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Abstract Recent theoretical arguments have claimed
that negative relationships between the size and sym-
metry of secondary sexual traits are indicative of honest
signalling of male quality. The patterns of ¯uctuating
asymmetry in beetle horns have been proposed to sup-
port the honest signalling hypothesis. Here we examine
three assumptions of the hypothesis, (1) that traits are
costly to produce; (2) the levels of ¯uctuating asymmetry
are indicative of stress imposed during development; and
(3) that males with larger traits should have more sym-
metrical traits, using the horned beetle, Onthophagus
taurus. Experimental manipulations of brood mass were
used to manipulate horn size and asymmetry. The de-
velopment of horns was found to be environmentally
determined and costly in terms of delayed development
and increased risk of pre-adult mortality. Decreasing
resource availability increased relative horn asymmetry.
However, horn height was positively related to absolute
horn asymmetry. While the results do support the hy-
pothesis that sexual selection on secondary sexual traits
should increase levels of ¯uctuating asymmetry, they
provide no support for the notion that the patterns of
asymmetry honestly signal male quality. Horns are used
in disputes between males and may be indicative of male
parental investment. Thus, we conclude that while horn
size may be an indication of male quality, the patterns of
¯uctuating asymmetry are not.
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Introduction

Mùller (1993a) argued that strong directional sexual
selection should act against genetic modi®ers that ca-
nalise development, so increasing the levels of develop-
mental instability that are manifest as ¯uctuating
asymmetry (FA). FA is characterised by random devi-
ations from perfect symmetry in bilaterally paired traits
(Palmer and Strobeck 1986; Parsons 1990a, b). Thus,
sexually selected traits, such as ornaments or weapons,
should exhibit higher levels of FA than functional
morphological traits such as legs or wings (Mùller and
HoÈ glund 1991; Mùller 1992a; Mùller and Pomiankowski
1993). Moreover, since FA is an epigenetic measure of
developmental stability, an individuals FA may be in-
dicative of its underlying genetic quality (Mùller 1993a).
Thus females could use the levels of FA in male secon-
dary sexual traits as an indicator of male quality during
mating decisions (Mùller 1993b) and males could use the
levels of FA in weapons to resolve disputes (Mùller
1992a). Mùller (1993a) argued that honest signalling of
male quality could be maintained where secondary sex-
ual traits are costly to produce. Individuals of high
genetic quality should be bu�ered against the costs of
producing elaborate secondary sexual traits, while indi-
viduals of low quality should not. Thus, high-quality
individuals should be able to produce both large and
symmetrical traits while individuals of low quality pro-
duce small and asymmetrical traits. Recent analyses of
the patterns of ¯uctuating asymmetry have therefore
looked for negative associations between trait size and
symmetry that might be indicative of honest signalling.
Comparative studies of beetle horns and bird spurs
(Mùller 1992a), feather ornaments (Mùller and HoÈ glund
1991) and primate canine teeth (Manning and Cham-
berlain 1993) provide support for the hypothesis, while
studies of the tails of long-tailed birds (Balmford et al.
1993) and the forceps of earwigs (Tomkins and Simmons
1995) fail to support the hypothesis.
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The problem with comparative studies is that they
may be confounded by sampling bias (Swaddle et al.
1994; Simmons et al. 1995). Typically, comparative
studies rely on museum collections that can be derived
from a variety of di�erent populations. Di�erences in
environmental conditions can cause reductions in both
trait size and symmetry so that combined data from
di�erent populations may reveal a negative association
between trait size and symmetry that is not present
within populations (Simmons et al. 1995). In the context
of sexual selection, it is the di�erential ability of indi-
viduals within a given environment to maintain trait size
and symmetry that is proposed to reliably signal quality.
Within population studies of secondary sexual traits
have failed to ®nd negative relationships between trait
size and symmetry (Oakes and Barnard 1994; Evans et al.
1995; Mateos and Carranza 1996; Mùller et al. 1996;
Allen and Simmons 1996; Tomkins and Simmons 1996;
Hunt 1996).

There are two major assumptions made in compara-
tive analyses of FA and the honest signalling hypothesis.
In general, honest signalling models of sexual selection
assume that secondary sexual traits are costly to pro-
duce, yet there are currently very few empirical demon-
strations of the costs associated with trait development
(Halliday 1987; Partridge and Endler 1987; Balmford et
al. 1993; Arnqvist 1994). Moreover, comparative studies
of patterns of FA are correlational only and make the
assumption that the levels of FA observed are indicators
of the individuals inability to cope with stress imposed
during its development. Although stress is known to
in¯uence the levels of FA (Parsons 1990b) rarely have
the e�ects of stress on the patterns of FA in sexual and
non-sexual traits been compared (Mùller 1992b).

In his comparative study, Mùller (1992a) found that
in general there was a negative relationship between
horn height and FA across eight species of horned
beetles, including one species of onthophagine, On-
thophagus mniszechi. However, although we found that
horns were more asymmetric than naturally selected
morphological traits, we failed to ®nd negative rela-
tionships between horn height and asymmetry within
O. taurus or Bubas bison (Hunt and Simmons submit-
ted). Here we report an experimental manipulation of
horn height and asymmetry in O. taurus, in which we
examine both the costs of trait expression and the in-
¯uence of stress on trait size and patterns of asymmetry.

Methods

Experimental manipulations

One factor that has been shown to increase FA is reduced nutrition
during development (Sciulli et al. 1979; Kieser et al. 1986; Parsons
1990a; Nilsson 1994). The brood mass in scarabaeines constitutes
both a food source and an external environment for developing
larvae. Manipulations of brood mass size have been shown to in-
¯uence the phenotypic expression of horns in O. acuminatus (Emlen
1994a, b). Therefore, by manipulating the brood mass, stress can be

placed on the developing larvae which should result in altered ex-
pression of traits and levels of FA.

Five males and ®ve females were randomly placed into
22.5 ´ 22.5 ´ 16 cm square containers. The animals in each con-
tainer were provided with 1 litre of cow dung and permitted to mate
for a 10-day period. In order to standardise dung quality across the
experiment, all dung samples to be used were fully homogenised
before being allocated to containers. Each of the containers was
sealed with a single layer of ®ne nylon meshing and a single layer of
black plastic. Both layers were secured with heavy duty elastic
bands. After the 10-day mating period the sand in each of the
containers was sifted using mechanical sieves (0.5 cm2 grid mesh)
which enabled the brood masses to be collected.

Brood masses that were produced from these matings had all
excess sand removed from their exterior using a dissecting probe
and were gently opened to ensure they contained developing larvae.
Only brood masses containing newly emerged ®rst instar larvae
(>5 mm in length) were used in experiments to ensure that the
majority of their development would occur within the parameters of
the experiment. Brood masses containing newly emerged larvae
were then weighed and sorted into the following seven weight cate-
gories: <2 g, 2±2.5 g, 2.5±3 g, 3±3.5 g, 3.5±4 g, 4±4.5 g and>4.5 g.
The brood masses were then randomly selected from these catego-
ries, reweighed and then manipulated sequentially according to one
of four treatments. This ensured an even spread of brood mass sizes
were tested within each of the treatments. The ®rst treatment (dung
addition) involved adding 1.03 g (1 SD of the mean brood mass of
4.32 g) of dung to the posterior region of the brood mass (i.e. the
pole not containing the egg chamber). The ¯at side of a scalpel
blade was used to compress the dung and ensure that it was tightly
adhered to the brood mass. Dung used in additions was the same
homogeneous mixture that was provided to the mating adults. The
second treatment (dung removal) involved cutting 1.03 g of dung
from the posterior region of the brood mass using a sharp scalpel
blade. In both treatments manipulation was directed at the poste-
rior region of the brood mass since larvae are known to actively
feed downwards through this area (Hal�ter and Edmonds 1982).
The third treatment (manipulated control) tested the likelihood
that the physical removal of dung may have added to the stress
levels experienced in the removal treatments. It involved an id-
entical procedure to the dung removal treatment except that the
removed quantity of dung was then replaced to the site of removal.
The ®nal treatment (unmanipulated control) served as a control in
which the brood masses were not manipulated. In each of the ®rst
two treatments 125 brood masses were processed, while only 88 and
89 brood masses were in the third and fourth treatments, respec-
tively.

Brood balls were then buried in individual sealed 9 ´ 9 ´ 7 cm
containers ®lled with moist sand and were maintained in a constant
temperature room on a 26 °C (11 h) dark and 29 °C (13 h) light
cycle. Containers were placed randomly on vertical shelving and
soil moisture level was tested every 2 days. At the end of each week,
a few brood masses from each treatment were randomly selected,
opened gently and the developmental stage assessed. From the time
pupation was ®rst observed containers were checked daily for
emerged beetles. The percentage survivorship, and developmental
period were noted in each of the treatments. In those cases where
the larvae died during development, brood masses were opened at
the conclusion of experiments to determine the possible cause of
death.

Measurement of FA

All animals were measured on emergence. We determined the
height of the left and right sides of the paired head horns of males
and the lengths of the left and right elytra of both males and fe-
males. Pronotum width was taken as an independent measure of
male and female body size. FA was calculated as the left minus
right measure of horn height and elytra length. All FA measure-
ments were made twice. Measurement error was estimated for the
level of FA in bilateral traits following method 1 of MerilaÈ and
BjoÈ rklund (1995). Measurement error in the signed values of FA
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was lowest for horns (horn height 5.9%; male elytra 17.7%; female
elytra 20.1%) and there was signi®cantly greater variance between
individuals than between repeated measures of the same individual
(hornsF = 241.0;male elytraF = 234.7; female elytraF = 45.7; all
df 19, 40, P < 0:001). Themean of our twomeasures of FAwere used
for subsequent analyses. Traitswere accepted as showing trueFA; the
mean signed asymmetries did not di�er from zero (horns t = 0.423,
n = 149, NS; male elytra, t = )0.701, n = 149, NS; female elytra,
t = )0.129, n = 100, NS) and were not signi®cantly skewed (horns,
g1 = 0.321, t = 1.63,NS;male elytra, g1 = )0.062, t = 0.314,NS;
female elytra, g1 = 0.017, t = 0.070, NS). Asymmetries were le-
ptokurtic in distribution (horns, g2 = 3.195, t = 8.09; male elytra,
g2 = 1.316, t = 3.333; female elytra, g2 = 1.807, t = 3.778; all
P < 0:001). Leptokurtosis in the adult population is expected to
arise through selection operating against asymmetric individuals
during the course of development (Naugler and Leech 1994; Ueno
1994). In contrast, skewness or platykurtosis is likely to re¯ect a
developmental bias generating directional and antisymmetry, res-
pectively (Palmer and Strobeck 1986). Unless otherwise stated, all
FA data were analysed using non-parametric statistics and values
given are corrected for ties in the data (Swaddle et al. 1994). All
data not involving FA were analysed using log-transformed data to
ensure normality and homoscedasticity (Zar 1984).

Results

E�ect of manipulations on development

The weight of experimentally manipulated brood masses
di�ered signi®cantly between the manipulation treat-
ments �F�3;231� � 214:87; P < 0:0001� (Table 1). Brood
mass weight in the dung removal treatment was signi®-
cantly lower, and brood mass weight in the dung addi-
tion treatment was signi®cantly higher, than the
controls.

For both males and females, beetles emerging from
the dung addition treatment were signi®cantly larger and
beetles emerging from the dung removal treatment were
signi®cantly smaller than from the controls (males:
F�3;107� � 14:47; females: F�3;117� � 16:15; P < 0:0001)
(Table 1). Male horn size di�ered signi®cantly between
the treatments �F�3;107� � 9:86; P < 0:0001� (Table 1).
Horn size in the dung addition treatment was signi®-

cantly greater and horn size in the dung removal treat-
ment was signi®cantly smaller than in controls. Across
treatments there was a sigmoidal relationship between
pronotum width and horn height (Fig. 1). This sigmoi-
dal relationship is characteristic of the genus On-
thophagus where males exhibit dimorphisms in body
plan (Emlen 1996; Hunt 1996); males switch at a critical
body size from the minor ``hornless'' morph to the major
``horned'' morph. Thus, when dung was added to the
brood mass, developing larvae tended to utilise the ad-
ditional dung and develop into majors, while removing
dung restricted larval development so that only minors
were produced (see Emlen 1994a for a similar result with
O. acuminatus).

The developmental period for males di�ered sig-
ni®cantly between the treatments �F�3;107� � 8:108;
P < 0:0001� (Table 1). Males took signi®cantly less time
to develop in the dung removal treatment (i.e. emerged

Table 1 Morphological and life
history parameters of male and
female Onthophagus taurus
emerging from manipulated
brood masses. Values are given
as mean � SE. Di�erent letters
indicate signi®cant di�erences
between the treatments at
P < 0:05 (AFA absolute ¯uctu-
ating asymmetry)

Parameters Unmanipulated
control

Manipulated
control

Dung added Dung removed

Male

Pronotum width (mm) 2.57 � 0.05b 2.55 � 0.05b 2.71 � 0.04c 2.38 � 0.03a

Horn height (mm) 0.41 � 0.14b 0.41 � 0.12b 0.82 � 0.17c 0.11 � 0.02a

Time to emergence (days) 36.6 � 0.37b 36.7 � 0.33b 37.5 � 0.18c 35.6 � 0.28a

AFA horns 0.014 � 0.005a 0.015 � 0.004a 0.029 � 0.008a 0.011 � 0.003a

AFA elytra 0.003 � 0.001a 0.004 � 0.001a 0.004 � 0.007a 0.008 � 0.001b

n 20 24 26 41

Female

Pronotum width (mm) 2.66 � 0.05b 2.65 � 0.05b 2.81 � 0.04c 2.41 � 0.03a

Time to emergence (days) 35.3 � 0.59b 35.9 � 0.37b 36.6 � 0.35b 36.0 � 0.29b

AFA elytra 0.005 � 0.005a 0.01 � 0.005a 0.004 � 0.001a 0.008 � 0.001a

n 32 29 23 37

Survivorship (%) 58.4 60.2 39.2 62.4
Brood mass weight (g) 2.51 � 0.06b 2.44 � 0.06b 3.39 � 0.07c 1.40 � 0.05a

Fig. 1 Relationship between horn height and pronotum width for
males emerging from brood masses in the four experimental
treatments
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sooner) and signi®cantly longer to develop in the dung
addition treatment than in controls. The time taken for
females to develop did not di�er signi®cantly between
the treatments �F�3;117� � 1:288; P � 0:282�:

There was signi®cant heterogeneity in survival across
treatments (�2 � 16:65; df 3; P < 0:001; Table 1). Larval
survivorship was highest in the dung removal treatment
and lowest in the dung addition treatment. Observations
of brood masses at the conclusion of experiments indi-
cated that the majority of deaths were the result of at-
tack by soil nematodes and that animals in the dung
removal treatment were less likely to have been infested
than animals in the dung addition treatment (dung re-
moval 19%, dung addition 45%, unmanipulated con-
trol 56%, manipulated controls 40%; �2 � 13:54; df 3;
P < 0:001). Where nematode attack was noted it oc-
curred primarily between late pupation and the hard-
ening of the teneral adult's exoskeleton.

Patterns of FA

There were signi®cant positive relationships between
absolute FA and horn height, and ¯at relationships be-
tween elytra length and FA, within all four experimental
treatments (Table 2). The levels of absolute FA in horns
were not signi®cantly in¯uenced by brood mass manip-
ulation (Hcorr = 4.09, n = 111, P = 0.25). However,
to control for the allometric relationships between horn
height and FA, levels of horn FA between the treat-
ments were compared using analysis of covariance (Zar
1984). The rate of increase in absolute FA with horn
size di�ered signi®cantly between the treatments

�F�3;103� � 4:417; P < 0:003� (Table 3). Tukey test re-
vealed that the rate of increase was signi®cantly greater
in the dung removal treatment than in controls while the
rate of increase did not signi®cantly di�er between the
dung addition and control treatments. Therefore, for a
given increase in horn height, males in the dung removal
treatment had relatively greater increases in FA.

The degree of absolute FA in the elytra of males
di�ered signi®cantly between the treatments (Hcorr =
7.885, n = 111, P = 0.048) (Table 1). Absolute FA in
elytra was signi®cantly greater in the dung removal
treatment than in all other treatments, while the dung
addition and control treatments did not di�er. Absolute
FA in the elytra of females did not di�er between the
treatments (Hcorr = 4.981, n = 121, P = 0.173).

Discussion

Our experimental manipulation of horn expression in
O. taurus provides empirical evidence of a cost of horn
production. Individuals provided with extra dung uti-
lised additional resources to increase both body size and
horn height. Thus, horn expression in O. taurus has a
large environmental component, as demonstrated in
O. acuminatus by Emlen (1994a). Increased investment
in horns had the e�ect of increasing male developmental
period. With the addition of dung, both males and fe-
males increased their body size by some 8% compared
with controls but it was only males that had an increased
developmental period. These data therefore suggest that
longer developmental periods are required for the pro-
duction of larger horns and not for increased body size.
Delayed development is likely to increase the risk of pre-
adult mortality, especially when there is predation
pressure (Meats 1971). We did ®nd decreased survival in
our dung addition treatment where males were produc-
ing horns. One source of mortality in our experiment
was through predation by soil nematodes. We do not
know how prevelent nematode infestations are under
natural situations, and it may be that the levels of pre-
dation in our laboratory cultures were higher than
would naturally occur in the ®eld. Nevertheless, our
observation that longer developmental periods were as-
sociated with elevated levels of nematode predation are
of heristic value since they show how the development of
horns can incur costs for males that should act against

Table 2 Patterns of ¯uctuating asymmetry (FA) in the horns and
elytra of male O. taurus and in the elytra of female O. taurus within
each of the experimental treatments

Treatments Spearman rank
correlation

n

Males

Dung removal
Horn height 0.675** 41
Elytra length )0.005 41

Dung addition
Horn height 0.558** 25
Elytra length 0.099 25

Unmanipulated control
Horn height 0.595** 20
Elytra length 0.010 20

Manipulated control
Horn height 0.789** 24
Elytra length )0.145 24

Females

Dung removal )0.098 37
Dung addition )0.342 23
Unmanipulated control )0.248 32
Manipulated control )0.062 29

**P < 0:001

Table 3 Allometric slopes for log (1 + x) absolute FA on log
(1 + x) mean horn size within each of the experimental treatments

Treatment Slope � SE Intercept n

Dung removal 0.118 � 0.018** )0.001 41
Dung addition 0.051 � 0.009** 0.001 26
Unmanipulated control 0.051 � 0.007** )0.001 20
Manipulated control 0.053 � 0.004** )0.000 24

** P < 0:0001
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horn expression. Arnqvist (1994) similarly showed that
development of the notal organ in male water striders,
Gerris odontogaster, was costly in terms of increased
moult duration and a concomitant increased risk of
cannibalism. Our data suggest that ontogenetic con-
straints on the production of complex secondary sexual
morphologies may not be restricted to hemimetabolous
insects (Arnqvist 1994).

Our manipulations also a�ected the levels of FA in
the predicted direction; limiting the availability of re-
sources during development had the e�ect of increasing
absolute FA in the elytra of males and increasing relative
FA in horn height. Female FA was una�ected by brood
mass manipulation. While not strong, these e�ects sup-
port the notion that levels of FA can be indicative of
developmental instability arising from stress experienced
during ontogeny (Parsons 1990b; Mùller 1993a). How-
ever, the patterns of FA fail to support the honest sig-
nalling hypothesis. We found that across treatments
there was a general tendency for the addition of re-
sources to result in an increase in the levels of absolute
FA in horn height. Within treatments there were strong
positive, rather than negative relationships between horn
height and FA. Thus, increased investment in horn ex-
pression appears to result in elevated levels of FA, a
pattern also seen in ®eld collected samples (Hunt 1996).
The positive relationship between horn height and FA
lends further support to the notion that horns are costly
to produce, since males that invest in horn production
exhibit greater developmental instability. Under the
honest signalling hypothesis for FA, those individuals
that produce larger traits are proposed to be of superior
quality so that they also produce more symmetrical
traits (Mùller 1993a; Mùller and Pomiankowski 1993).
Clearly our results directly contradict this prediction and
do not support the comparative analysis of beetle horns
by Mùller (1992a).

We conclude that the patterns of FA in the horns of
O. taurus, are not indicative of male quality. Neverthe-
less, horns do appear to be subject to strong sexual se-
lection, given the obvious costs entailed in their
production, the strong positive relationship between
horn height and FA, and the fact that they exhibit
greater levels of FA than other morphological traits
(Mùller 1992a; Hunt 1996). For both O. acuminatus and
O. taurus, larger males are able to produce relatively
longer horns (Emlen 1994a; Hunt 1996; this study)
suggesting that horn size is an indication of male quality.
The horns of beetles have been shown to confer a se-
lective advantage on males when competing over access
to females (Eberhard 1979, 1982; Otte and Stayman
1979; Brown et al. 1985; Brown and Bartalon 1986). In
O. acuminatus, males with larger horns have a compet-
itive advantage over males with smaller horns (Emlen
1994b). Females may also use horns as arbitrary signals
of male intention to invest parentally. The morpholog-
ical dimorphisms in male Onthophagines are associated
with behavioral di�erences between males in terms of
their contributions to brood ball production; in both

O. binodis and O. taurus, horned males help females
provision brood masses while hornless males do not
(Cook 1988; Cook 1990; Hunt 1996; see also Halfter and
Edmonds 1982). Females obtain direct bene®ts from
mating with horned males because male brood ball
provisioning increases female fecundity (Cook 1988). An
integral part of courtship behavior in the horned males
of O. binodus is an ``upward jerk'' of the head and
pronotum during which the horn would be displayed to
the female (Cook 1990). This display is performed while
head on to the female and is utilised less frequently by
hornless males (Cook 1990). Grafen (1990) showed how
costly male ornaments and female preferences for them
could evolve so that the intensity of female preference
increases directly with ornament size as a result of fe-
cundity bene®ts (see also Heywood 1989; Hoelzer 1989;
Price et al. 1993). Thus, horn size may be a signal of
male quality that can be used by males for resolving
aggressive interactions and females during mating deci-
sions.

Acknowledgements We thank David Cook, Ian Dadour for advice
and practical support in rearing beetles, and Douglas Emlen and
Dale Roberts for comments on the manuscript in an earlier form.
L.W.S was supported by an Australian Research Council Senior
Research Fellowship.

References

Allen GR, Simmons LW (1996) Coercive mating, ¯uctuating
asymmetry and male mating success in the dung ¯y Sepsis
cynipsea. Anim Behav 52:737±741

Arnqvist G (1994) The cost of male secondary sexual traits: de-
velopmental constraints during ontogeny in a sexually dimor-
phic water strider. Am Nat 144:119±132

Balmford A, Jones IL, Thomas ALR (1993) On avian asymmetry:
evidence of natural selection for symmetrical tails and wings in
birds. Proc R Soc Lond B 252:245±251

Brown L, Bartalon J (1986) Behavioural correlates of male mor-
phology in a horned beetle. Am Nat 127:565±570

Brown L, MacDonald J, Fitzgerald VJ (1985) Courtship and fe-
male choice in the horned beetle, Bolitherus cornutus (Panzer)
(Coleoptera: Tenebrionidae). Ann Entomol Soc Am 78:423±427

Cook DF (1988) Sexual selection in dung beetles. II. Female fe-
cundity as an estimate of male reproductive success in relation
to horn size, and alternative behavioural strategies in On-
thophagus binodis Thunberg (Scarabaeidae: Onthophagini).
Aust J Zool 36:521±532

Cook DF (1990) Di�erences in courtship, mating and postcopu-
latory behaviour between male morphs of the dung beetle On-
thophagus binodis Thunberg (Coleoptera: Scarabaeidae). Anim
Behav 40:428±436

Eberhard WG (1979) The function of horns in Podischnus agenor
(Dynastinae) and other beetles. In: Blum MS, Blum NA (eds)
Sexual selection and reproductive competition. Academic Press,
New York, pp 231±258

Eberhard WG (1982) Beetle horn dimorphism: making the best of a
bad lot. Am Nat 119:420±426

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

Emlen DJ (1994b) Evolution of male horn length dimorphism in
the dung beetle Onthophagus acuminatus (Coleoptera: Scarab-
aeidae). PhD Thesis, Princeton University

113



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

Evans MR, Martins TLF, Haley MP (1995) Inter- and intra-sexual
patterns of ¯uctuating asymmetry in the red-billed streamertail:
should symmetry always increase with ornament size? Behav
Ecol Sociobiol 37:15±23

Grafen A (1990) Sexual selection unhandicapped by the Fisher
process. J Theor Biol 144:473±516

Hal�ter G, Edmonds WG (1982) The nesting behaviour of dung
beetles (Scarabaeidae): an ecological and evolutive approach.
Instituto de Ecologia, Mexico

Halliday TR (1987) Physiological constraints on sexual selection.
In: Bradbury JW, Andersson MB (eds) Sexual selection: testing
the alternatives. Wiley, Chichester, pp 247±264

Heywood JS (1989) Sexual selection by the handicap mechanism.
Evolution 43:1387±1397

Hoelzer GA (1989) The good parent process of sexual selection.
Anim Behav 38:1067±1078

Hunt J (1996) Fluctuating asymmetry in two horned beetle species,
Onthophagus taurus Schreber and Bubas bison (L.) (Coleoptera:
Scarabaeidae). Bsc Hons Thesis, University of Western Aus-
tralia

Kieser JA, Groeneveld HT, Preston CB (1986) Fluctuating odon-
tometric asymmetry in the Lengua Indians of Paraguay. Ann
Hum Biol 13:489±498

Manning JT, Chamberlain AT (1993) Fluctuating asymmetry,
sexual selection and canine teeth in primates. Proc R Soc Lond
B 251:83±87

Mateos C, Carranza J (1996) On the intersexual selection for spurs
in the ring-necked pheasant. Behav Ecol 7:362±369

Meats A (1971) The relative importance to population increase of
¯uctuations in mortality, fecundity and the time variable of the
reproductive schedule. Oecologia 6:223±237

MerilaÈ J, BjoÈ rklund M (1995) Fluctuating asymmetry and mea-
surement error. Syst Biol 44:97±101

Mùller AP (1992a) Patterns of ¯uctuating asymmetry in weapons:
evidence for reliable signalling of quality in beetle horns and
bird spurs. Proc R Soc Lond B 248:199±206

Mùller AP (1992b) Parasites di�erentially increase the degree of
¯uctuating asymmetry in secondary sexual characters. J Evol
Biol 5:691±699

Mùller AP (1993a) Developmental stability, sexual selection and
speciation. J Evol Biol 6:493±509

Mùller AP (1993b) Patterns of ¯uctuating asymmetry in sexual
ornaments predict female choice. J Evol Biol 6:481±491

Mùller AP (1995) Leaf-mining insects and ¯uctuating asymmetry in
elm Ulmus glabra leaves. J Anim Ecol 64:697±707

Mùller AP, HoÈ glund J (1991) Patterns of ¯uctuating asymmetry in
avian feather ornaments: implications for models of sexual se-
lection. Proc R Soc Lond B 245:1±5

Mùller AP, Pomiankowski A (1993) Fluctuating asymmetry and
sexual selection. Genetica 89:267±279

Mùller AP, Cuervo JJ, Soler JJ, Zamora-Munoz C (1996) Horn
asymmetry and ®tness in gemsbok, Oryx g. gazella. Behav Ecol
7:247±253

Naugler CT, Leech SM (1994) Fluctuating asymmetry and survival
ability in the forest caterpillar moth Malacosoma disstria: im-
plications for pest management. Entomol Exp Appl 70:295±298

Nilsson J (1994) Energetic stress and the degree of ¯uctuating
symmetry: implications for a long lasting, honest signal. Evol
Ecol 8:248±255

Oakes EJ, Barnard P (1994) Fluctuating asymmetry and mate
choice in paradise whydahs, Vidua paradisaea: an experimental
manipulation. Anim Behav 48:937±943

Otte D, Stayman K (1979) Beetle horns: some patterns in func-
tional morphology. In: Blum MS, Blum NA (eds) Sexual se-
lection and reproductive competition in insects. Academic
Press, New York, pp 259±292

Palmer AR, Strobeck C (1986) Fluctuating asymmetry: measure-
ment, analysis, patterns. Annu Rev Ecol Syst 17:391±421

Parsons PA (1990a) Fluctuating asymmetry and stress intensity.
Trends Evol Ecol 5:97±98

Parsons PA (1990b) Fluctuating asymmetry: an epigenetic measure
of stress. Biol Rev 65:131±145

Partridge L, Endler JA (1987) Life history constraints on sexual
selection. In: Bradbury JW, Andersson MB (eds) Sexual selec-
tion: testing the alternatives. Wiley, Chichester, pp 265±277

Price TD, Schluter D, Heckman NE (1993) Sexual selection when
the female directly bene®ts. Biol J Linn Soc 48:187±211

Sciulli PW, Doyle WJ, Kelley C, Siegel P, Siegel MI (1979) The
interaction of stressors in the induction of increased levels of
¯uctuating asymmetry in the laboratory rat. Am J Physiol
Anthropol 50:279±284

Simmons LW, Tomkins JL, Manning JT (1995) Sampling bias and
¯uctuating asymmetry. Anim Behav 49:1697±1699

Swaddle JP, Witter MS, Cuthill IC (1994) The analysis of ¯uctu-
ating asymmetry. Anim Behav 48:986±989

Tomkins JL, Simmons LW (1995) Patterns of ¯uctuating asym-
metry in earwig forceps: no evidence for honest signalling. Proc
R Soc Lond B 259:89±96

Tomkins JL, Simmons LW (1996) Dimorphisms and ¯uctuating
asymmetry in the forceps of male earwigs. J Evol Biol 9:753±770

Ueno H (1994) Fluctuating asymmetry in relation to two ®tness
components, adult longevity and male mating success in a la-
dybird beetle, Harmonia axyridis (Coleoptera: Coccinellidae).
Ecol Entomol 19:87±88

Zar JH (1984) Biostatistical analysis. Prentice Hall, New York

Communicated by P. Pamilo

114


