
ORIGINAL ARTICLE

Tami M. Panhuis á Gerald S. Wilkinson

Exaggerated male eye span in¯uences contest outcome
in stalk-eyed ¯ies (Diopsidae)

Received: 20 July 1998 / Received in revised form: 2 February 1999 /Accepted: 12 March 1999

Abstract Evolution of male weapons or status signals
has been hypothesized to precede evolution of female
mating preferences for those traits. We used staged male
®ghts among three species of Malaysian stalk-eyed ¯ies
(Diptera: Diopsidae) to determine if elongated eye span,
which is preferred by females in two sexually dimorphic
species, in¯uences contest outcome. Extreme sexual di-
morphism, with large males possessing longer eye span
than females, is shared by Cyrtodiopsis whitei and
C. dalmanni. In contrast, C. quinqueguttata exhibits a
more ancestral condition ± short, sexually monomorphic
eye stalks. Videotape analysis of 20-min paired contests
revealed that males with larger eye span and body size
won more ®ghts in the dimorphic, but not monomor-
phic, species. To determine if males from the dimorphic
species use eye span directly to resolve contests, we
competed male C. dalmanni from lines that had under-
gone arti®cial selection for 30 generations to increase or
decrease eye span. We found that eye span, indepen-
dently of body size, determines contest outcome in
selected-line males. Furthermore, in both dimorphic
species, the average encounter duration declined as the
eye span di�erence between contestants increased, as
expected if males use eye span to assess opponent size.
The number of encounters also increased with age in
dimorphic, but not monomorphic, species. Selected-line
males did not di�er from outbred males in either ®ght
duration or number of encounters. We conclude that
exaggerated male eye stalks evolved to in¯uence both
competitive interactions and female mating preferences
in these spectacular ¯ies.

Key words Assessment á Intraspeci®c competition
Sexual selection á Diopsidae

Introduction

In a provocative paper, Berglund et al. (1996) argue that
male secondary sexual traits often exhibit dual function,
i.e., they attract mates and resolve contests either by
acting as weapons or status signals. Support for this
claim comes from a survey of studies on visual, acoustic,
chemical, and electric signals which indicates that many
signals in¯uence both female mating preferences and
contests among males. This idea has been suggested
before (e.g., Fisher 1958; Borgia 1979; West-Eberhard
1979). Berglund et al. (1996) point out that conspicuous,
costly signals used by males to resolve disputes over
limiting resources, such as food and mates, provide
females with honest indicators of male quality (Kodric-
Brown and Brown 1984; Grafen 1990). Therefore,
females should bene®t most by choosing males on the
basis of their weapon or status signal. If this proposition
is correct, then the evolution of traits which resolve
contests should precede the evolution of female prefer-
ences ± a prediction directly opposite to sensory ex-
ploitation (Basolo 1990; Ryan et al. 1990; Ryan and
Keddy-Hector 1992).

In this paper, we test the prediction that a male or-
nament preferred by females is also used in male-male
competition as an assessment signal of body size. To
evaluate this idea, we staged ®ghts among males from
three closely related species of Malaysian stalk-eyed ¯ies
(Diptera: Diopsidae) which di�er in the degree of sexual
dimorphism for eye span. All three species exhibit a high
correlation between eye span and body size (Burkhardt
and de la Motte 1985; Wilkinson and Dodson 1997), but
in both dimorphic species, the slope of a linear least-
squares regression between eye span and body size is
much greater in males than females. In these two sister
species, eye span ranges from 4 to 11 mm in males and
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4±6 mm in females. In contrast, no sexual dimorphism
for eye span exists in Cyrtodiopsis quinqueguttata. In
both sexes, the eye span on body length least-squares
regression slope is <1 and eye span ranges from 3 to
5 mm (Wilkinson and Dodson 1997). The steeper male
allometric slopes in the dimorphic species permit eye
span to signal male size more accurately than in the
monomorphic species (Petrie 1988; Green 1992; Eber-
hard et al. 1998). Phylogenetic reconstruction using
mtDNA sequences indicates that C. quinqueguttata lies
basal to C. whitei and C. dalmanni, and sexual mono-
morphism for eye span is plesiomorphic (Wilkinson
et al. 1998a). Furthermore, mate choice experiments
indicate that female C. whitei and C. dalmanni, but not
C. quinqueguttata, prefer to mate with males with a
larger eye span (Wilkinson et al. 1998a). Thus, if exag-
gerated eye stalks evolved to function in contest reso-
lution, then eye span should in¯uence ®ght outcome
only in sexually dimorphic species.

Eye stalks have been implicated in contest resolution
in several independent lineages of ¯ies (Wilkinson and
Dodson 1997). Drosophila heteroneura (Diptera:
Drosophilidae) males with wider heads win more ®ghts
(Boake et al. 1997). Achias australis (Diptera: Platysto-
matidae) males with large eye span defend presumed
mating sites (McAlpine 1979). In C. whitei (Diptera:
Diopsidae), larger-eye-span males won over 90% of
®ghts staged over mating sites in the laboratory (Burk-
hardt and de la Motte 1987). While these results suggest
some role for eye stalks in ®ght resolution, they are also
consistent with larger males displacing smaller males, as
occurs in many invertebrates, e.g., earwigs (Radesater
and Halldorsdotter 1993), jumping spiders (Faber and
Baylis 1993), caddis¯y larva (Englund and Olsson 1990),
and crickets (Hack 1997), because eye span correlates
with body size in all stalk-eyed ¯ies (McAlpine 1979;
Burkhardt and de la Motte 1985; Grimaldi 1987;
Grimaldi and Fenster 1989). In many holometabolous
insects, the expression of adult secondary sexual traits
often covaries allometrically with body size because de-
velopment of the trait depends on how much food a
larva consumes before pupation (Emlen 1994; Nijhout
and Emlen 1998). Consequently, an association between
eye span and ®ght outcome could occur for two reasons.
(1) Body size, independent of eye span, determines
®ghts. In this case, the apparent e�ect of eye span on
®ght outcome is due to an incidental phenotypic corre-
lation between eye span and body size. (2) Eye span
directly determines the outcome of a ®ght because body
size is assessed from eye span.

We used two approaches to determine if eye span,
independent of body size, is causally related to ®ght
resolution. The ®rst approach relies on experimental
manipulation of the sexually selected trait independent
of body size, as has been done for snapping shrimp
(Hughes 1996). We staged ®ghts between C. dalmanni
males from lines which had undergone arti®cial selection
to increase or decrease the ratio of eye span to body
length for 30 generations (Wilkinson 1993). Selection on

this ratio altered eye span much more than body size
(Wilkinson 1993) making it possible to compete males
which di�ered greatly in eye span but not in body size.
The second approach involves testing a prediction from
game theoretic models of ®ghting behavior (Parker 1974;
Enquist and Leimar 1983), i.e., ®ght duration should be
inversely related to the degree of di�erence in the trait
under assessment between opponents (Englund and
Olsson 1990; Enquist et al. 1990; Leimar et al. 1991).
Consequently, we compared ®ght duration against dif-
ference in opponent eye span for each of the three spe-
cies. A decrease in ®ght duration with an increase in the
degree of di�erence in eye span between opponents
would be consistent with direct assessment of eye span.

Methods

Staging ®ghts

To create males of di�erent sizes, we allowed stock population
females of each species to lay eggs in cups containing 50 ml of
pureed corn media (Wilkinson 1993) for 3±4 days. Each population
was housed in a large plexiglass cage lined with moist blotting
paper and cotton and contained 100±200 adults. We allowed larvae
to develop at 25 � 0.1 °C with a 12-h light:dark cycle. Under these
conditions, larvae develop into adult ¯ies with a range of body sizes
due to larval competition (G.S. Wilkinson, personal observation).
After eclosion, we separated males from females and housed no
more than 25 individuals of the same age and species in ventilated
polycarbonate cages (13 ´ 13 ´ 20 cm). At least 24 h prior to a
contest, we anesthetized ¯ies with carbon dioxide to mark their
thorax uniquely with a paint pen. We also used NIH Image, version
1.59, to measure eye span, body length, and thorax width to the
nearest 0.01 mm from a video-captured image of each ¯y under a
microscope.

We staged ®ghts from 0900±1100 hours using males matched
for age. Flies ranged in age from 30 to 90 days. All three species are
sexually mature at least 2 weeks after eclosion and longevity in the
laboratory and the ®eld can be 6 months or more (Wilkinson and
Reillo 1994; Wilkinson and Dodson 1997). Flies were only allowed
to compete once. We used food, rather than females, to promote
®ghts because, in contrast to the two sexually dimorphic species,
C. quinqueguttata does not form nocturnal aggregations and shows
no tendency to mate at dusk or dawn (Kotrba 1996). Preliminary
observations on all three species revealed that paired males readily
engaged in agonistic interactions after being deprived of food for
18 h and diurnal contests over food during the day closely resem-
bled crepuscular contests over aggregations of females on rootlets
in C. whitei (Burkhardt and de la Motte 1987) and C. dalmanni
(Wilkinson and Reillo 1994). The day before each contest, we as-
pirated two marked males into a small (10 ´ 3.5 ´ 6 cm) polysty-
rene chamber lined with moist blotting paper and separated them
using two removable opaque partitions. After 18±20 h without
food, we placed a small drop of corn water and yeast between the
partitions on the bottom of the chamber. We then removed the
partitions and starting with the ®rst interaction, we recorded
the ¯ies for 20 min using a Sony TR-81 Hi-8 camcorder. At the end
of the recording period, we removed each ¯y and weighed it to the
nearest 0.1 mg.

To determine if exaggerated eye span in¯uences ®ghting success,
we paired males to create a similar range of body length di�erences
between opponents for each species. Under these culture condi-
tions, males do not di�er in body length between these species
(Wilkinson et al. 1998a). We staged 29 C. whitei, 30 C. dalmanni,
and 24 C. quinqueguttata contests. The mean (�SE) and range of
di�erences in body length between paired males for each species
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was comparable (C. whitei: 0.55 � 0.08, 0±1.54 mm; C. dalmanni:
0.40 � 0.07, 0±1.40 mm; C. quinqueguttata: 0.34 � 0.08,
0±1.50 mm) and the mean di�erences in body length did not di�er
between species (ANOVA: F2,80 = 2.09, P = 0.13). In contrast,
the di�erence in eye span between opponents di�ered markedly
between species (ANOVA: F2,80 = 8.70, P = 0.0004). Both sexu-
ally dimorphic species exhibited signi®cantly greater di�erences
in eye span than the sexually monomomorphic species (Fisher's
protected least-squared di�erences test, P < 0.005) but did not
di�er from each other (C. whitei: 0.94 � 0.13, 0.02±2.47 mm;
C. dalmanni: 0.72 � 0.14, 0±2.74 mm; C. quinqueguttata: 0.23 �
0.04, 0.03±0.79 mm).

The high correlation between male eye span and body length for
all outbred populations (C. whitei: r = 0.93, P < 0.0001, n = 58;
C. dalmanni: r = 0.89, P < 0.0001, n = 60; C. quinqueguttata:
r = 0.81, P < 0.0001, n = 48) precluded using multivariate sta-
tistics to determine if males use eye span independently of body size
to assess opponents. Instead, we staged contests using C. dalmanni
males from lines which had undergone arti®cial selection for 30
generations either to increase or decrease the ratio of eye span to
body length (Wilkinson 1993; Wilkinson et al. 1998b). We staged
29 contests between selected-line males which were 50±150 days old
and matched for age. The correlation between eye span and body
length was much lower for selected-line (r = 0.49, P < 0.0001,
n = 58) than outbred C. dalmanni males used in contests. Conse-
quently, by pairing long-eye-span-line males with short-eye-span-
line males we more than doubled the average di�erence in eye span
(1.89 � 0.14, range: 0.6±3.68) without increasing the average or
range of di�erences in body length (0.31 � 0.06, 0±1.06 mm)
between competitors.

Scoring ®ghts

Males of the sister species, C. whitei and C. dalmanni, used similar
sequences of behaviors during contests. In both species, a contest
initiated when two males oriented face to face and approached with
parallel eye stalks and bobbing abdomens. If neither male re-
treated, then occasionally one male would jump on the other or
spread, rotate and brie¯y display one or both wings. More often,
both males rose on their hindlegs and extended their forelegs next
to the eye stalks. If neither male retreated at this point, then ®ghts
would escalate with one male using forelegs to jab the face or hook
a leg and upend the other ¯y. Occasionally, winners brie¯y chased
retreating opponents. These behaviors were indistinguishable from
those used by males ®ghting over females at aggregation sites (de la
Motte and Burkhardt 1983; Burkhardt and de la Motte 1987;
G.S. Wilkinson, personal observation).

C. quinqueguttata males exhibited ®ghting behavior similar to
the other two species, but they more frequently displayed wing-
spreading behavior following initial frontal orientation. Wing
spreading was often accompanied by several quick lunging steps
towards an opponent. If neither male retreated after a wing spread,
encounters escalated to physical contact as described above for the
two dimorphic species.

Because males of all three species used similar agonistic be-
haviors, we measured duration (to the nearest second) of an ag-
gressive encounter beginning when the males faced each other and
ending when one turned away. The male which did not retreat was
scored the winner of an encounter. When both males turned away
at the same time we scored the encounter as a tie. We did not
include chases in the duration of an encounter because the point at
which a male stopped pursuit was often ambiguous. The ¯y that
won the most encounters during the 20-min period was the winner
of the contest.

The amount of ®ghting we observed during a contest was due
both to the duration of each aggressive encounter and to the
number of times the two males encountered each other. These two
components of ®ghting duration re¯ect di�erent aspects of male
behavior. Encounter duration should be in¯uenced by the amount
of time involved in assessing opponent size or ®ghting ability
while number of aggressive encounters will vary depending on the

general activity of each ¯y. Therefore, we compare these two
aspects of ®ght duration separately below for the outbred popu-
lations of each species. Because assessment or activity could
change with experience acquired in communal cages prior to
paired contests, we also tested each ®ght duration variable for
in¯uence due to age.

We assessed the in¯uence of contestant di�erences in predicting
®ght outcome using paired t-tests and binomial tests on each
measure of size. To determine if eye span in¯uenced ®ght outcome
independently of body size for each of the four sets of contests, we
compared winners and losers on the residuals from a regression of
eye span on body length. To determine if ®ght duration was in-
¯uenced by eye span di�erence, body length di�erence, age or
species we used analysis of covariance (ANCOVA) on the natural
logarithm of average encounter duration and on the number of
encounters recorded in 20 min. The log transformation removed an
association between the variance and mean of the average en-
counter duration.

Results

Determinants of ®ght outcome

Paired t-tests revealed that all four measures of male size
di�ered signi®cantly between winners and losers in
C. whitei (eye span: t = 3.25, P = 0.003; body length:
t = 3.25, P = 0.003; thorax width: t = 3.51, P =
0.002; body mass: t = 2.20, P = 0.037, df = 29) and
C. dalmanni (eye span: t = 3.96, P = 0.0004; body
length: t = 2.92, P = 0.007; thorax width: t = 2.48,
P = 0.019, df = 28; body mass: t = 3.40, P = 0.002,
df = 26). Eye span was the best predictor of contest
outcome for both dimorphic species (Fig. 1a,b). In
C. whitei, larger-eye-span males won 83% (Z = 3.5,
P = 0.0004), larger-body-length males won 76% (Z =
2.8, P = 0.005), and heavier males won 69% (Z = 2.0,
P = 0.041) of contests, while in C. dalmanni, larger-eye-
span males won 77% (Z = 2.9, P = 0.0035), larger-
body-length males won 62% (Z = 1.3, P = 0.19), and
heavier males won 71% (Z = 2.0, P = 0.041) of
contests.

In contrast to the sexually dimorphic species, paired
t-tests revealed no signi®cant di�erences between winner
and loser male C. quinqueguttata for any of the four size
measures (eye span: t = 0.1, P = 0.93; body length:
t = 0.4, P = 0.70; thorax width: t = 0.1, P = 0.91,
df = 23; body mass: t = 0.25, P = 0.37, df = 20).
Winning male C. quinqueguttata had larger eye span in
58% (Z = 0.8, P = 0.41, Fig. 1c), larger body length in
63% (Z = 1.2, P = 0.22), and more mass in 48% of
contests (Z = 0.2, P = 0.83). Body size did not,
therefore, predict ®ghting success in the sexually
monomorphic species.

To determine if eye span in¯uences contest outcome
independently of body size, we compared the residuals
from the regression of eye span on body length for
winners against losers for each of the three species
(Fig. 1d,e). Neither paired t-tests on residual eye span
between winner and loser nor binomial tests revealed
signi®cant di�erences for any species. This result can
be explained in two possible ways. Either eye span
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functions as an accurate indicator of body size to
resolve contests or males assess each other's size with-
out relying on eye span. To distinguish between these
alternatives, we staged contests using male C. dalmanni
from lines in which eye span was altered through arti-
®cial selection. C. dalmanni selected-line males with
larger eye span won 83% of trials (Z = 3.5,
P = 0.0004; Fig. 2a). Seventy-six percent of the win-
ners also had equal or larger body size (Z = 2.8,
P = 0.005) but only 59% were heavier (Z = 0.9,
P = 0.35). A plot of winners against losers (Fig. 2b)
for eye span residuals from a regression of eye span on
body length revealed that 79% of the winners had
larger eye span relative to their body length (Z = 3.2,
P = 0.0016). Furthermore, in 21 contests, the absolute
di�erence in body length between the ¯ies was less than
0.5 mm, yet the male with larger eye span still won 15
of these contests (Z = 1.96, P = 0.0495). These results
provide strong evidence that eye span, independently of
body size or mass, determines contest outcome in at
least this sexually dimorphic species.

Determinants of ®ght duration

ANCOVA revealed that the average duration of an
aggressive encounter was in¯uenced both by the species
(F2,77 = 8.65, P = 0.0004)and by the di�erence in eye
span between the contestants (F1,77 = 5.3, P = 0.0.024)
but not by the di�erence in body length (F1,77 = 0.01,
P = 0.93) or age (F1,77 = 0.63, P = 0.43). No inter-
action term was signi®cant in this model. The species
e�ect was caused by longer encounters among C. whitei
males than among either C. dalmanni or C. quinque-
guttata males (least-squares means comparisons:
C. whitei vsC. dalmanni: t = 3.84, P = 0.0002;C. whitei
vs C. quinqueguttata: t = 3.26, P = 0.0017; C. dalmanni
vs C. quinqueguttata: t = 0.57, P = 0.57). Average en-
counter duration for the two dimorphic species declined
as the di�erence in eye span between the contestants
increased, as expected if males engage in aggressive en-
counters for longer periods when assessment of oppo-
nent size is more di�cult (Fig. 3).

The absence of a signi®cant interaction in the ANC-
OVA between species and eye span di�erence indicates
that the slope of the relationship between average en-
counter duration and di�erence in eye span did not di�er
between species. However, plots of encounter duration
on eye span di�erence for each species (Fig. 3) revealed
signi®cant regressions for C. whitei (F1,28 = 9.27,
P = 0.005) and C. dalmanni (F1,29 = 4.85, P = 0.036)
but not for C. quinqueguttata (F1,23 = 0.46, P = 0.51)
contests. Inspection of Fig. 3 provides an explanation for
this apparent contradiction. Once species mean e�ects
are removed, C. quinqueguttata contest durations are
comparable to those of the two dimorphic species over
the same range of eye span di�erences, but the di�erence
in eye span between C. quinqueguttata males is much less
than in the two dimorphic species. The absence of a
signi®cant regression of encounter duration on eye span
di�erence is consistent with eye span not being used for
contest resolution in C. quinqueguttata.

In contrast to encounter duration, ANCOVA indi-
cates that the number of aggressive encounters observed
during a contest increased with age (F1,77 = 14.5,

Fig. 1 Outcomes of ®ghts between outbred males of each species. Eye
span of winners is plotted against losers for Cyrtodiopsis whitei (a),
C. dalmanni (b), and C. quinqueguttata (c). Residuals from a regression
of eye span on body length for winners are plotted against residuals
for losers for C. whitei (d), C. dalmanni (e), and C. quinqueguttata (f).
Dashed lines indicate equal eye span between winner and loser

Fig. 2 Outcomes of ®ghts between selected-line C. dalmanni males:
eye span of winners plotted against losers (a) and residuals from a
regression of eye span on body length for winners plotted against
residuals for losers (b). Dashed lines indicate equal eye span between
winner and loser
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P = 0.0003) and di�ered between species (F2,77 = 12.1,
P < 0.0001), but was independent of eye span di�erence
(F1,77 = 0.26, P = 0.68) and body length di�erence
(F1,77 = 0.61, P = 0.44). A signi®cant interaction be-
tween age and species (F2,75 = 4.39, P = 0.01) indicates
that the slopes of the regressions between number of
encounters on age di�ered between species (Fig. 4). The
two sexually dimorphic species, but not the monomor-
phic species, exhibited signi®cant positive regressions
between number of encounters and age (C. whitei:
F1,27 = 12.78, P = 0.0013; C. dalmanni: F1,28 = 15.62,
P = 0.0005;C. quinqueguttata: F1,22 = 0.99, P = 0.33).

To determine if arti®cial selection modi®ed ®ghting
behavior, we compared average duration and number of
aggressive encounters between outbred and selected-line
C. dalmanni ¯ies. We found no signi®cant di�erence in
log-transformed average encounter durations (t = 1.72,
P = 0.09) or in the number of encounters (t = 1.24,
P = 0.22) between outbred and selected-line ¯ies.

Discussion

Three types of evidence presented here indicate that
males from the sexually dimorphic species assess eye
span to resolve contests. First, eye span was a better
predictor of ®ght outcome than any other measure of
body size for both C. whitei and C. dalmanni males.
Second, residual eye span was a highly signi®cant pre-
dictor of ®ght outcome in contests involving C. dalmanni
males from lines in which eye span had been altered
experimentally by arti®cial selection. Third, the duration
of a ®ght increased when the di�erence in the degree of
eye span between opponents decreased, as predicted by
game theoretic models of assessment (Enquist and Lei-
mar 1983). By contrast, in the sexually monomorphic
species, neither eye span nor any other size-related trait
in¯uenced ®ght outcome and ®ght duration did not

Fig. 3 Duration of average aggressive encounter per 20-min contest
plotted against the di�erence in eye span between the contestants for
C. whitei (a), C. dalmanni (b), and C. quinqueguttata (c). Signi®cant
least-squares regression lines are shown

Fig. 4 Number of aggressive encounters per 20-min contest regressed
on the age in days since eclosion for each pair of contestants in
C. whitei (a), C. dalmanni (b), and C. quinqueguttata (c). Signi®cant
least-squares regression lines are shown
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depend on the degree of di�erence in eye span between
opponents. Thus, eye span does not function to resolve
contests in C. quinqueguttata. Taken together with
studies showing that females from the dimorphic, but
not monomorphic, Cyrtodiopsis species prefer to mate
with males possessing larger eye span (Wilkinson et al.
1998a), these results indicate that eye stalks are likely to
have in¯uenced contest outcome and mate choice in a
sexually dimorphic ancestor to C. whitei and C. dalmanni
but not the sexually monomorphic ancestor common to
all three species. Whether eye stalk elongation initially
occurred in response to male competition, female choice,
or simultaneously to both selective processes cannot be
determined from these results. However, elongated eye
stalks have evolved independently at least ®ve times in
diopsids (Wilkinson and Dodson 1997; R. Baker,
R. DeSalle, G. Wilkinson, unpublished data). Thus,
comparable mate choice and contest outcome studies
utilizing other species groups from this family of ¯ies can
be conducted to resolve this issue.

The evolutionary transition from sexual monomorp-
hism to dimorphism of eye span allometry almost cer-
tainly had an ecological basis. The two dimorphic
species show many ecological similarities. Both exhibit a
resource-defense mating system in which males compete
with conspeci®cs to gain access to females at nocturnal
aggregation sites on root threads (Burkhardt and de la
Motte 1983, 1987; Wilkinson and Dodson 1997). Suc-
cessful C. whitei males have been observed mating with
over 20 females during a 30-min period after dawn
(Lorch et al. 1993). Similar, albeit smaller, mating ag-
gregations occur in C. dalmanni (Wilkinson and Reillo
1994). Aggregations have been reported primarily in
sexually dimorphic species of stalk-eyed ¯ies that inhabit
riparian habitat in high densities (Burkhardt and de la
Motte 1985; Wilkinson and Dodson 1997) and may
represent a mechanism for detecting and avoiding noc-
turnal predators, such as ants. Whatever their function,
once mating becomes associated with aggregations, se-
lection should favor males that utilize honest signals to
assess opponent size rapidly, thereby decreasing time
and energy spent in ®ghting and increasing time spent in
mating (Burkhardt and de la Motte 1987; Wilkinson and
Dodson 1997). In contrast, the sexually monomorphic
congener may have little need to advertise size or ®ght-
ing ability. Observations in peninsular Malaysia indicate
that C. quinqueguttata occurs at low densities and has
never been found to form aggregations during the day or
night (G.S. Wilkinson, personal observation). Mating
has been observed to occur throughout the day (Kotrba
1996; G.S. Wilkinson, personal observation). Thus, in-
traspeci®c contests occur rarely. In this situation, contest
resolution may be more e�ciently mediated by the in-
dividual with the highest motivation (see below) rather
than the largest body size.

To function e�ectively in contest resolution, eye span
must accurately and reliably signal size and ®ghting
ability. Accuracy of size assessment is enhanced by di-
rect frontal comparison of eye stalks (McAlpine 1979)

and by positive allometry between eye span and body
size (Burkhardt and de la Motte 1987; Wilkinson and
Dodson 1997). By orienting their eye stalks in parallel,
competing males place their eye bulbs directly in front of
the ommatidial region with highest visual acuity
(Burkhardt and de la Motte 1983). Assuming that the
resolution of the visual system does not decrease as eye
span increases, a steeper regression between eye span
and body size should enable a ¯y to assess opponent
body size more accurately. The reliability of this signal,
i.e., whether eye span correlates highly with body size
(Eberhard et al. 1998), is probably high for two reasons.
First, eye span of an adult ¯y cannot change once the
exoskeleton hardens. Consequently, the correlation be-
tween eye span and body length will be higher, for ex-
ample, than between eye span and body mass, because
mass can change after eclosion. Second, development of
an unusually large eye span for a particular body size
seems likely to be costly (Nijhout and Emlen 1998).
During metamorphosis, each larva has a ®xed pool of
resources to allocate between somatic tissue and eye
stalks. A ¯y which allocated a disproportionate amount
of resources to eye span would presumably be less able
to survive and reproduce.

The degree of sexual dimorphism found in any pop-
ulation of stalk-eyed ¯ies is likely, therefore, to result
from a balance between selection acting against further
eye span exaggeration and both intra- and intersexual
selection for increased eye span. Arti®cial selection on
relative eye span shows that the alternative explanation,
that genetic variation for eye span allometry is absent, is
not tenable. After ten generations of arti®cial selection
on males, the slope of the regression of eye span on body
length diverged (Wilkinson 1993). A similar response to
selection on allometry has been reported for a horned
beetle (Emlen 1996).

Eye span was a signi®cant, but not perfect, predictor
of ®ght outcome and duration for both sexually di-
morphic species. Presumably, in those ®ghts won by
smaller-eye-span males, males either made errors in as-
sessing opponent body size, or other factors in¯uenced
®ght outcome. If assessment error occurs, then by the
arguments described above, we expect fewer assessment
mistakes in the species with greatest sexual dimorphism.
Consistent with this prediction, C. whitei as the most
sexually dimorphic species (Wilkinson and Dodson
1997) had the fewest contests in which eye span failed to
predict ®ght outcome. However, the magnitude of the
di�erence in eye span between opponents in some of the
cases where smaller-eye-span individuals won ®ghts
suggests that other factors are also involved. One pos-
sibility is that males di�ered in current motivation. Be-
cause mass was not a better predictor of ®ght outcome
than eye span, we doubt if males di�ered in recent
feeding history prior to isolation. However, it is possible
that males di�ered in lean body mass for either heritable
or environmental reasons. This idea could be examined
by comparing dry mass of competitors after a contest.
Alternatively, individuals might di�er in recent ®ghting
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history. While we did not use any male in more than one
contest, we did house males in group cages prior to the
experiment. In these cages, ®ghts occurred regularly over
access to food. Other studies on insects (Hack 1997) have
indicated that a history of either success or failure can
in¯uence an individual's willingness to ®ght and ®ghting
ability. The possibility that prior experience in¯uences
®ghting ability is consistent with the increase in number
of aggressive encounters with age for both sexually di-
morphic species in this study, and with older male C.
dalmanni being captured more often in aggregations in
the ®eld (Wilkinson and Reillo 1994). Further study is
warranted to determine the importance of prior ®ghting
on ®ght outcomes and durations in stalk-eyed ¯ies.

Acknowledgements We thank Lili Crymes for help in the labora-
tory, Jenny Boughman, Ahmad Hariri, and Daven Presgraves for
insightful suggestions, and Gerry Borgia, Tim Wright, Dave Yager,
three anonymous reviewers, and Darryl Gwynne for comments on
the manuscript. This study was supported by a Howard Hughes
Medical Institute undergraduate research fellowship to T.M.P. and
a grant from the National Science Foundation to G.S.W.

References

Basolo AL (1990) Female preference predates the evolution of the
sword in swordtail ®sh. Science 250:808±810

Berglund A, Bisazza A, Pilastro A (1996) Armaments and orna-
ments: an evolutionary explanation of traits of dual utility. Biol
J Linn Soc 58:385±399

Boake CRB, Deangelis MP, Andreadis DK (1997) Is sexual se-
lection and species recognition a continuum? Mating behavior
of the stalk-eyed ¯y Drosophila heteroneura. Proc Natl Acad Sci
USA 94:12442±12445

Borgia G (1979) Sexual selection and the evolution of mating
systems. In: Blum MS, Blum NA (eds) Sexual selection and
reproductive competition in insects. Academic Press, New
York, pp 19±80

Burkhardt D, Motte I de la (1983) How stalk-eyed ¯ies eye stalk-
eyed ¯ies: observations and measurements of the eyes of
Cyrtodiopsis whitei (Diopsidae, Diptera). J Comp Physiol
151:407±421

Burkhardt D, Motte I de la (1985) Selective pressures, variability,
and sexual dimorphism in stalk-eyed ¯ies (Diopsidae). Nat-
urwissenschaften 72:204±206

Burkhardt D, Motte I de la (1987) Physiological, behavioural, and
morphometric data elucidate the evolutive signi®cance of
stalked eyes in Diopsidae (Diptera). Entomol Gen 12:221±233

Eberhard WG, Huber BA, Rodriguez RLS, Briceno RD, Salas I,
Rodriguez V (1998) One size ®ts all? Relationships between the
size and degree of variation in genitalia and other body parts in
twenty species of insects and spiders. Evolution 52:415±431

Emlen DJ (1994) Environmental control of horn length dimor-
phism in the beetle Onthophagus acuminatus (Coleoptera:
Scarabaeidae). Proc R Soc Lond B 256:131±136

Emlen DJ (1996) Arti®cial selection on horn length-body size al-
lometry in the horned beetle Onthophagus acuminatus (Cole-
optera: Scarabaeidae). Evolution 50:1219±1230

Englund G, Olsson T (1990) Fighting and assessment in the net-
spinning caddis larva Arctopsyche ladogensis: a test of the se-
quential assessment game. Anim Behav 39:55±62

Enquist M, Leimar O (1983) Evolution of ®ghting behaviour: de-
cision rules and assessment of relative strength. J Theor Biol
102:387±410

Enquist M, Leimar O, Ljungberg T, Mallner Y, Segerdahl N (1990)
A test of the sequential assessment game: ®ghting in the cichlid
®sh Nannacara anomala. Anim Behav 40:1±14

Faber D, Baylis J (1993) E�ects of body size on agonistic en-
counters between male jumping spiders (Araneae: Salticidae).
Anim Behav 45:289±299

Fisher RA (1958) The genetical theory of natural selection. Dover,
New York

Grafen A (1990) Biological signals as handicaps. J Theor Biol
144:517±546

Green AJ (1992) Positive allometry is likely with mate choice,
competitive display and other functions. Anim Behav 43:170±
172

Grimaldi D (1987) Phylogenetics and taxonomy of Zygothrica
(Diptera: Drosophilidae). Bull Am Mus Nat Hist 186:103±268

Grimaldi D, Fenster G (1989) Evolution of extreme sexual di-
morphisms: structural and behavioral convergence among
broad-headed Drosophilidae (Diptera). Am Mus Nov 2939:
1±25

Hack MA (1997) Assessment strategies in the contests of male
crickets, Acheta domesticus (L.). Anim Behav 53:733±747

Hughes M (1996) Size assessment via a visual signal in snapping
shrimp. Behav Ecol Sociobiol 38:51±57

Kodric-Brown A, Brown JH (1984) Truth in advertising: the kinds
of traits favored by sexual selection. Am Nat 124:309±323

Kotrba M (1996) Sperm transfer by spermatophore in Diptera: new
results from the Diopsidae. Zool J Linn Soc 117:305±323

Leimar O, Austad S, Enquist M (1991) A test of the sequential
assessment game: ®ghting in the bowl and doily spider Fron-
tinella pyramitela. Evolution 45:862±874

Lorch P, Wilkinson GS, Reillo PR (1993) Copulation duration and
sperm precedence in the Malaysian stalk-eyed ¯y, Cyrtodiopsis
whitei (Diptera: Diopsidae). Behav Ecol Sociobiol 32:303±311

McAlpine DK (1979) Agonistic behavior in Achias australis
(Diptera, Platystomatidae) and the signi®cance of eyestalks. In:
Blum MS, Blum NA (eds) Sexual selection and reproductive
competition in insects. Academic Press, New York, pp 221±230

Motte I de la, Burkhardt D (1983) Portrait of an Asian stalk-eyed
¯y. Naturwissenschaften 70:451±461

Nijhout F, Emlen D (1998) Competition among body parts in the
development and evolution of insect morphology. Proc Natl
Acad Sci USA 95:3685±3689

Parker GA (1974) Assessment strategy and the evolution of ®ghting
behavior. J Theor Biol 47:223±243

Petrie M (1988) Intraspeci®c variation in structures that display
competitive ability: large animals invest relatively more. Anim
Behav 36:1174±1179

Radesater T, Halldorsdotter H (1993) Two male types of the
common earwig: male-male competition and mating success.
Ethology 95:89±96

Ryan M, Keddy-Hector A (1992) Directional patterns of female
mate choice and the role of sensory biases. Am Nat 139:s4±s35

Ryan MJ, Fox JH, Wilczynski W, Rand AS (1990) Sexual selection
by sensory exploitation in the frog Physalaemus pustulosus.
Nature 343:66±67

West-Eberhard MJ (1979) Sexual selection, social competition, and
evolution. Proc Am Phil Soc 123:222±234

Wilkinson GS (1993) Arti®cial sexual selection alters allometry in
the stalk-eyed ¯y Cyrtodiopsis dalmanni (Diptera: Diopsidae).
Genet Res 62:213±222

Wilkinson GS, Dodson G (1997) Function and evolution of antlers
and eye stalks in ¯ies. In: Choe J, Crespi B (eds) The evolution
of mating systems in insects and arachnids. Cambridge Uni-
versity Press, Cambridge, UK, pp 310±328

Wilkinson GS, Reillo PR (1994) Female preference response to
arti®cial selection on an exaggerated male trait in a stalk-eyed
¯y. Proc R Soc Lond B 255:1±6

Wilkinson GS, Kahler H, Baker RH (1998a) Evolution of female
mating preferences in stalk-eyed ¯ies. Behav Ecol 9:525-533

Wilkinson GS, Presgraves DC, Crymes L (1998b) Male eye span in
stalk-eyed ¯ies indicates genetic quality by meiotic drive sup-
presion. Nature 391:276±278

Communicated by D.T. Gwynne

227


