambridge:
Cambridge University Press.

Arita, L. H. & Kaneshiro, K. Y. 1988. Body size and differ-
ential mating success between males of two populations of the
Mediterranean fruit fly. Pacific Science, 42, 173–177.

Arnqvist, G. 1997. The evolution of water strider mating systems:
causes and consequences of sexual conflicts. In: Mating Systems in
Insects and Arachnids (Ed. by J. Choe & B. Crespi), pp. 146–163.
Cambridge: Cambridge University Press.

Blay, S. & Yuval, B. 1997. Nutritional correlates of reproductive
success of male Mediterranean fruit flies (Diptera: Tephritidae).
Animal Behaviour, 54, 59–66.

Bloch, M. C., Herbeck, J. T. & Lewis, S. M. 1996. Mechanisms of
sperm transfer and storage in the red flour beetle (Coleoptera:
Tenebrionidae). Annals of the Entomological Society of America, 89,
892–897.

Brown, W. 1997. Courtship feeding in tree crickets increases insemi-
nation and female reproductive life span. Animal Behaviour, 54,
1369–1382.

Choe, J. C. 1995. Courtship feeding and repeated mating in
Zorotypus barberi (Insecta: Zoraptera). Animal Behaviour, 49,
1511–1520.

Choe, J. C. 1997. The evolution of mating systems in the Zoraptera:
mating variations and sexual conflicts. In: Mating Systems in Insects
and Arachnids (Ed. by J. Choe & B. Crespi), pp. 130–145.
Cambridge: Cambridge University Press.

Churchill-Stanland, C., Stanland, R., Wong, T. T. Y., Tanaka, N.,
McInnis, D. O. & Dowell, R. V. 1986. Size as a factor in the
mating propensity of Mediterranean fruit flies, Ceratitis capitata
(Diptera: Tephritidae) in the laboratory. Journal of Economic
Entomology, 79, 614–619.

Clark, S. J. 1988. The effects of operational sex ratio and food
deprivation on copulation duration in the water strider (Gerris
remigis Say). Behavioral Ecology and Sociobiology, 23, 317–322.

Dallai, R., Marchini, D. & Del Bene, G. 1993. The ultrastructure of
the spermatheca in Ceratitis capitata Wied. and Dacus oleae Gmel.
(Diptera: Tephritidae). Redia, 76, 147–167.

Dickinson, J. L. 1997. Multiple mating, sperm competition, and
cryptic female choice in the leaf beetles (Coleoptera: Chrysomeli-
dae). In: Mating Systems in Insects and Arachnids (Ed. by J. Choe &
B. Crespi), pp. 164–183. Cambridge: Cambridge University Press.

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

Eberhard, W. G. 1994. Evidence for widespread courtship during
copulation in 131 species of insects and spiders, and implications
for cryptic female choice. Evolution, 48, 711–733.

Eberhard, W. G. 1997. Sexual selection by cryptic female choice in
insects and arachnids. In: Mating Systems in Insects and Arachnids
(Ed. by J. Choe & B. Crespi), pp. 32–57. Cambridge: Cambridge
University Press.

Eberhard, W. G. & Pereira, F. 1993. Functions of the male genitalic
surstyli in the Mediterranean fruit fly, Ceratitis capitata (Diptera:
Tephritidae). Journal of the Kansas Entomological Society, 66, 427–
433.

Eberhard, W. G. & Pereira, F. 1995. The process of intromission in
the Mediterranean fruit fly, Ceratitis capitata (Diptera: Tephriti-
dae). Psyche, 102, 99–120.

Field, S. A. & Yuval, B. 1999. Nutritional status affects copula
duration in the Mediterranean fruitfly, Ceratitis capitata (Insecta:
Tephritidae). Ethology, Ecology and Evolution, 11, 61–70.

Hunt, M. K., Crean, C. S., Wood, R. J. & Gilburn, A. S. 1998.
Fluctuating asymmetry and sexual selection in the Mediterranean
fruitfly (Diptera, Tephritidae). Biological Journal of the Linnean
Society, 64, 385–396.

Jacome, I., Aluja, M., Liedo, P. & Nestel, D. 1995. The influence of
adult diet and age on lipid reserves in the tropical fruit fly
Anastrepha serpentina (Diptera: Tephritidae). Journal of Insect
Physiology, 41, 1079–1086.

LaMunyon, C. & Eisner, T. 1993. Postcopulatory sexual selection in
an arctiid moth (Utetheisa ornatrix). Proceedings of the National
Acadamy of Sciences U.S.A., 90, 4689–4692.

McLain, D. K. 1989. Prolonged copulation as a post-insemination
guarding tactic in a natural population of the ragwort seed bug.
Animal Behaviour, 38, 659–664.

Nakagawa, S., Farias, G. J., Suda, D., Cunningham, R. T. &
Chambers, D. L. 1971. Reproduction of the Mediterranean fruit
fly: frequency of mating in the laboratory. Annals of the Entomo-
logical Society of America, 64, 949–950.

Orozco, D. & Lopez, R. O. 1993. Mating competitiveness of wild
and laboratory mass-reared medflies: effect of male size. In: Fruit



254 ANIMAL BEHAVIOUR, 58, 2
Flies: Biology and Management (Ed. by M. Aluja & P. Liedo),
pp. 185–188. New York: Springer-Verlag.

Otronen, M. 1997a. Sperm numbers, their storage and usage in the
fly Dryomyza anilis. Proceedings of the Royal Society London, Series
B, 264, 777–782.

Otronen, M. 1997b. Variation in sperm precedence during mating
in male flies, Dryomyza anilis. Animal Behaviour, 53, 1233–1240.

Saul, S. H. & McCombs, S. D. 1993. Dynamics of sperm use in the
Mediterranean fruit fly (Diptera: Tephritidae): reproductive fitness
of multiple-mated females and sequentially mated males. Annals
of the Entomological Society of America, 86, 198–202.

Sakaluk, S. K. 1997. Cryptic female choice predicated on wing
dimorphism in decorated crickets. Behavioral Ecology, 8, 326–331.

SAS Institute 1995. JMP Statistics and Graphics Guide, Version 3.1.
Cary, North Carolina: SAS Institute.

Seo, S. T., Vargas, R. I., Gilmore, J. E., Kurashima, R. S.
& Fujimoto, M. S. 1990. Sperm transfer in normal and
gamma-irradiated, laboratory-reared Mediterranean fruit flies
(Diptera: Tephritidae). Journal of Economic Entomology, 83, 1949–
1953.

Simmons, L. W. 1986. Female choice in the field cricket Gryllus
bimaculatus (De Geer). Animal Behaviour, 34, 1463–1470.

Simmons, L. W. 1988. Male size, mating potential and lifetime
reproductive success in the field cricket Gryllus bimaculatus de
Geer. Animal Behaviour, 36, 372–379.

Simmons, L. W., Stockley, P., Jackson, R. L. & Parker, G. A. 1996.
Sperm competition or sperm selection: no evidence for female
influence over paternity in yellow dung flies Scathophaga
stercoraria. Behavioral Ecology and Sociobiology, 38, 199–206.

Siva-Jothy, M. T. & Hooper, R. E. 1996. Differential use of stored
sperm during oviposition in the damselfly Calopteryx splendens
xanthostoms (Charpentier). Behavioral Ecology and Sociobiology,
39, 389–393.

Sokal, R. R. & Rohlf, F. J. 1981. Biometry. New York: W.H. Freeman.
Tuckerman, J. F., Gwynne, D. T. & Morris, G. K. 1993. Reliable

acoustic cues for female mate preference in a katydid (Scudderia
curvicauda, Orthoptera: Tettigonidae). Behavioral Ecology, 4, 106–
113.
Ward, P. I. 1998. A possible explanation for cryptic female choice in
the yellow dung fly, Scathophaga stercoraria (L.). Ethology, 104,
97–110.

Webb, J. C., Sivinski, J. & Litzkow, C. 1984. Acoustical behavior and
sexual success in the Caribbean fruit fly, Anastrepha suspensa
(Leow) (Diptera: Tephritidae). Environmental Entomology, 13, 650–
656.

Whittier, T. S. & Kaneshiro, K. Y. 1995. Intersexual selection in the
Mediterranean fruit fly: does female choice enhance fitness?
Evolution, 49, 990–996.

Whittier, T. S., Kaneshiro, K. Y. & Prescott, L. D. 1992. Mating
behavior of Mediterranean fruit flies (Diptera: Tephritidae) in a
natural environment. Annals of the Entomological Society of
America, 85, 214–218.

Whittier, T. S., Nam, F. Y., Shelly, T. E. & Kaneshiro, K. Y. 1994.
Male courtship success and female discrimination in the Mediter-
ranean fruit fly (Diptera: Tephritidae). Journal of Insect Behaviour,
7, 159–170.

Wong, T. T. Y., Kobayashi, R. M., Whitehand, L. C., Henry, D. G.,
Zadig, D. A. & Denny, C. L. 1984. Mediterranean fruit fly
(Diptera: Tephritidae): mating choices of irradiated laboratory-
reared and untreated wild flies of California in laboratory cages.
Journal of Economic Entomology, 77, 58–62.

Yuval, B., Deblinger, R. D. & Spielman, A. 1990. Mating behavior
of male deer ticks Ixodes dammini (Acari: Ixodidae). Journal of
Insect Behaviour, 3, 765–772.

Yuval, B., Blay, S. & Kaspi, R. 1996. Sperm transfer and storage in
the Mediterranean fruit fly (Diptera: Tephritidae). Annals of the
Entomological Society of America, 89, 486–492.

Yuval, B., Kaspi, R., Shloush, S. & Warburg, M. 1998. Nutritional
reserves regulate male participation in Mediterranean fruit fly leks.
Ecological Entomology, 23, 211–215.

Zuk, M. & Simmons, L. W. 1997. Reproductive strategies of the
crickets (Orthoptera: Gryllidae). In: Mating Systems in Insects and
Arachnids (Ed. by J. Choe & B. Crespi), pp. 89–109. Cambridge:
Cambridge University Press.


	Postcopulatory sexual selection in Mediterranean fruit flies: advantages for large and protein-fed males
	METHODS
	Origin and Maintenance of Flies
	Experiments
	Table 1
	Statistical Analyses
	Table 2

	RESULTS
	Probability of Copulating
	Probability of Sperm Storage
	Copula Duration and Sperm Storage
	Sperm Storage Asymmetry

	DISCUSSION
	Diet and Size as Predictors of Reproductive Success
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Variation in Copula Duration
	Sperm Storage Asymmetry and Ejaculate Isolation

	Acknowledgments
	References


