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SUMMARY

 

Polyphenisms are thought to play an important
role in the evolution of phenotypic diversity and the origin of
morphological and behavioral novelties. However, the extent
to which polyphenic developmental mechanisms evolve in
natural populations is unknown. Here we contrast patterns of
male phenotype expression in native and exotic and ances-
tral and descendant populations of the horn polyphenic bee-

 

tle, 

 

Onthophagus taurus

 

.

 

 Males in this species express two
alternative morphologies in response to larval feeding condi-
tions. Favorable conditions cause males to grow larger than
a threshold body size and to develop a pair of horns on their
heads. Males that encounter relatively poor conditions do not
reach this threshold size and remain hornless. We show that
exotic and native populations of 

 

O. taurus

 

 differ significantly
in the body size threshold that separates alternative male
phenotypes. Comparison with archival museum collections
and additional samples obtained from the native range of 

 

O.
taurus

 

 suggests that allometric differences between exotic

 

and native populations do not reflect preexisting variation
in the native range of this species. Instead, our data sug-
gest that threshold divergences between exotic and native
populations have evolved in less than 40 years since the
introduction to a new habitat and have proceeded in oppo-
site directions in two exotic ranges of this species. Finally,
we show that the kind and magnitude of threshold diver-
gence between native and exotic populations are similar to
differences normally observed between species. Our re-
sults support the view that certain components of the de-
velopmental control mechanism that underlie polyphenic
development can evolve rapidly in natural populations and
may provide important avenues for phenotypic differentia-
tion and diversification in nature. We discuss the role of
developmental control mechanisms in the origin of allo-
metric diversification and explore potential evolutionary
mechanisms that could drive scaling relationship evolution
in nature.

 

INTRODUCTION

 

Many organisms have developed the ability to adjust their
phenotype to suit current or future environmental conditions,
a phenomenon commonly referred to as adaptive phenotypic
plasticity. An extreme yet common case of adaptive pheno-
typic plasticity is polyphenism: a single genotype’s ability to
express two or more discrete morphological variants in re-
sponse to differences in environmental conditions (Nijhout
1999). Polyphenic development is taxonomically wide-
spread and is involved in the production of a substantial por-
tion of phenotypic diversity in nature (reviewed in Roff
1996). Polyphenic development is thought to play a pivotal
role in speciation and the evolution of morphological and be-
havioral novelties (West-Eberhard 1989, 1992).

The proximate factors that determine which phenotype
will develop are known for many polyphenisms (Denno et al.
1986; Wheeler 1986; Zera and Tiebel 1989), and the devel-
opmental and endocrine mechanisms that adjust develop-
mental pathways to environmental conditions are at least in

part understood for some (reviewed in Nijhout 1999). How
these mechanisms evolve in natural populations is, however,
largely unknown. Theoretical models have provided a partial
insight into the evolutionary dynamics of polyphenism evo-
lution (Lively 1986a,b; Hazel et al. 1990; Moran 1992; Ha-
zel and Smock 1993; Roff 1994; Gross 1996; Gross and
Repka 1998), and geographic comparisons and breeding ex-
periments have illustrated that at least one key component of
polyphenic development, namely the response threshold,
can vary heritably among populations (Tauber and Tauber
1972, 1982, 1987; Harrison 1979; Hazel and West 1982;
Semlitsch and Wilbur 1989; Semlitsch et al. 1990; Denno et
al. 1996; Emlen 1996; Ahlroth et al. 1999). However, in-
sights from natural population remain scarce, and the extent
to which polyphenic developmental mechanisms evolve in
natural populations is unclear. Likewise, the ecological fac-
tors that shape the evolution of polyphenism in natural pop-
ulations are unexplored for most polyphenisms, as are the
consequences of such modifications for patterns of morpho-
logical diversity.
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Here we explore a case of rapid polyphenism evolution in
the horn-polyphenic dung beetle 

 

Onthophagus taurus

 

. Male

 

O. taurus

 

 vary continuously in body size as a function of lar-
val feeding conditions. Only males that exceed a critical
body size threshold develop a pair of long curved horns on
their heads, whereas males below this threshold remain
hornless or develop only rudimentary horns (Fig. 1) (Hunt
and Simmons 1997, 1998; Moczek 1998; Emlen and Nijhout
1999; Moczek and Emlen 1999). As a consequence of this
threshold, natural populations of 

 

O. taurus

 

 are composed of
two relatively discrete male phenotypes: horned and horn-
less (Paulian 1935; Hunt and Simmons 1997, 1998; Emlen
and Nijhout 1999; Moczek and Emlen 1999). Male horn di-
morphism coincides with a behavioral dimorphism because
different horn phenotypes use strikingly different reproduc-
tive tactics to acquire mating opportunities (Emlen 1997;
Moczek 1999; Moczek and Emlen 2000).

 

Onthophagus taurus

 

 originally exhibited a circum-Mediter-
ranean distribution (Balthasar 1963). As part of a dung beetle
release program under the authority of the Commonwealth Sci-
entific Research Organization (CSIRO) of Australia, 

 

O. taurus

 

was introduced to several Australian states, including Western
Australia (AMRC Workshop Report 1982; Tyndale-Biscoe

1996). At least 36 releases with 500–1800 individuals per re-
lease took place between 1969 and 1983 (Tyndale-Biscoe
1996). All beetles released were the direct descendants of par-
ents collected in the native range of 

 

O. taurus

 

. Parent beetles
were collected in Spain, Greece, and Turkey, and a subset of
specimens belonging to the original parent populations has been
preserved in entomological collections (Tyndale-Biscoe 1996).

In the late 1960s 

 

O. taurus

 

 also became introduced to
what is now its second major exotic range: the eastern United
States. Unlike the deliberate release of 

 

O. taurus

 

 into West-
ern Australia, the American introduction appears to have
been accidental (Fincher and Woodruff 1975). 

 

Onthophagus
taurus

 

 was first recorded in 1971 in St. Rosa County, Florida
(Fincher and Woodruff 1975) and has since spread as far
north as New York and as far west as Indiana (Hoebeke and
Beucke 1997; Smith 1997). In North Carolina 

 

O. taurus

 

 has
massively altered the native dung beetle fauna (Davis 1958)
and now constitutes the dominant onthophagine species in
many regions of the state (Moczek 1996, 2002a). The origin
of the population that gave rise to the invasion of 

 

O. taurus

 

of the eastern United States is unknown.
Recent comparisons of Western Australian and North

American populations of 

 

O. taurus

 

 revealed that both popula-

Fig. 1. (A) Typical morphology of horn-
less and horned male O. taurus. (Draw-
ings by Shane Richards.) (B) Typical
sigmoidal scaling relationship between
horn length and body size of male O. tau-
rus. Males were collected in Durham and
Orange County, North Carolina (n �
1016). Inserts show frequency distribu-
tions for body size (top) and horn length
(bottom), respectively.



 

Moczek and Nijhout

 

Rapid evolution of a polyphenic threshold

 

261

 

tions have diverged dramatically in the threshold body size
that separates alternative male morphologies (Moczek
2002b). We showed previously that threshold divergence is
maintained fully in the field and laboratory over generations
(Moczek et al. 2002) and is mediated via genetic modifica-
tions of the endocrine control mechanisms that specify adult
morphology during late larval development (Moczek and
Nijhout 2002). Here we contrast patterns of male phenotype
expression in native and exotic and ancestral and descendant
populations of 

 

O. taurus

 

 and explore the magnitude, direction,
and speed of threshold evolution in different populations. We
begin by quantifying the scaling relationship between body
size and horn length of male 

 

O. taurus

 

 collected in the 1960s
from native populations in Spain, Greece, and Turkey that
constituted the source material for the introduction of 

 

O. tau-
rus

 

 to Western Australia. We then compare this scaling rela-
tionship with the one expressed by descendant present-day
Western Australian populations less than 40 years after intro-
duction. We then extend our comparison and include samples
from the second exotic distribution of 

 

O. taurus

 

 in the eastern
United States. Because in this case the origin of the founding
populations is unknown, we include additional scaling rela-
tionships from the remainder of the circum-Mediterranean
distribution of 

 

O. taurus

 

 into our analysis. Finally, we com-
pare differences in scaling relationships between exotic and
native 

 

O. taurus

 

 populations with those between native 

 

O. tau-
rus

 

 populations and its sympatric sister species, 

 

O. illyricus

 

(Balthasar 1965; Baraud 1992; Lohse and Lucht 1992).

 

MATERIALS AND METHODS

 

We used beetles collected in the field and museum specimens for
our study. Present-day populations from the eastern United States
were sampled in 1996 and 1997 from pastures in Durham and Or-
ange Counties, North Carolina. Populations in Western Australia
were sampled in 1997 at Margaret River and in 1998 near Bussel-
ton. Beetles were collected using whole dung pad samples. Speci-
mens belonging to the original pool of individuals used to breed 

 

O.
taurus

 

 for release into Western Australia were made available by
the Australian National Insect Collection, CSIRO, Canberra, Aus-
tralia. Additional specimens of European and North African origin
were made available by the Australian National Insect Collection,
Canberra, Australia; the Museo Nacional de Ciencias Naturales,
Madrid, Spain; the South Africa National Collection of Insects, Pre-
toria, South Africa; and the Universita di Turino, Italy. Specimens
of the sibling species 

 

O. illyricus

 

 were made available by the Uni-
versita di Turino, Italy, and the Australian National Insect Collec-
tion, Canberra, Australia.

 

Morphometric measurements

 

All individuals were measured using a standard two-dimensional
image analysis system and Image™ software at the Duke Univer-
sity Morphometrics Laboratory (for details see Moczek and Emlen

1999). Thorax width was used as an estimate for body size (for jus-
tification see Emlen 1994; Moczek and Emlen 1999).

 

Statistical analysis

 

To compare the location of the threshold body size between differ-
ent populations, we fitted a modified sigmoid equation of the form

 

(1)

 

to all individuals collected from Spain, Greece, and Turkey (the
source populations for the introduction into Western Australia),
where 

 

a

 

 is the range of horn lengths in the sample, 

 

b

 

 is a slope co-
efficient, 

 

c

 

 is the body size at the point of inflection of the sigmoid,
and 

 

y

 

0

 

 is the minimum horn length. We used 

 

c

 

, or the inflection
point of the sigmoid, as an estimate of the average body size thresh-
old at which males switch from the hornless to the horned pheno-
type. To compare two samples, we first applied the above regres-
sion model to both samples combined (

 

�

 

 simple model) and
determined the parameter values that maximized the likelihood 

 

L

 

 of
our data given this model using the likelihood function:

 

(2)

 

where 

 

x

 

i

 

 is the body size of male 

 

i

 

, 

 

�

 

2

 

 is the variance of the data
about the fitted values, 

 

n

 

 is the number of beetles in the combined
sample, and

 

(3)

 

We then repeated this analysis for each sample separately (complex
model). We obtained a probability value by comparing the test statistic

 

 

T

 

 

 

�

 

 2 ln (likelihood of the complex model (4)

 

�

 

 likelihood of the simple model)

to a 

 

�

 

2

 

 distribution with degrees of freedom equal to the difference
in the number of parameters between the two models (Edwards
1972; Weir 1990). If significant differences were indicated, we
used repeated Welch’s T-tests to examine the degree to which dif-
ferences in particular regression parameters, such as the inflection
point or slope, explained allometric differences between samples
(Sachs 1992; Sokal and Rohlf 1995). All significance levels re-
ported below are adjusted for multiple comparisons using sequen-
tial Bonferroni corrections where this was necessary (Sachs 1992;
Sokal and Rohlf 1995). Unless otherwise noted, all data are pre-
sented as means 

 

�

 

 standard error. Results from Welch’s T- tests for
pair-wise comparisons of parameter estimates are presented as
T

 

df

 

 

 

�

 

 test statistic.
All males collected in Greece and Turkey came from the origi-

nal pool of individuals used to breed 

 

O. taurus

 

 for release into
Western Australia. Males collected from Spain were of two origins:
one subsample belonged to the original field sample used to seed
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the Australian introduction and one subsample came from other
Spanish populations. Using the method outlined above, we tested
whether both subsamples of males differed significantly in the
average horn length–body size allometry. We found no signifi-
cant differences between the two subsamples and therefore com-
bined both subsamples for further analyses to increase statistical
power.

 

RESULTS

Western Australian populations
and their ancestors

 

Log-likelihood contrasts and subsequent pair-wise parame-
ter comparisons for individuals collected from Spain,
Greece, and Turkey revealed significant differences in allo-
metric parameter values in three instances (Table 1A). 

 

On-
thophagus taurus

 

 males collected in Spain exhibited a signif-
icantly higher slope coefficient than males collected in
Turkey (T

 

191

 

 

 

�

 

 2.059, 

 

P

 

 

 




 

 0.05) or Greece (T

 

35

 

 

 

�

 

 2.51; 

 

P

 

 

 



0.05). In addition, O. taurus collected in Greece exhibited a
significantly smaller range of horn lengths (parameter y0)
than males collected in Spain (T130 � 2.96; P 
 0.01). We
found no significant differences in body size thresholds (pa-
rameter c) or minimum horn length (parameter a) between
any of the three source populations for the Western Austra-
lian introduction (Table 1A).

In contrast, Western Australian males did not differ sig-
nificantly in slope coefficients when compared with any of
the source populations. Instead, Western Australian males

differed highly significantly in the average body size thresh-
old that separates horned and hornless male phenotypes (P 

0.0001 for each comparison, Table 1A). Extant Western
Australian populations expressed the hornless morph over a
much wider range of body sizes and switched to the horned
morph at a much larger body size than any of their Mediter-
ranean ancestors (Fig. 2, A and B). In addition, O. taurus col-
lected in Greece exhibited a significantly smaller range of
horn lengths (parameter a) than Western Australian males
(T103 � 3.09; P 
 0.01).

North Carolinian and Mediterranean populations
Onthophagus taurus males collected in North Carolina also
differed highly significantly from males collected in Spain,
Greece, or Turkey. Significant differences between samples
could be attributed entirely (Spain, Turkey) or largely
(Greece) to differences in the body size threshold (parameter
c, P 
 0.0001 in each case; Table 1A). In these cases, how-
ever, males in the exotic North Carolinian range switched to
the horned phenotype at much smaller body sizes and ex-
pressed the horned morph over a much wider range of body
sizes than their Mediterranean counterparts (Fig. 2, A and
B). Onthophagus taurus collected in Greece also exhibited a
significantly smaller range of horn lengths (parameter a)
than North Carolinian males (T54 � 3.19; P 
 0.05).

Because the founding populations that gave rise to the
North Carolinian introduction could have originated from
Mediterranean regions other than Spain, Greece, or Turkey,
we extended our analysis to include males collected from

Table 1. Intra- and interspecific allometric variation in onthophagine beetles

Regression parameters

Sample a b c  y0 n

A. Intraspecific allometric parameter values (mean � SE) for O. taurus collected from native and exotic ranges.

Native
Spain 4.09 � 0.169a 38.55 � 4.358a,f 5.12 � 0.016a 0.42 � 0.074a 159
Greece 3.49 � 0.114b 61.26 � 7.912c 5.14 � 0.015a 0.48 � 0.056b 22
Turkey 3.72 � 0.125a,b 53.20 � 5.623b,c 5.15 � 0.012a 0.54 � 0.029a,b 91
France 3.83 � 0.225a,b 58.09 � 9.037c,d,e,f 5.10 � 0.029a 0.48 � 0.072a,b 21
Italy 4.21 � 1.063a,b 29.36 � 12.99a,b,c 5.10 � 0.084a,b 0.25 � 0.789a,b 33
Iran 4.07 � 0.199a,b 34.35 � 4.422a,b,d 5.16 � 0.024a 0.45 � 0.082a,b 117
Morocco and Tunisia 4.13 � 0.312a,b 35.38 � 5.986a,e 5.19 � 0.031a 0.42 � 0.095a,b 64

Exotic
North Carolina 3.985 � 0.090a 38.50 � 2.037a,b 4.98 � 0.007b 0.42 � 0.056a 1016
Western Australia 4.02 � 0.129a 45.97 � 3.059c,d,e 5.33 � 0.010c 0.50 � 0.036a 644

B. Interspecific allometric parameter values (mean � SE) for native sympatric populations of O. taurus and O. illyricus.

Native O. taurus 3.99 � 0.0911 38.19 � 2.3311 5.14 � 0.0101 0.45 � 0.0361 507
Native O. illyricus 4.00 � 0.2621 135.2 � 43.432 5.42 � 0.0132 0.50 � 0.1421 30

a specifies the range of horn lengths within a sample (amplitude), b specifies a slope coefficient, c represents the body size at the point of in-
flection of the sigmoid, and y0 specifies minimum horn length. Different exponents indicate significant differences between samples (P 
 0.05;
multiple Welch’s T-tests including sequential Bonferroni correction for multiple comparisons).
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other Mediterranean populations, including France, Italy,
Iran, Tunisia, and Morocco. In each comparison, differences
between males collected in North Carolina and the Mediter-
ranean were significant (P 
 0.01 for each comparison; Ta-
ble 1A). With one exception (Italy, see below), differences
between males collected in North Carolina and in other Med-
iterranean samples were attributable entirely (Morocco, Tu-
nisia, Iran) or largely (France) to differences in the body size
threshold (parameter c, P 
 0.001 in each case). As before,
North Carolinian males switched to the horned phenotype at
much smaller body sizes and expressed the horned morph
over a much wider range of body sizes than their Mediterra-
nean counterparts (Fig. 2, A and C). French O. taurus also
exhibited a marginally significantly higher slope coefficient
than males collected in North Carolina (T22 � 2.11; P �
0.046). Interestingly, although log-likelihood contrasts be-
tween males collected in North Carolina and Italy suggested
significant allometric differences between these two popula-
tions, none of the four regression parameters was able to ac-
count for these differences. A potential explanation for this
observation may lie in the unusually wide spread of data
points within the Italian sample (see Fig. 2C) and a relatively
modest sample size (n � 33).

Pair-wise comparison of all
Mediterranean populations
Eighteen pair-wise log-likelihood contrasts of all Mediterra-
nean populations, excluding those between Spain, Greece,
and Turkey presented above, yielded additional significant
differences in seven cases. Three of these (two of which in-
volved Italy, see above) could not be accounted for by any of
the regression parameters. In the three remaining cases, dif-
ferences were due to significant differences in the slope
coefficient (parameter b) between samples (Table 1A). No
pair-wise comparison indicated significant differences in pa-
rameter c, suggesting that over most of their native geo-
graphic range, male O. taurus employ a similar threshold
body size to switch from hornless to horned morphologies
(Fig. 2, B and C).

Intra- versus interspecific differences
When compared with each other, Western Australian and
North Carolinian populations differed most dramatically in
the threshold body size (T1191 � 28.92; P 
 0.0001), causing
both populations to express opposite phenotypes over a wide
range of body sizes (Table 1A, Fig. 2A). In addition, West-
ern Australian males also expressed a slightly but signifi-
cantly higher slope coefficient than their North Carolinian
counterparts (T1191 � 2.03; P 
 0.05).

Onthophagus taurus shares much of its native range with
O. illyricus (Balthasar 1963). Onthophagus illyricus also ex-
presses two alternative male horn morphologies very similar
to those of O. taurus (Balthasar 1963; Baraud 1992; Lohse

and Lucht 1992). In fact, the two species are very difficult to
distinguish on the basis of external morphological characters
alone and were originally considered varieties of the same
species (Balthasar 1963). Male genital morphology, how-
ever, allows for a clear and unambiguous separation of both
species and provides a reliable species-diagnostic character
(Lohse and Lucht 1992; Krell, personal communication).
Onthophagus taurus and O. illyricus are now considered sis-
ter species (Baraud 1992; Lohse and Lucht 1992). Exotic O.
taurus populations do not contain O. illyricus (Krell, per-
sonal communication).

Mediterranean O. taurus and sympatric male O. illyricus
differed highly significantly in the average horn length–body
size allometry (L4 � 159.73). Differences between the two
species were attributable largely to highly significant differ-
ences in the infection point c (T72 � 17.21; P 
 0.0001), sug-
gesting that apart from genital characters, both species can
also be distinguished by the body size threshold between al-
ternate morphs (Fig. 3). In addition, O. illyricus exhibited a
marginally significantly higher slope coefficient (T29 � 2.23;
P � 0.0336) than Mediterranean O. taurus. Differences in
threshold body sizes and slope coefficients between Medi-
terranean O. taurus and O. illyricus were similar in kind and
magnitude to the differences between North Carolinian and
Western Australian populations of O. taurus and between
exotic and native O. taurus populations (Table 1B). Com-
bined, these data suggest that the current morphological di-
vergences of exotic O. taurus populations in North Carolina
and Western Australia may be similar to patterns of morpho-
logical differentiation associated with the early stages in the
formation of new species in the genus Onthophagus.

Discussion

Polyphenisms are a common extreme of phenotypically
plastic trait expression and rely on threshold responses to
produce discrete alternative phenotypes (Nijhout 1994; Roff
1996; Stearns 1989). Threshold responses are widespread
and essential components of many physiological and devel-
opmental processes yet have only relatively recently re-
gained attention from evolutionary biologists (Schmal-
hausen 1949; Tauber and Tauber 1970; Hazel and West
1982; West-Eberhard 1989, 1992; Kingsolver 1995; Emlen
1996, 2000; Roff 1996; Zera and Denno 1997; Hazel et al.
1998; Schlichting and Pigliucci 1998; Lively et al. 1999;
Nijhout 1999; Tomkins 1999). Here we show that exotic and
native populations of the polyphenic beetle O. taurus differ
most dramatically in the threshold body size that separates
alternative male phenotypes. The kind and magnitude of
threshold divergences between native and exotic populations
do not reflect variation in the native range of O. taurus but
instead resemble differences normally observed between
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species. Our results suggest that threshold differences be-
tween exotic O. taurus populations have evolved in less than
40 years since the introduction to a new habitat and that
threshold evolution proceeded in opposite directions in both
exotic ranges. Combined, our results support the view that
certain components of polyphenic development, such as the
response threshold, can evolve rapidly in natural populations
and may provide important avenues for phenotypic differen-
tiation and diversification in nature.

Developmental basis of allometric diversification
Threshold response
We used four parameters to characterize the average scaling
relationship between horn length and body size in native and
exotic O. taurus populations. Of those, the threshold body
size c, or point of inflection of the sigmoid, is understood
best with respect to its underlying developmental mecha-
nisms. Earlier studies showed that horns develop only in
male larvae that exceed a critical weight threshold (Emlen
and Nijhout 1999). Horn expression can be induced experi-
mentally in smaller male larvae via topical application of ju-
venile hormone analogs, provided a certain minimum dosage

is applied and application occurs during a particular time
window or sensitive period (Moczek and Nijhout 2002).
Combined, these findings suggested that juvenile hormone
titers may be correlated with larval weight during a sensitive
period, where they are then used to differentiate between two
alternative developmental pathways. Although juvenile hor-
mone titers have yet to be measured in O. taurus, similar reg-
ulatory mechanisms have been observed in a variety of other
insect polyphenisms (Nijhout 1994, 1999). Apart from pro-
viding a first insight into the developmental regulation of
horns, these findings also suggested at least two avenues for
evolutionary modifications of the body size threshold. For
example, changes in sensitivity to juvenile hormone, or
changes in the timing of sensitivity to juvenile hormone rel-
ative to other developmental events, could modify the range
of larval body weights that would fall above or below the
threshold required for horn induction (Moczek and Nijhout
2002). Both hypotheses recently received experimental sup-
port. Allometrically divergent laboratory strains derived
from North Carolinian and Western Australian populations
were found to differ in both the degree and timing of sensi-
tivity to the juvenile hormone analog methoprene. To induce
horn expression, presumptive hornless male Western Aus-
tralian larvae required higher methoprene dosages and ex-
pressed a delay in their sensitive period by 2–3 days com-
pared with their North Carolinian counterparts (Moczek and
Nijhout 2002). These findings therefore suggest that the di-
vergence in body size thresholds between exotic and native
O. taurus populations may have been mediated by evolution-
ary modifications in the degree and timing of sensitivity to
juvenile hormone.

Range of horn lengths and slope
The present study occasionally detected significant differ-
ences between samples in the range of horn lengths (ampli-
tude, a) and, more commonly, in slope (b), though some of
these results may have been influenced by small sample
sizes. However, in at least two cases, significant differences
in slope could not be attributed to insufficient sample sizes.
For example, Western Australian males (n � 644) expressed
significantly higher slope coefficients than their North Caro-
linian (n � 1016) counterparts. Like differences in threshold
body sizes, differences in slope coefficients were of a mag-
nitude similar to differences between O. taurus and O. illyr-
icus. Unlike differences in threshold body sizes, however,

Fig. 2. Scaling relationship between body size and horn length of male O. taurus from native (open symbols) and exotic (gray circles)
populations. (A) Body size–horn length allometry of males collected from exotic populations in Western Australia (left) and North Caro-
lina (right). (B) Body size–horn length allometry of males preserved from ancestral Mediterranean populations collected in Spain,
Greece, and Turkey to found the Australian introduction. (C) Body size–horn length allometry of males collected from the remainder
of the native geographic range of O. taurus. Solid lines represent best-fit nonlinear regressions calculated separately for each sample. For
ease of interpretation the dashed line is provided as a visual reference (identical in all graphs) and represents the best-fit nonlinear re-
gression for all Mediterranean samples combined (see text for details and Table 1 for parameter values).

Fig. 3. Scaling relationship between body size and horn length of
male O. taurus (open circles and dashed line) and O. illyricus
(black circles and solid line) collected from native Mediterranean
populations. Lines represent best-fit nonlinear regressions calcu-
lated separately for both samples (see text for details and Table 1
for parameter values).
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significant differences in slope coefficients were also de-
tected between populations within the native range of O. tau-
rus. For instance, males collected in Turkey (n � 91) ex-
pressed significantly higher slope coefficients than males
collected in Spain. This suggests that differences in slope
could have been present in the native range of O. taurus be-
fore introduction to the United States and Australia. Our re-
sults nevertheless indicate that significant phenotypic and
possibly genetic variation in slope exists in nature, which
may provide additional, and previously overlooked, oppor-
tunities for evolutionary diversification of horn length–body
size allometries.

Unfortunately, relatively little is known about the devel-
opmental basis of allometric parameters such as slope or am-
plitude. Recent studies have shown, however, that horns de-
velop from imaginal disk-like structures that undergo rapid
cell divisions during the prepupal stage, much like the imag-
inal disks that give rise to legs, mouthparts, antennae, and
genitalia in holometabolous insects (Emlen and Nijhout
1999; Moczek and Nagy, unpublished data). Therefore, in-
sights into the nature and regulation of imaginal disk devel-
opment may be of help in understanding the developmental
basis of allometric shape parameters and their evolutionary
significance. For example, imaginal disks undergo most of
their growth in the closed environment of the prepupal and
pupal stage at the expense of nutrients accumulated during
larval life. Because growth occurs in a closed environment
without further input of resources from the outside, there is
a potential for trade-offs for resources during growth of
imaginal disks, such that an increase in one disk is often
associated with the relative diminution of another disk.
Increased horn size in O. taurus, for instance, occurs at the
expense of eye size (Nijhout and Emlen 1998). Such compe-
tition among disks has the potential to result in the highly
nonlinear (hyperbolic and sigmoid) allometries that are so
common in adult insects (Nijhout and Wheeler 1995; Emlen
and Nijhout 2000). The exact shape of such allometries is
further influenced in part by the sizes of the disks relative to
the available nutrient pool and by the relative ability of dif-
ferent disks to compete for resources during growth (Nijhout
and Wheeler 1995). Thus, evolutionary changes in insect
scaling relationships, including changes in the slope or am-
plitude of an allometry, may not only proceed via evolution-
ary changes in endocrine control mechanisms but may also
be brought about through evolutionary changes in the growth
and competition parameters of imaginal discs.

Behavioral ecology of threshold evolution
Our results indicate that modifications of the threshold body
size that separates hornless and horned morphs can evolve
extraordinarily rapidly in geographically isolated populations
and may precede, rather than follow, the evolution of repro-
ductive isolation. An important implication of our findings is

therefore that allometric diversification may be relatively easy
to achieve, provided appropriate driving forces are in place.

A likely evolutionary mechanism underlying allometric
divergence of exotic populations from their ancestors is ran-
dom genetic drift, in particular if exotic populations are
founded by an accidental introduction of a small population,
which is likely to have been the case for the introduction of
O. taurus to North Carolina. Even though the introduction of
O. taurus to Western Australia was deliberate, with 36 doc-
umented releases between 1969 and 1983 with 500–1800 in-
dividuals per release (Tyndale-Biscoe 1996), drift could
nonetheless have played an important role in the evolution of
new body size thresholds. For example, knowledge of the
exact habitat requirements of O. taurus at the time of intro-
duction was limited, and several releases took place in re-
gions or at times during the season where it would have been
difficult for this species to establish itself (Tyndale-Biscoe
1996; Feehan and Weir, personal communication). Genetic
drift due to local extinctions could therefore have contrib-
uted to threshold divergences in Western Australian popula-
tions. If this is correct, however, then present-day allome-
tries in North Carolinian and Western Australian populations
should overlap with preexisting allometric variation in the
native range of this species. Our present study, however, in-
dicates that this is not the case. Average Western Australian
and North Carolinian body size thresholds do not reflect op-
posite extremes present in the native range of O. taurus but
instead are both clearly outside the range of body size thresh-
olds documented so far for native O. taurus populations.
This therefore points toward an alternative explanation for
the evolutionary mechanism behind this divergence and sug-
gests that rather than a consequence of random genetic drift,
divergent thresholds in exotic O. taurus populations may re-
flect a response to divergent selective environments within
which alternative male morphs function.

Male horn polyphenism in O. taurus plays an important role
in male reproductive behavior, and both male phenotypes adopt
strikingly different coadapted behaviors to gain mating oppor-
tunities (Emlen 1997, 2000; Moczek 1999; Moczek and Emlen
2000). Large horned males rely exclusively on aggressive be-
haviors involving fights and the use of horns as weapons to gain
and defend access to breeding tunnels that contain females
(Moczek and Emlen 2000), and larger males almost always win
fights against smaller males (Emlen 1997). Small hornless
males instead engage in nonaggressive sneaking behaviors to
circumvent large horned males (Moczek and Emlen 2000).

The possession of long horns confers an advantage to
males that engage in fights but is detrimental to the perfor-
mance of males that engage in sneaking behaviors (Moczek
and Emlen 2000). Therefore, only males that are sufficiently
large for fighting to provide the tactic that yields the highest
fitness gain should develop horns. Small males, given their
low competitive status, may gain higher fitness by engaging
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in sneaking rather than fighting and should therefore remain
hornless. Such a selection environment would favor geno-
types that match the developmental switch from no to com-
plete horn expression to a body size that corresponds to the
point of equal fitness between fighting and sneaking tactics
(Moczek et al. 2002; for a general derivation of this model, see
Hazel et al. 1990; Gross 1996). However, the optimal body
size at which to switch from sneaking to fighting behaviors
may vary as a function of external conditions (Gross 1996).
For example, because fights are energetically costly, an in-
crease in the local density of competing males, with a corre-
sponding increase in the frequency of male–male encounters,
may allow only but the very largest and strongest males to
benefit from engaging in fights. Under high density condi-
tions, sneaking behavior may thus become profitable over a
wider range of body sizes, which in turn would favor a corre-
sponding shift of the threshold for horn production to larger
body sizes (Moczek 2002b, Moczek 2003). Fitness estimates
of both male morphs under a range of environmental condi-
tions are clearly needed to test such hypotheses. We are cur-
rently exploring whether allometrically divergent populations
indeed exhibit consistent differences in demographic factors
and the extent to which such factors have the power to result
in selection on body size thresholds in onthophagine beetles.
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