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ABSTRACT: Beetle horns are enlarged outgrowths of the head or
thorax that are used as weapons in contests over access to mates.
Horn development is typically confined to males (sexual dimor-
phism) and often only to the largest males (male dimorphism). Both
types of dimorphism result from endocrine threshold mechanisms
that coordinate cell proliferation near the end of the larval period.
Here, we map the presence/absence of each type of dimorphism onto
a recent phylogeny for the genus Onthophagus (Coleoptera: Scara-
baeidae) to explore how horn development has changed over time.
Our results provide empirical support for several recent predictions
regarding the evolutionary lability of developmental thresholds, in-
cluding uncoupled evolution of alternative phenotypes and repeated
fixation of phenotypes. We also report striking evidence of a possible
developmental constraint. We show that male dimorphism and sexual
dimorphism map together on the phylogeny; whenever small males
have horns, females also have horns (and vice versa). We raise the
possibility that correlated evolution of these two phenomena results
from a shared element in their endocrine regulatory mechanisms
rather than a history of common selection pressures. These results
illustrate the type of insight that can be gained only from the inte-
gration of developmental and evolutionary perspectives.
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Explicit incorporation of developmental biological infor-
mation into the study of evolution has brought unprec-
edented resolution to the questions of how populations
and species change over time (e.g., Alberch 1982; Bonner
1982; Hall 1992; Hanken and Thorogood 1993; Akam et
al. 1994; Raff 1996; Carroll et al. 2001). The mechanistic
processes of ontogeny translate expressed genes into ex-
pressed phenotypes and so determine the nature of se-
lectable variation (Alberch 1982; Riska 1986; Pigliucci et
al. 1996; Dover 2000; Stern 2000; West-Eberhard 2003;
Schlosser and Wagner 2004). Indeed, heritable changes in
morphological phenotypes arise from modifications to
components of development. Consequently, the most
complete reconstruction of morphological character evo-
lution entails knowledge of both how the focal phenotype
has changed over time and how underlying aspects of the
development of that character have changed to yield the
observed transformations in expressed phenotypes. How-
ever, only rarely is it possible to combine these traditionally
disparate perspectives for the same focal character.

One class of developmental mechanisms—called “de-
velopmental switch” or “threshold” mechanisms—is es-
pecially amenable to the integration of development with
evolution (West-Eberhard 1989, 1992, 2003). Threshold
mechanisms permit a single genome to produce two or
more alternative morphologies, often in response to an
environmental cue (e.g., seasonal, dispersal, or caste poly-
phenisms, male dimorphism; reviewed in Harrison 1980;
Roff 1986, 1996; Gross 1996; Greene 1999). Threshold
mechanisms are relatively easy to recognize within natural
populations (they are among a small number of means by
which dimorphic or bimodal distributions of phenotypes
are produced; see Wilson 1953, 1971; Harrison 1979; Roff
1986, 1996; Eberhard and Gutierrez 1991; Kawano 19954,
1995b; Tomkins and Simmons 1996; Danforth and Des-
jardins 1999; Hanley 2001; Rowland 2003), they are rel-
atively easy to study physiologically (reviewed in Nijhout
and Wheeler 1982; Hardie and Lees 1985; Moore 1991;
Zera and Denno 1997; Nijhout 19994; Dingle 2002; Hart-



felder and Emlen 2004), and they are predicted to have
major consequences for subsequent evolution of popu-
lations or species that incorporate them (reviewed in West-
Eberhard 1989, 1992, 2003; Hazel et al. 1990; Moran 1992;
Roff 1994, 1996; Danforth and Desjardins 1999; Emlen
and Nijhout 2000; Brockmann 2001).

This study focuses on the evolution of two threshold
mechanisms regulating the expression of horns in the
beetle genus Onthophagus (Coleoptera: Scarabaeidae): one
generating male dimorphism (large males produce horns;
smaller males do not) and the other generating sexual
dimorphism (males produce horns; females do not). Beetle
horns are enlarged outgrowths of the head or thorax; they
are generally expressed only in males (e.g., Darwin 1871;
Paulian 1935; Arrow 1951; Eberhard 1980; Enrodi 1985),
and in all cases studied to date, they are used by males in
intraspecific battles over reproductive access to females
(e.g., Eberhard 1979, 1987; Goldsmith 1987; Siva-Jothy
1987; Conner 1988; Otronen 1988; Rasmussen 1994; Em-
len 1997a; Moczek and Emlen 2000; Hunt and Simmons
2001).

A recent DNA sequence-based phylogeny for 48 On-
thophagus species reveals prolific divergence in the mor-
phologies of beetle horns (Emlen et al. 2005). In most of
the included species, males produce some form of horn(s).
However, several species do not have horns, and in a sur-
prising number of species, both males and females produce
horns. In addition, onthophagine horns vary interspecif-
ically in size, shape, and even physical location, extending
from any of five locations on the head or thorax. This
evolutionary radiation of beetle horns forms the backdrop
for our comparative study of evolution in the mechanisms
regulating horn development.

Beetle horn development has been studied extensively
in Onthophagus taurus (Emlen and Nijhout 1999, 2000,
2001; Emlen 2000, 2005; Moczek and Nijhout 2002; Emlen
and Allen 2004), and from these studies, we have working
models for the endocrine regulation of both male and
sexual dimorphism in horn expression. Importantly, both
of these mechanisms have pronounced and predictable
consequences for the distribution of phenotypic variation
among individuals (figs. 1, 2) and therefore can be rec-
ognized from samples of natural beetle populations (by
the characteristic shapes of the resulting horn length/body
size scaling relationships [allometries; sensu Cock 1966;
LaBarbera 1989]). We report here on measurements of
horn lengths and body sizes collected from samples of
natural populations of 31 of the species included in the
phylogeny. These include measures of all of the different
horn types, of horns in both males and females, and in
several cases, of multiple horns within the same species.
By using the shape of the resulting horn length/body size
scaling relationships to infer the existence of developmen-
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tal thresholds regulating horn expression, we are able to
map the presence/absence of each of these threshold mech-
anisms onto a reconstruction of horn evolution and begin
to explore how both horns and horn development have
changed over the history of this genus.

Results from this study provide empirical support for
several recent predictions regarding the evolution of
threshold traits (West-Eberhard 1989, 1992, 2003; Raff
1996; Nijhout 19994). First, threshold mechanisms permit
unusually independent evolution (e.g., divergence) of the
phenotypic alternatives. Second, thresholds constitute a
form of developmental modularity such that the threshold
mechanism can evolve independently from either of the
downstream phenotypes regulated by the threshold (in-
dependent evolution of regulation and form) and such
that novel phenotypes are dissociable; they can be sub-
sumed within, or uncoupled from, an existing regulatory
process. Finally, our analyses show that lineages can lose
the capacity for developmental flexibility when one or the
other developmental alternative is fixed.

In addition, our results yield the surprising finding that
the mechanisms regulating male dimorphism and sexual
dimorphism are not independent from one another. We
show that male dimorphism and sexual dimorphism map
together on the phylogeny and that in dimorphic On-
thophagus species, small males always produce rudimen-
tary horn morphologies that are equivalent in length to
those of females. We raise the possibility that correlated
evolution of these two phenomena results from a shared
element in their endocrine regulatory mechanisms; both
mechanisms appear to utilize a pulse of the same hormone
(ecdysteroid) at the same time (Emlen and Nijhout 1999).
We conclude with the suggestion that male dimorphism
in horn expression arose through the co-option of an ex-
isting mechanism for sexual dimorphism.

Background: The Development of Beetle Horns

Beetles in the genus Onthophagus are subterranean dung
beetles. Their larvae develop in isolation inside tunnels
belowground, where they feed on dung that has been pro-
visioned by the parents (Fabre 1899; Main 1922; Halffter
and Matthews 1966; Halffter and Edmonds 1982; Hunt
and Simmons 2000, 2002). All scarab beetles pass through
three larval stages, or instars, and a pupal stage before they
molt into adults (Crowson 1981). By the end of their third
(and final) larval instar, animals have reached their max-
imum overall body size, and at this time they cease feeding,
empty their guts, and begin the process of metamorphic
transformation from a larval to a pupal morphology (de-
scribed for Onthophagus in Emlen and Nijhout 1999, 2001;
Emlen 2000, 2005; Emlen and Allen 2004).

Beetle larvae bear little resemblance to pupae or adults
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Figure 1: Male dimorphism in beetle horn expression. Horns with dimorphic expression have nonlinear scaling relationships between horn length
and body size (prothorax width), either sigmoid (A) or curved/bent (B). This produces natural populations with bimodal frequency distributions
of male horn lengths (histograms). Horns lacking male dimorphism (i.e., monomorphic) have linear scaling relationships (C) and unimodal frequency
distributions of male horn lengths. Data shown for head horns (H1, blue) of Onthophagus taurus (A), head horns (H3, purple) of O. sharpi (B),

and thorax horns (H4, green) of O. pentacanthus (C).

(e.g., no eyes, antennae, wings, genitalia, or horns). As in
most holometabolous (metamorphic) insects, the cells that
will form each of these adult structures are set aside early
in larval development, and these clusters of cells (called
“imaginal discs”; sensu Svacha 1992; Truman and Riddi-
ford 2002) remain relatively dormant until the end of the
larval feeding period (e.g., Huet 1980; Quennedey and
Quennedey 1990; Connat et al. 1991). When larvae begin

to purge their guts in preparation for metamorphosis,
these clusters of cells exhibit a rapid burst of proliferative
growth, and each imaginal disc grows to form a distinct
morphological structure (for reviews of insect imaginal
disc growth, see Williams 1980; Fristrom and Fristrom
1993; Milan et al. 1996; Nijhout and Wheeler 1996; Tru-
man and Riddiford 1999, 2002).

As these nascent structures grow, they remain trapped



Females

Figure 2: Sexual dimorphism in beetle horn expression. Most horn types in most species are produced only by males (sexual dimorphism for
presence/absence of the horn; purple horns in A, B). However, multiple times during the history of this genus, sexual dimorphism was lost because
of the gain of horns in females (sexual monomorphism for horn presence; blue, red, and green horns in B, C). Sexually dimorphic horns and sexually
monomorphic horns can occur simultaneously in the same species (B), so dimorphic expression was scored separately for each horn type. In all
cases but one, female horns were the same basic shape and in the same physical location as corresponding horns expressed in males. The single
exception involved a head horn (H2, red) of females that was qualitatively different from the corresponding horn of males (C). Species illustrated:
Onthophagus sharpi (A), O. praecellens (B), O. sagittarius (C).
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within the outer larval-shaped exoskeleton. Consequently,
they form as intricately folded bundles of epidermal tissue
(fig. 3). Late-stage final instar larvae (or “pre-pupae”) are
actually in the process of growing most of the adult struc-
tures. When the animal molts to a pupa, these folded
structures unfurl to take their full form. Insect pupae have
all of the major structures of the adult, and in most cases,
these structures have already reached their final adult di-
mensions (for reviews of insect metamorphosis, see Ni-
jhout 1994; Riddiford 1994, 1996; Gilbert et al. 1996; Tru-
man and Riddiford 1999, 2002; Emlen and Allen 2004).

For each imaginal disc, the rate and duration of cell
proliferation, as well as changes in cell size, specify the
final dimensions of the resulting adult structure (Conlon
and Raff 1999; Edgar 1999; Stern and Emlen 1999; Wein-
kove and Leevers 2000; Bryant 2001; Johnston and Gallant
2002; Emlen and Allen 2004). These processes are sensitive
to nutrition, larval growth, and individual body size (Edgar
1999; Kawamura et al. 1999; Stern and Emlen 1999; Bryant
2001; Nijhout and Grunert 2003; Stern 2003) so that the
final sizes of adult appendages scale closely with among-
individual variation in overall body size: large individuals
produce larger eyes, legs, and wings than smaller individ-
uals (Stern and Emlen 1999; Emlen and Nijhout 2000;
Emlen and Allen 2004).

Beetle horns form in the same manner as these other
insect structures—as localized clusters of epidermal cells
that undergo a brief period of rapid proliferation at the
very end of the larval period (Emlen and Nijhout 1999,
2001; Emlen 2000, 2005). In Onthophagus taurus, the

growing horns form as a pair of densely folded masses of
epidermal tissue that remain trapped beneath the larval
head capsule until pupation (fig. 3A).

Threshold mechanisms regulating beetle horn expres-
sion operate immediately before the period of horn growth
and use hormones to either permit or prevent proliferation
in the regional clusters of epidermal cells that will form
the respective horns (Emlen and Nijhout 1999, 2001; Em-
len and Allen 2004). These mechanisms result in dra-
matically altered patterns of scaling in large and small
males (male dimorphism; fig. 1) or between males and
females (sexual dimorphism).

Developmental Basis of a Threshold

Developmental thresholds couple gene expression with en-
countered levels of an environmental cue (Nijhout 1994,
19994; Evans and Wheeler 2001). Relevant cues can in-
clude any number of environmental features as well as
genetic factors. In all cases, detected levels of these cues
are translated into levels of an internal circulating hor-
mone signal, and it is the levels of this signal (above or
below a critical threshold level) that determine the pattern
of development (for recent reviews of threshold mecha-
nisms [including sexual dimorphism], see Hews and
Moore 1995; Owens and Short 1995; Zera and Denno
1997; Kimball and Ligon 1999; Nijhout 19994; Evans and
Wheeler 2001; Dingle 2002; West-Eberhard 2003; Hart-
felder and Emlen 2004; Emlen 2005).

Hormone signals are substances that are globally cir-

Figure 3: SEM photographs of horned (A) and hornless (B) male prepupae of Onthophagus taurus. In both cases, the outer larval head capsule has
been removed, revealing the newly formed epidermis of the pupal head. Horn tissues are shown in blue. Horn cells undergo a burst of proliferation
in large males that results in the production of a pair of (folded) tubes of epidermis. This burst of cell proliferation does not occur in small males

or females (not shown).



culated within developing animals and whose levels are
sensitive to conditions encountered by those animals as
they grow: individuals exposed to one set of conditions
have lower concentrations of the hormone signal than
other individuals exposed to a different set of conditions.
Thus, the hormone signal constitutes the mechanistic link
between external circumstances encountered by an indi-
vidual and internal patterns of gene expression and tissue
growth and development.

Animals generally have a sensitive period, a brief phys-
iological period when levels of a circulating hormone sig-
nal are assessed' relative to the critical threshold level. Cells
in specific tissues (e.g., cell clusters that produce horns)
are thought to express receptors for the hormone signal
during the sensitive period, and the number and type of
receptors expressed, including their binding affinities for
the particular hormone, determine the threshold concen-
tration of the hormone signal required to elicit a response
(e.g., Nijhout 1999a).

Levels of the hormone signal above (or below) this crit-
ical threshold level elicit an all-or-none response cascade,
often via pulses of secondary hormones and/or through
the action of transcription factors and genetic patterning
cascades (reviewed in Nijhout 19994; Evans and Wheeler
2001; Hartfelder and Emlen 2004; Emlen 2005). For many
insects, these downstream response cascades can direct the
development of complex suites of morphological, physi-
ological, and behavioral traits.

Thus, the basic ingredients of a developmental threshold
(or switch) mechanism include some environment-
responsive sensory apparatus (sensor), a circulating hor-
mone signal that is responsive to environmental inputs via
the sensor, a sensitive period when target cells respond to
the hormone signal, a threshold level of cellular sensitivity
to the hormone signal, and secondary hormones and/or
transcription factors that direct the physiological and ge-
netic response cascades that coordinate the development
of the phenotypic alternatives. The processes involved with
detecting relevant cues and translating this information
into circulating levels of the hormone signal can be con-
sidered to be “upstream” to the threshold mechanism.
“Downstream” processes include all of the cellular pat-
terning and growth, physiology, and behavior that are ac-
tivated once the response is triggered. At that point, the
resultant phenotype is, in effect, determined (summarized
for O. taurus in fig. 4).

' We use the definition of West-Eberhard (2003, p. 442), where “assessment”
occurs whenever a particular response correlates consistently with some en-
vironmental variable.
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Threshold Mechanism 1: Male Dimorphism

Horn lengths depend on body size (horns scale positively
with body size [allometry]). Male dimorphism in horn
expression involves an additional level of body size—
dependent regulation of horn growth: males smaller than
a threshold body size appear to be switched to an altered,
dramatically reduced pattern of horn growth. The sizes of
horns in these small males scale according to a very dif-
ferent relationship with a much shallower slope than horn
sizes in larger males (figs. 1, 4). For this article, we call
these males “hornless” to distinguish them from males
with fully developed horns, although most of these indi-
viduals possess rudimentary versions of the horns.

Environmental factors—most notably, larval nutri-
tion—influence the growth and final size of individuals
(Emlen 1994, 1996, 1997b; Hunt and Simmons 1997, 2002;
Moczek 1998, 2002; Moczek and Emlen 1999; Kotiaho et
al. 2003), and these same factors appear to cue the thresh-
old-regulating male horn expression (Emlen and Nijhout
1999, 2001; Emlen 2000, 2005). Juvenile hormone (JH) is
the signal hormone of this mechanism; levels of JH are
known to be sensitive to larval nutrition and to larval
growth in insects (e.g., Strambi et al. 1984; Hartfelder 1990;
Rachinsky and Hartfelder 1990; Wheeler 1991; Rankin et
al. 1997; Hartfelder and Engels 1998; Schulz et al. 2002),
as are levels of JH esterase, an enzyme that breaks down
circulating JH (Rachinsky and Hartfelder 1990; Browder
et al. 2001; Tu and Tatar 2003). Thus, JH is an effective
link between external conditions related to larval growth
and internal processes that coordinate the development of
organs and tissues, including the horns (Nijhout 1994,
19994; Stern and Emlen 1999; Emlen and Allen 2004; Em-
len 2005). In Onthophagus beetles, by the end of the larval
feeding period, levels of circulating JH appear to be lower
in large individuals than in smaller individuals (Emlen and
Nijhout 2001; fig. 4A, 4B).

Male larvae have a sensitive period just before the end
of the larval feeding period, as animals reach their largest
body sizes, and just before the onset of horn growth (Em-
len and Nijhout 2001; vertical gray bar, fig. 4A, 4B). The
cells that will form the horns are sensitive to circulating
levels of JH at this time, and animals with levels of JH
above a critical threshold level (i.e., small males) adopt a
hornless developmental fate (fig. 4B). These small animals
have a brief pulse of ecdysteroid hormone that occurs at
this time and that is not present in large males (Emlen
and Nijhout 1999, 2001; red arrow, fig. 4B). Ecdysteroids
are known to reprogram the developmental fates of tissues
by switching downstream patterns of gene expression (re-
viewed in Bollenbacher 1988; Gilbert 1989; Berger et al.
1992; Nijhout 1994; Riddiford 1994, 1996; Gilbert et al.
1996; Truman and Riddiford 1999, 2002), and this pulse
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may suppress the development of horns in small males
(possibly by altering the sensitivity of horn cells to JH
during a second, later, sensitive period [the period de-
scribed in Emlen and Nijhout 1999; Moczek and Nijhout
2002]).

Consequently, our model for the threshold mechanism
generating male dimorphism in horn expression involves
a signal hormone (JH), a sensitive period (the end of the
larval feeding period), a critical threshold of sensitivity to
the signal hormone (that corresponds to a critical body
size), and facultative production of a pulse of a secondary
hormone known to switch downstream patterns of gene
expression (summarized in fig. 4A, 4B). The presence or
absence of this ecdysteroid pulse is correlated with whether
horn cells develop according to a pattern of pronounced
horn growth, generating a steep and positive horn length/
body size scaling relationship, or according to a pattern
of reduced horn growth, generating a much shallower scal-
ing relationship between horn lengths and body size (figs.
3, 4).

Threshold Mechanism 2: Sexual Dimorphism

We know less about the mechanism of sexual dimorphism,
although several important points are clear. First, sex is
likely to be chromosomally determined (the majority of
studied scarabs, including Onthophagus [O. rectecornutus)
have XY sex determination [2n=20]; Venu et al. 2000;
Moura et al. 2003). Second, females in O. taurus do not
produce horns at any body size despite the fact that they
vary in body size over the same range as males. Third,
females appear to be insensitive to levels of JH that affect
growth of the horns in males (e.g., perturbations to JH
levels never induce females to produce horns, as they do
with small males; Emlen and Nijhout 1999, 2001; Moczek
and Nijhout 2002). Fourth, females show the same pulse
of ecdysteroids that is observed in small males, and this
pulse occurs at the same time, at the end of the larval
feeding period (Emlen and Nijhout 1999). Finally, secre-

tion of the ecdysteroid pulse is not connected with the
attainment of a particular body size; all females of all sizes
have the ecdysteroid pulse (Emlen and Nijhout 1999,
2001).

Our model for the threshold mechanism of sexual di-
morphism in beetle horn expression is summarized in fig-
ure 4A, 4C. Current evidence suggests that large males
have the neutral, or default, pattern of horn growth (see
“Methods” for justification), which results in the produc-
tion of large horns that, in natural populations, scale pos-
itively with body size. Some unidentified process couples
the sex (or some cue correlated with sex) of individuals
with a facultative pulse of ecdysteroids during the sensitive
period for regulation of horn growth, that is, at the end
of the larval feeding period (vertical gray bar, fig. 4). The
result of this process is that females produce a pulse of
ecdysteroids not present in (large) males (red arrow, fig.
4C). As in the threshold mechanism described for male
dimorphism, this pulse of ecdysteroids is correlated with
the fate of horn cells: animals with this pulse (i.e., females)
dispense with the burst of proliferative growth typical of
horned males.

Both mechanisms (male and sexual dimorphism) re-
semble developmental thresholds described for other taxa
(e.g., queen vs. worker development in ants [Wheeler and
Nijhout 1983; Wheeler 1991] and bees [Rachinsky and
Hartfelder 1990]; winged vs. wingless development in
crickets [Zera and Holtmeier 1992; Zera and Denno 1997]
and planthoppers [Iwanaga and Tojo 1986; Ayoade et al.
1999]; male vs. female ornament brightness in lizards
[Hews and Moore 1995] and birds [Owens and Short 1995;
Kimball and Ligon 1999]). In all of these cases, devel-
opmental thresholds permit a single genome (or similar
genomes in the case of sexual dimorphism) to construct
one of several different phenotypes by partially uncoupling
gene expression in the downstream alternatives—different
suites of genes and gene interactions contribute to the
formation of each of the two alternative phenotypes (re-
viewed in Evans and Wheeler 2001; West-Eberhard 2003).

Figure 4: Endocrine regulation of male and sexual dimorphism in the beetle Onthophagus taurus. By the middle of the third larval instar, large and
small males differ in circulating levels of juvenile hormone (JH): large males have lower concentrations than smaller males. JH levels are assessed
during a brief sensitive period immediately before the cessation of feeding (vertical gray bar), and relatively large males have JH concentrations
below the critical threshold (black horizontal line) at this time (A). Cells in the developing horns of these individuals undergo a brief pulse of rapid
proliferation during the prepupal period (blue curve), and these larvae mature into adult males with fully developed horns (insert). B, Small male
larvae have JH concentrations above the threshold during the sensitive period, and these animals experience a brief pulse of a second hormone,
ecdysone (red arrow in B). Ecdysone is known to initiate cascades of gene expression, and this tactic-specific pulse appears to affect the fate of horn
cells such that they subsequently undergo only minimal proliferation. Small males mature into adults with only rudimentary horns (insert). C, Horn
cells in female larvae appear to be insensitive to JH. However, females have the same ecdysteroid pulse as do small males, and this hormone pulse
occurs during the same sensitive period (red arrow in C). Female larvae also mature into adults with only rudimentary horns (insert). Drawings
illustrate larval (prepupal), pupal, and adult heads, with developing horns in blue (larval heads shown with head capsule removed). Note that horns
in O. taurus females consist of an elevated ridge rather than a pair of bumps. Modified from work by Emlen and Nijhout (2001), Emlen and Allen
(2004), and Emlen (2005).
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Consequently, developmental threshold mechanisms are
predicted to minimize genetic correlations (e.g., pleiot-
ropy) between the alternative phenotypes, facilitating the
independent evolution of these forms and affecting the
directions and nature of subsequent morphological evo-
lution (West-Eberhard 2003). In the following sections, we
begin to test these predictions for beetle horns by mapping
both male and sexual dimorphism in horn expression onto
a phylogenetic reconstruction of the history of the genus
Onthophagus.

Methods
Sampling of Taxa and Morphometric Measurements

Horns in the beetle genus Onthophagus can arise from five
distinct physical locations involving different segments and
sclerites in the developing animals: the base of the head
(vertex; H1, blue in all figures), the center of the head
(frons; H2, red), the front of the head (clypeus; H3,
purple), as well as from the center (H4, green) and sides
(H5, orange) of the thoracic pronotum. Because these re-
flect distinct regions of the larval epidermis and because
it was possible for species to have horns at all possible
combinations of these locations, we treated each physical
location as a separate horn type (i.e., different characters
and not alternative states for a single character; Emlen et
al. 2005).

We were able to measure representative samples from
natural populations of 31 of the 48 Onthophagus species
included in the phylogeny of Emlen et al. (2005). Taxa
included in this study are listed in table 1. Horn lengths
and body size (prothorax width) were measured for all
horn types of all individuals using an ocular micrometer
and/or a digital camera connected to a dissecting micro-
scope with ScionImage software.

Inferring Mechanism from Population Samples

Quantifying Male Dimorphism. The incorporation of a de-
velopmental threshold into the expression of male horns
results in an abrupt change in the slope of the scaling
relationship between horn length and body size and in a
bimodal frequency distribution of male horn lengths
(Eberhard and Gutierrez 1991; Emlen and Nijhout 2000;
Kotiaho and Tomkins 2001; fig. 1A, 1B). We scored male
dimorphism in horn expression from visual examinations
of scaling relationship shape, statistical tests for nonlin-
earity of the scaling relationship (Eberhard and Gutierrez
1991; Kotiaho and Tomkins 2001), and examinations of
the frequency distributions of male horn lengths. For most
of the male-dimorphic horn types included in this study,
the scaling relationship between horn length and body size

had a characteristic “broken,” or sigmoid, shape (fig. 1A),
and all of these were significantly nonlinear on both un-
transformed and log-transformed scales (see Tomkins et
al. 2005). Horns in three species (H3, purple, in Ontho-
phagus sharpi and O. praecellens and H4, green, in O.
binodis) exhibited a different form of dimorphism, char-
acterized by a curved or “bent” scaling relationship be-
tween horn length and body size (fig. 1B). All horns scored
as male dimorphic exhibited bimodal frequency distri-
butions for the length of that horn type in natural pop-
ulations (e.g., fig. 1A, 1B). In contrast, horns of males
monomorphic for horn production had linear scaling re-
lationships between horn length and body size (on both
raw and/or log,-transformed scales) and unimodal natural
frequency distributions of male horn lengths (e.g., fig. 1C).

We detected no evidence of female dimorphism (i.e., a
body size—dependent switch in female horn expression).
All female horns in this study exhibited linear scaling re-
lationships between horn length and body size and had
unimodal natural frequency distributions of horn lengths.

Quantifying Sexual Dimorphism. Sexual dimorphism can
take many forms. In insects, sexual dimorphism in the
expression of enlarged ornaments or weapons generally
falls into two categories: dimorphism in the relative size
of a structure and dimorphism in the presence/absence of
a structure. Sexual dimorphism in relative trait size occurs
in species in which both sexes produce the structure but
the investment in trait growth differs between males and
females (e.g., enlarged forelegs in harlequin beetles [Zeh
and Zeh 1992] and eyestalks in Diopsid flies [Wilkinson
1993; Baker and Wilkinson 2001]). In contrast, the weap-
ons of many beetles are produced by only one sex (most
often males). The other sex does not produce them at all
or has only vestigial/rudimentary versions of the structure
(sexual dimorphism in the presence/absence of the
structure).

This study focuses primarily on the evolution of sexual
dimorphism in the presence/absence of horns. Species
were scored as sexually dimorphic if only a single sex
produced the horns (e.g., H3, purple horns, fig. 24, 2B)
and sexually monomorphic if both sexes produced the
horn, even if the relative lengths of these horns differed
between males and females (e.g., H1, blue, and H4, green
horns, fig. 2; see also fig. 9D).

Complete loss of a horn also resulted in a form of sexual
monomorphism (for lack of expression of the horn). How-
ever, because these forms of sexual monomorphism do
not involve production of the horn by any individuals, we
do not address them here; all references to sexual mono-
morphism refer to situations where both males and females
produce a horn.

To avoid confounding scores of male and sexual di-



Table 1: Scoring of male and sexual dimorphism for the pres-
ence/absence of horns

Horn M
type Male  Sexual

Onthophagus acuminatus Harold  H1 Yes Yes
O. aeruginosus Roth H1 Yes Yes
O. alcyonides d’Orbigny H1 Yes Yes
O. asperulus d’Orbigny H1 Yes Yes
O. australis Guerin H1 Yes Yes
O. binodis Thunberg H4 Yes Yes
O. capella Kirby H1 Yes Yes
O. cribripennis d’Orbigny H1 Yes Yes
O. crinitus panamensis Bates H1 Yes Yes
O. evanidus Harold HI1* No No
O. ferox Harold H1 No No

H4 No No
O. fuliginosus Erichson H1 Yes Yes
O. gazella Fabricius H1 Yes Yes
O. granulatus Boheman H4 No No
O. haagi Harold H1 Yes No

H4 No No
O. hecate Panzer H4 Yes Yes
O. incensus Say H1 Yes Yes
O. laminatus Macleay H4 No No
O. lanista Macleay H1 No No

H4 No No
O. marginicollis Harold H1 Yes Yes
O. mjobergi Gillet H1* No No

H4 No No
O. nigriventris d’Orbigny H4(1) Yes Yes

H4(2) No No
O. nuchicornis Linnaeus H1 Yes Yes
O. pentacanthus Harold H1 No No

H4 No No

H5 No No
O. praecellens Bates HI1* No No

H3 Yes Yes

H4 No No
O. sagittarius Fabricius H2 No No

H4 No No
O. sharpi Harold H3 Yes Yes
O. sloanei Blackburn H1 Yes Yes

H4 No No
O. sugillatus Klug® H1 Yes Yes
O. taurus Schreber H1 Yes Yes
O. vermiculatus Frey H1 Yes Yes

Note: Horns develop from one of five locations: the base (H1), center
(H2), or front (H3) of the head or the center (H4) or sides (H5) of the
thorax.

* Tiny/rudimentary versions of the horn; these were not scored as horns
by Emlen et al. (2005).

® Determined to be “near to” the named taxon.

morphism, horns in females were compared with horns
of large males. Otherwise, male-dimorphic taxa would al-
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ways also be sexually dimorphic: if one male size class had
horns and the other did not, then females would neces-
sarily differ from one or the other male form. By defining
sexual dimorphism as differential horn production be-
tween females and large males, all combinations of di-
morphism are possible (e.g., sexual dimorphism without
male dimorphism would occur when all males produce a
horn that is absent from females, and male dimorphism
without sexual dimorphism would occur when small males
dispense with production of a horn that is present in both
large males and females). We scored males and females of
each species for the presence or absence of horns at each
of the five developmental locations (H1-H5). In all cases,
determinations of horn presence were made from direct
observations of specimens.

Mapping Characters onto the Phylogeny

The phylogeny used in this study is from Emlen et al.
(2005) and is based on DNA sequences from regions of
four nuclear (28s, HRMT1L4, ARD1, NF1) and three mi-
tochondrial (16s, CO1, CO2) genes (3,315 base pairs total,
837 parsimony informative) from 48 Onthophagus species
and three outgroups. Tree construction used maximum
likelihood analyses and resulted in a single most likely tree
with a score of —1n25,561.3 (see Emlen et al. 2005 for
methods and justification). Eighty-nine percent of the
nodes in this tree were supported by maximum likelihood
or parsimony bootstrap values >50 (100 and 10,000 pseu-
doreplicates, respectively) or by Bayesian posterior prob-
abilities of clade occurrence >80 (Emlen et al. 2005).

Because sufficient DNA could be extracted from only a
single individual, large population samples of each species
were not necessary for inclusion in the original phylogeny.
Twenty of the 51 taxa included in Emlen et al.’s (2005)
study were represented by only one or a few individuals
(inadequate samples for estimating the presence or absence
of dimorphism in weapon expression), and these taxa were
dropped from the phylogeny for this study.

The Backdrop: Evolution of Horns. The evolutionary ra-
diation in Onthophagus horn morphologies forms the
backdrop for our study of dimorphism in the expression
of horns. The five horn locations (H1-H5) reflect devel-
opmentally distinct and evolutionarily independent struc-
tures (i.e., they are not mutually exclusive alternative states
for a single horn character; Emlen et al. 2005), and it is
possible for Onthophagus taxa to have all combinations of
these structures. For this reason, we reconstruct the evo-
lution of dimorphic patterns of expression separately for
each horn type (H1, blue, fig. 5; H2, red, and H3, purple,
fig. 6; H4, green, and H5, orange, fig. 7).
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Figure 5: Evolution of male and sexual dimorphism in the expression of horns at the base of the head (HI, blue). Branches reconstruct the evolution
of this horn type (thick blue lines, horn present; thin gray lines, horn absent) in males (A) and females (B). For each species producing this horn,
the shape of the male horn length/body size scaling relationship is indicated (broken = male dimorphic; linear = male monomorphic), as is the
occurrence of sexual dimorphism (D) or sexual monomorphism (M) for presence/absence of the horn. Reconstructions of the evolution of male
dimorphism are shown on the left and of sexual dimorphism on the right. Horns at the base of the head appear to be ancestral to the genus (see
also Emlen et al. 2005), and these horns are not likely to have exhibited either male or sexual dimorphism. Once gained, male dimorphism was
subsequently lost three times (open red circles) and regained a single time (solid red circle). Once gained, sexual dimorphism also was subsequently
lost three times (open black squares) and regained once (solid black square). Pictures illustrate head horns (H1) only (other horn types removed for
clarity). Tree topology from Emlen et al. (2005).
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Figure 7: Evolution of male and sexual dimorphism in the expression of horns at the center (H4, green) and sides (H5, orange) of the thorax.

Branches reconstruct the evolution of these horn types (thick

green or orange lines, horn present; thin gray lines, horn absent) in males (A) and

females (B). Male and sexual dimorphism are indicated as in figures 5, 6. Thoracic horns were gained 11 times in males; of these, three were male
dimorphic (solid red circles), and eight were male monomorphic (open red circles). Three of these horns were sexually dimorphic (solid black squares),
and eight were sexually monomorphic (open black squares). Pictures illustrate thorax horns (H4, H5) only (other horn types not shown).



Figures 5-7 illustrate gains and losses of horns as re-
constructed from analyses of the full sample of 51 taxa
included in Emlen et al.’s (2005) study and are taken from
those original analyses.” For those analyses, each horn type
(H1-H5) was mapped on the phylogeny as a two-state
character using parsimony and MacClade 4.0 (Maddison
and Maddison 1999). Horns in females were mapped as
separate characters from horns in males. Mapping female
horns separately permitted us to explore whether gains of
horns in females occurred independently from gains of
horns in males and whether these same events were as-
sociated with gains or losses of male and sexual dimor-
phism. Thus, the five horn locations were mapped sepa-
rately for males and females, for a total of 10 horn types.

Evolution of Male and Sexual Dimorphism. Each type of
dimorphism was mapped on the phylogeny as a separate
two-state character using parsimony and MacClade 4.0
(gains and losses given equal probabilities; Maddison and
Maddison 1999). Horn dimorphism was mapped sepa-
rately for each horn type and separately for males and
females.

To test for correlated evolutionary changes among
mapped discrete characters, we used the concentrated
changes test (Maddison 1990) as implemented in Mac-
Clade 4.0 (Maddison and Maddison 1999). Specifically,
because a prior study suggested that taxa with male di-
morphism were also likely to be sexually dimorphic (Em-
len and Nijhout 2000), we explored whether changes in
male dimorphism were likely to occur on the same
branches as changes in sexual dimorphism.

Rooting the Tree. Horns are a derived condition within the
Coleoptera and appear to have arisen multiple times within
the superfamily Scarabaeoidea (Darwin 1871; Arrow
1951). Head and pronotal outgrowths similar to those de-
scribed here occur in many species of the rhinoceros and
Hercules beetles (Dynastinae) and in the Goliath beetles
(Cetoniinae), as well as in many dung beetles of the sub-
family Scarabaeinae.

The beetle lineages included in our phylogeny are all
within the tribe Onthophagini (subfamily Scarabaeinae),
and recent phylogenetic treatments of this subfamily sug-
gest that the closest sister clades to the Onthophagini are
the tribes Oniticellini and Onitini (Villalba et al. 2002;
Philips et al. 2004), each of which contains species with

* The very small head horns (H1, blue) of O. evanidus, O. mjobergi, and
O. praecellens were scored as absent by Emlen et al. (2005), who focused on
the evolution of enlarged weapons. In this study we focus more broadly on
the evolution of horns, including evolutionary reductions in horn expression
and rudimentary horns, and so we score these highly reduced horns as present.
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horns. Importantly, horns in these sister tribes are not
dimorphic (see our definitions above); horns are produced
by males of all sizes, as well as females (e.g., Euoniticellus
intermedius [Oniticellini]: Lailvaux et al. 2005; Bubas bison
[Onitini]: Hunt and Simmons 1998). Immediately basal
to the Onthophagini, Oniticellini, and Onitini are the
tribes Eurysternini and Sisyphini (Philips et al. 2004), nei-
ther of which contain species with horns.

Consequently, present hypotheses for the history of this
subfamily suggest that Onthophagine horns arose in the
common ancestor of the tribes Onthophagini, Oniticellini,
and Onitini. Furthermore, both the sister tribes to the
Onthophagini, and the most basal lineage included in our
phylogeny (O. lanista), show no evidence of either sexual
or male dimorphism in horn expression, suggesting that
horns arose in these beetles as a structure expressed by all
individuals—that is, that horn production, once gained,
was the default developmental pathway. Sexual and male
dimorphism in the expression of horns would then have
evolved as derived conditions, possibly through gains of
ecdysteroid pulses at the end of the larval feeding period
that suppressed growth of the horns. This sequence of
events agrees with our phylogeny, with other recent phy-
logenetic treatments of the subfamily (Villalba et al. 2002;
Philips et al. 2004), and with the recognized function of
small feeding period pulses of ecdysteroid (all of which
appear to reprogram gene expression away from an ex-
isting pattern [e.g., Andres et al. 1993; Nijhout 1994,
19994, 1999b; Riddiford 1994, 1996; Gilbert et al. 1996]).
For these reasons, we use this reconstruction to root our
phylogeny in the figures and tables. Specifically, we assume
that the immediate ancestor of this clade had a horn at
the base of the head (H1) that exhibited neither male nor
sexual dimorphism.

However, reconstructing ancestor states is problematic
under the best of circumstances (e.g., Cunningham et al.
1998; Losos 1999), and it is especially risky here because
of the relatively small proportion of included taxa (1% of
the genus) and because of the fact that the initial gain of
horns in these beetles preceded the origin of the genus
(and therefore the period covered by our phylogeny). Con-
sequently, we also consider three alternative ancestor state
reconstructions (sexually dimorphic but not male dimor-
phic, male dimorphic but not sexually dimorphic, and
both sexually and male dimorphic). Importantly, although
these alternatives affect the starting conditions for the pe-
riod covered by this phylogeny, and the default state of
the endocrine mechanism described above, they do not
affect the qualitative result of multiple transformations in
sexual and male dimorphism, nor do they alter the pattern
of correlated evolution of sexual and male dimorphism.
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Results
Evolution of Male Dimorphism in Horn Expression

Most extant Onthophagus taxa have horns at the base of
the head of males (H1, blue). This horn type is recon-
structed as ancestral (Emlen et al. 2005; fig. 5); 24 of the
taxa included in this study had male horns at the base of
the head (thick blue branches, fig. 5A). The ancestor of this
clade is predicted to have been male monomorphic (see
“Methods”), but 17 of the 24 taxa with this horn type are
at present male dimorphic.

Once gained, male dimorphism in the expression of this
horn was lost three times (open red circles, fig. 5A) and
regained once (solid red circle, fig. 5A). Losses of male
dimorphism resulted from populations becoming fixed for
either the horned or the hornless male morphology. Fix-
ation for the horned male form (all males of all sizes
produce the horn) occurred once (lineage leading to the
Onthophagus ferox, O. pentacanthus, O. laminatus, O.
sloanei, and O. mjobergi clade; fig. 5A). Fixation for the
hornless male form (all males of all sizes produce only
rudimentary horns) occurred two times (lineages leading
to O. praecellens and O. evanidus; fig. 5A). In both situ-
ations, populations had linear scaling relationships be-
tween horn length and body size and unimodal frequency
distributions of male horn lengths (e.g., fig. 1C).

Once lost, male dimorphism was subsequently regained
in the lineage leading to O. sloanei. This event is remark-
able in that the polarity of the developmental threshold,
once regained, was reversed. In this species, males smaller
than a threshold body size produce a head horn (H1, blue)
not present in large males (fig. 9C).

Novel male horn types (H2-H5) were gained 15 separate
times in the period covered by this phylogeny (thick red,
purple, green, or orange branches, figs. 6A, 7A). Six of these
new horn types exhibited male-dimorphic expression
(large males produce the horn, but small males do not;
solid red circles, figs. 6A, 7A); nine were male monomorphic
(all males of all sizes produced the horn; open red circles,
figs. 6A, 7A). Figure 7 suggests that thoracic horns (H4,
green) also were ancestral to this genus. However, full
analysis with the 48 species included by Emlen et al. (2005)
suggests that the ancestor to Onthophagus had head (H1,
blue) horns only, and for this reason, we reconstruct the
thoracic (H4, green) horn of O. lanista as a gain of a novel
horn type.

The ancestral horn type (H1, blue) was replaced by one
of these novel horns eight separate times; that is, a new
horn type became the predominant weapon, either eclips-
ing or completely replacing the ancestral horn type. In six
of these instances, the novel horn was male dimorphic.
Thus, in these cases, alternative (horned vs. hornless) male
morphologies were maintained despite major evolutionary

transformations in horn morphology. In two instances,
novel horn types replaced the ancestral horn type without
retaining male-dimorphic expression, resulting in a loss of
body size—dependent alternative male morphologies (O.
sagittarius, O. granulatus; fig. 7A).

Novel horns were added to the ancestral horn type seven
times; that is, they were added as complements to an ex-
isting larger horn. In all seven cases, these secondary horns
were male monomorphic, resulting in several species that
were male dimorphic for the primary horn type and male
monomorphic for secondary horn types (e.g., O. haagi,
O. nigriventris, O. praecellens, O. sloanei).

Combined, these results show evolutionary lability of
this developmental threshold mechanism, with multiple
losses of dimorphic horn expression (through fixation at
either of the alternative male morphologies), with novel
horn types apparently replacing the ancestral horn type as
downstream targets of the threshold mechanism, and with
a reversal of the polarity of the threshold, so that the link
between horn expression and circumstance (e.g., growth
conditions, body size) was reversed.

Evolution of Sexual Dimorphism in Horn Expression

The ancestor of this genus was likely to have been sexually
monomorphic as well as male monomorphic in its ex-
pression of the ancestral horn (H1, blue; see “Methods”),
but 17 of the 24 species with this horn type at present
exhibit sexual dimorphism—no females produce the horn
(table 1; fig. 5).

Once gained, sexual dimorphism in the expression of
this horn type was lost three times (open black squares, fig.
5B) in lineages in which females began producing the horn
(thick blue branches, fig. 5B). Sexual dimorphism was sub-
sequently regained one time (solid black square, fig. 5B).
However, this regain of sexual dimorphism did not involve
a secondary loss of this horn in females. Instead, females
retained the horn, but large males did not. This species
(O. sloanei) was the same species characterized by a re-
versed-polarity male dimorphism: small males and females
produce a head horn (H1, blue) no longer expressed by
large males (fig. 90).

Of the 15 gains of novel male horn types (H2-HS5; thick
red, purple, green, or orange branches, figs. 6A, 7A), five
were sexually dimorphic; that is, they were not expressed
in females (solid black squares, figs. 6B, 7B). Ten of the
novel horn types were sexually monomorphic (i.e., they
were expressed to some extent in females as well as males;
open black squares, figs. 6B, 7B). Interestingly, in one of
these species, female horns are now qualitatively different
from the corresponding male horn (O. sagittarius; red
horns, figs. 2C, 6B). Although both sexes produce horns
at the center of the head (the frons; H2, red), the shape



and precise location of these horns differ. Females produce
a single long horn in the center of the frons, whereas males
produce a pair of shorter horns at the sides of the frons.

Male dimorphism and sexual dimorphism did not
evolve independently (fig. 8). Gains and losses of male
dimorphism in the ancestral horn type (H1, blue) cor-
responded to gains and losses of sexual dimorphism in the
expression of this same horn (concentrated changes test:
2/2 gains, P < .000; 3/3 losses, P < .006; table 2).

Similarly, all nine gains of novel male-monomorphic
horns (i.e., lacking male dimorphism) lacked sexual di-
morphism as well; that is, these horns were expressed in
both females and males (concentrated changes test: 9/9
gains, P <.000). Of the six gains of novel male-dimorphic
horn types, five were also sexually dimorphic (concen-
trated changes test: 5/6 gains, P < .000). Only one horn
in one species failed to fit this pattern. In O. haagi, a male
horn (H2, red) was male dimorphic but also was expressed
in females (fig. 6).

Combined, these results indicate a remarkable corre-
spondence of evolutionary events: gains and losses of male
and sexual dimorphism coincided for 19 of the 20 observed
changes in patterns of horn expression (fig. 8; table 2).
Stated another way, if horns were present in females, they
were also present in small males; if horns were absent in
females, they were also absent in small males. This pattern
holds even within species. A number of species produce
multiple horns, and these different horn types can display
different patterns of expression. For example, in O. prae-
cellens, the male horn at the front of the head (H3, purple)
is male dimorphic (not present in small males), whereas
horns at the base of the head (H1, blue) and on the thorax
(H4, green) are male monomorphic (they are present in
small males; table 1). These within-species, among-horn
differences coincide exactly with among-horn differences
in sexual dimorphism: the horn at the front of the head
(H3, purple) is sexually dimorphic (not present in fe-
males), whereas the other horn types (H1, blue; H4, green)
are not (they are present in females; table 1; fig. 2B).

Alternative reconstructions of the ancestor of this clade
did not alter the qualitative result of multiple transfor-
mations in patterns of horn dimorphism, nor did they
affect the correlated evolution observed between forms of
dimorphism. Assuming that the ancestor had head (HI,
blue) horns that were male dimorphic but not sexually
dimorphic or that the ancestor horns were sexually di-
morphic but not male dimorphic, each resulted in 21
transformations in presence/absence of dimorphism, with
17 of these events involving concerted changes in both
male and sexual dimorphism. Assuming that the ancestor
had head (H1, blue) horns that were both male and sex-
ually dimorphic resulted in 19 of 21 transformations co-
inciding between male and sexual dimorphism.
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Discussion
Evolution of Developmental Thresholds: Lability

It has long been recognized that organisms are constructed
from a hierarchical series of relatively dissociable devel-
opmental subunits, or modules (Needham 1933; reviewed
in Cheverud 1996; Raff 1996; Wagner 1996; Von Dassow
and Munro 1999; Bolker 2000; Raff and Sly 2000; West-
Eberhard 2003; Schlosser and Wagner 2004). Modules have
been described as “fundamental units” of development
(Atchley and Hall 1991) and are generally recognized as
having high genetic and physiological integration within
the module but relatively weak genetic correlation/inte-
gration between modules (for recent reviews, see Cheverud
1996; Raff 1996; Wagner 1996; Raff and Sly 2000; West-
Eberhard 2003). This results in both developmental and
functional dissociability and the potential for alternative
modules to evolve along relatively independent trajectories
(West-Eberhard 2003). Modularity itself has been consid-
ered to be an adaptive/evolved characteristic of organisms
(e.g., Wagner and Altenberg 1996; Williams and Nagy
2001), and it is predicted to have profound consequences
for the directions and speed of morphological and behav-
ioral evolution, leading to rapid transformations of com-
plex phenotypes, recurrent evolutionary reversals between
phenotypic alternatives, the origin of novel phenotypes,
and the evolution of organismal complexity in general
(Alberch 1982; Cheverud 1984; Bonner 1988; Raff 1996;
Wagner 1996; Kirschner and Gerhart 1998; Raff and Sly
2000; West-Eberhard 2003; Schlosser and Wagner 2004).

Many aspects of development have been described as
modular, ranging from genetic and physiological processes
(e.g., the patterning network responsible for defining seg-
ment polarity in insects; Von Dassow et al. 2000) to limb
primordia (Jockusch et al. 2000; Williams and Nagy 2001),
sequential metamorphic developmental stages (e.g., larval
and adult forms; Nijhout 1999b), and facultatively ex-
pressed alternative phenotypes (i.e., polyphenisms; West-
Eberhard 1992, 2003; Raff 1996; Nijhout 19994).

Insect polyphenisms may comprise some of the most
conspicuous and intuitive examples of developmental
modularity (West-Eberhard 1989, 1992, 2003; Brakefield
et al. 1996; Raff 1996; Nijhout 19994; Abouheif and Wray
2002). Polyphenisms generally result from a threshold
mechanism that couples expression of phenotypic alter-
natives with external circumstances encountered by ani-
mals as they develop (e.g., Nijhout and Wheeler 1982;
Hardie and Lees 1985; Zera and Denno 1997; Nijhout
19994; Dingle 2002; Hartfelder and Emlen 2004). These
thresholds typically coordinate the expression of suites of
morphological, physiological, and behavioral traits and can
generate extreme differences between the developmental
alternatives (e.g., stem and catkin mimicking forms of ge-
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Figure 8: Correlated evolution of male and sexual dimorphism in the expression of beetle horns. Losses of male dimorphism in the expression of
the ancestral horn type (H1) and gains of novel horn types (H2-H5) that were male monomorphic are shown by open red circles. Gains of male
dimorphism (H1) and gains of novel horns (H2—H5) that were male dimorphic are shown by solid red circles. Similarly, losses of sexual dimorphism
in the ancestral horn type and gains of novel horns that were sexually monomorphic are shown by open black squares. Gains of sexual dimorphism
and gains of novel horns that were sexually dimorphic are indicated by solid black squares. In 19/20 instances, changes in sexual dimorphism

coincided with corresponding changes in male dimorphism (table 2).
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Table 2: Correlated evolution of male and sexual dimorphism

Male Sexual No.
Horn type dimorphism  dimorphism  coinciding P
H1 (ancestral horn type):
Gains of dimorphism 2 2 2/2 .000
Losses of dimorphism 3 3 3/3 .006
H2, H3 (novel head horns):
Gains with dimorphism 3 2/3 .006
Gains without dimorphism 1 1/2 .074 NS
H4, H5 (novel thorax horns):
Gains with dimorphism 3 3 3/3 .000
Gains without dimorphism 8 8 8/8 .000
Total gains of dimorphism 8 7 7/8 .000
Total losses of dimorphism 12 13 12/13 .000

Note: Presence/absence of dimorphism was scored for each horn type (H1-H5) and species and was
mapped on the phylogeny as two-state characters (monomorphic, dimorphic). Concentrated changes tests

were performed to determine whether gains (or losses) of sexual dimorphism were concentrated on branches
of the tree associated with gains (or losses) of male dimorphism (and vice versa) using MacClade 4.0.
Bonferroni correction for P values (o« = 0.05) = 0.006. NS = not significant.

ometrid caterpillars [Greene 1989]; reproductive and sol-
dier castes in ants [Wilson 1971; Wheeler 1991], termites
[Liischer 1960; Noirot and Pasteels 1987; Miura 2001],
and aphids [Stern and Foster 1996; Stern et al. 1996]; and
fighting and dispersing male bees [Kukuk and Schwarz
1988; Danforth 1991]).

In all of these examples, both the threshold mechanism
itself and the downstream phenotypic alternatives regu-
lated by the threshold are predicted to act as relatively
independent modules (West-Eberhard 1992, 2003). Thus,
selection should be able to affect the regulation of trait
expression without affecting the form of the traits them-
selves, and vice versa (disassociation of threshold and phe-
notype; Raff and Kaufman 1983; West-Eberhard 1992,
2003; Roff 1996). For example, swallowtail butterfly cat-
erpillars molt into either a green or brown pupa depending
on the substrate they encounter at the time of pupation
(Hazel 1995). A recent comparative study of the endocrine
mechanisms regulating pupal color polyphenism dem-
onstrated that both the peacock butterfly (Inachis io) and
the black swallowtail butterfly (Papilio polyxenes) utilize
the same signal hormone (pupal melanization—-reducing
factor [PMRF]) but that the effects of this hormone are
reversed: high levels of PMREF trigger a switch from brown
to green pupal color in I io and a switch from green to
brown pupal color in P. polyxenes (Starnecker and Hazel
1999). Thus, the regulatory mechanism has changed, but
the downstream phenotypes (pupal colors) have not
(West-Eberhard 2003).

Threshold mechanisms are also predicted to facilitate
independent (even divergent) evolution between the
downstream phenotypes so that changes in one of the
forms may arise with little or no effects on the alternative

form (reviewed in West-Eberhard 1992, 2003; Emlen and
Nijhout 2000). Finally, threshold mechanisms are pre-
dicted to lead to apparent evolutionary reversals and/or
recurrences, as populations become fixed for one or the
other morph (West-Eberhard 1989, 1992, 2003). Beetle
horns, and in particular male and sexual dimorphism in
the expression of horns, provide empirical support for all
of these predictions.

Several recent studies have demonstrated that the
threshold body size associated with male horn expression
can evolve rapidly (Kawano 19954, 1995b; Emlen 1996;
Moczek et al. 2002; Moczek and Nijhout 2003; Rowland
2003), and major shifts in this developmental threshold
appear to have occurred with little impact on the mor-
phologies of the alternative forms themselves. That is, ge-
netic changes in the threshold mechanism (e.g., the critical
body size) did not alter the downstream phenotypes (e.g.,
the horns) regulated by this mechanism.

Here, we demonstrate that the reverse scenario may also
be important. We show that downstream phenotypes can
evolve without apparent changes to the regulatory mech-
anism (e.g., the threshold). Six separate times, the physical
location of male horns changed dramatically without ap-
parent changes to the threshold (branches leading to On-
thophagus sharpi, O. praecellens, O. hecate, O. haagi, O.
nigriventris, and O. binodis). This suggests that in these
beetle lineages, novel traits were subsumed within an an-
cestral regulatory (threshold) mechanism, maintaining a
body size—dependent dimorphism in horn expression de-
spite changes in the physical location of the developing
horn.

Beetle horn evolution supports the second prediction
as well: major evolutionary transformations in the shape
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(horn morphology) and/or the relative size (horn scaling/
allometry) of horns of large males have occurred with little
or no corresponding changes to the morphology of minor
males or females (Kawano 19954, 1995b; Emlen and Ni-
jhout 2000; Rowland 2003; West-Eberhard 2003; Emlen et
al. 2005), and changes to the relative sizes of horns in
small males have occurred without affecting the expression
of horns in large males (Kawano 19954). Thus, the thresh-
old mechanisms generating both male and sexual dimor-
phism appear to have facilitated relatively independent
trajectories of evolution of large males, small males, and
females.

Finally, we provide clear evidence that populations can
lose dimorphism. Male dimorphism in horn expression
was lost at least three times, resulting in populations fixed
for the horned (one event) as well as for the hornless (two
events) downstream male phenotype. Sexual dimorphism
in horn expression was lost at least 13 times, resulting in
both sexes producing the horn.

The most remarkable evidence of modularity of horn
development occurred in the Australian species O. sloanei.
In this beetle lineage, the ancestral situation of male-
dimorphic horn expression appears to have been first lost
and then subsequently regained, but the polarity of the
threshold, once regained, was reversed. In this species, and
to our knowledge in this species only, small males produce
a horn (H1, blue) not expressed in large males (fig. 9C).
Although the morphology of the horn does not differ no-
ticeably from its sister taxa (O. laminatus), the conditions
under which this horn is expressed have changed dra-
matically. In O. laminatus, all males of all sizes develop
the horn, whereas in O. sloanei only the smallest males
do. Unfortunately, almost nothing is known about the
behavior of this species (Matthews 1972), and the signif-
icance (if any) of this reversed pattern of horn expression
remains unclear.

In summary, our comparative studies of the evolution
of two threshold mechanisms reveal an extraordinary ca-
pacity for change (i.e., evolutionary lability), with multiple
transformations in downstream phenotypes, multiple
losses of facultative horn expression, and a complete re-
versal of the polarity of a developmental threshold.

Evolution of Developmental Thresholds: Constraint

Horn production by small males and females coincided
more frequently than expected by chance. Whenever fe-
males produced a horn, small males also produced the
horn, and vice versa (41/42 horns in this study). This
pattern was evident from correlated changes in the pres-
ence/absence of each form of dimorphism (gains and
losses of male and sexual dimorphism coincided for 19 of
20 events). It was also evident from the conspicuous ab-

sence of two of the four possible combinations of male
and sexual dimorphism: despite at least 20 separate gains
and losses each of male and sexual dimorphism, no On-
thophagus horn exhibited sexual dimorphism without also
being male dimorphic, and only one horn (H2, red, in O.
haagi) exhibited male dimorphism without also being sex-
ually dimorphic (fig. 10). Clearly, these two forms of di-
morphism have not evolved independently. Why not?

One possibility is that beetle populations have experi-
enced a history of common selection on these two classes
of individuals so that whenever selection favored female
horns, it also favored small males with horns. However,
such a consistent pattern of shared selection would appear
unlikely for two reasons. First, species included in this
study evolved under a tremendous diversity of social and
physical situations, providing ample opportunities for se-
lection on females and small males to diverge (e.g., pop-
ulation densities ranging from sparse to abundant, habitats
ranging from tropical wet forests to grasslands and desert,
and food sources ranging from dispersed and highly
ephemeral to uniformly and consistently abundant). Sec-
ond, females and small males use their horns in different
contexts.

Females of all studied Onthophagus species dig tunnels
into the soil beneath dung and pull dung into these tunnels
to provision eggs (O. acuminatus [Emlen 1994, 1997a], O.
taurus [Moczek and Emlen 2000; Hunt and Simmons
2002; Hunt et al. 2002], O. gazella, O. hecate, O. nigriven-
tris, O. nuchicornis, O. sagittarius []. Marangelo, D. Emlen,
and L. Simmons, unpublished data]). Females occasionally
fight with other females over tunnel ownership, and horns
(if present) may aid females in these contests. However,
horns are expensive to produce (Hunt and Simmons 1997;
Emlen 2000, 2001), and Fitzpatrick et al. (1995) argue that
fecundity costs of secondary sexual traits may represent a
significant barrier to their evolution in females. As a result,
horn expression may be cost effective for females only
when levels of female-female aggression are high (e.g., high
population densities).

Males use horns in contests with rival males over access
to tunnels containing females (Emlen 19974, 2000; Moczek
and Emlen 2000; Hunt and Simmons 2002), and large
males experience directional selection for increases in horn
length because long horns help males win battles (Hunt
and Simmons 2001). Small males are relatively ineffective
at guarding tunnels and often adopt an alternative, less
aggressive tactic: they sneak into guarded tunnels on the
sly (Cook 1990; Emlen 1997a; Hunt and Simmons 2000,
2002; Moczek and Emlen 2000). Sperm from small males
must compete with sperm from large guarding males (who
reside inside tunnels and mate with females more fre-
quently), and in some Onthophagus species, these small
males invest disproportionately into testes volume and
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Figure 9: For beetle horns exhibiting dimorphic patterns of expression, the horn lengths of small males and females scale similarly (A-C), suggesting
that horn growth in these animals has been reprogrammed in the same direction and to the same extent relative to large males. This pattern holds
across horn types (e.g., head horns [H1, blue] in Onthophagus taurus [A] and thorax horns [H4, green] in O. nigriventris [B]). It also holds when
the polarity of these thresholds has been reversed; in O. sloanei (C), small males and females produce a head horn (H1, blue) not expressed in large
males. For beetle horns lacking dimorphism, the horns of small males and females scale differently (e.g., head horns [HI, blue] in O. pentacanthus

[D]). Solid circles = males; open circles = females.

sperm production (Simmons et al. 1999; Tomkins and
Simmons 2000). Recent work suggests that males may be
faced with a trade-off between investment in genitalia and
horns (Moczek and Nijhout 2004), and horn growth neg-
atively impacts testes mass (L. W. Simmons and D. J. Em-
len, unpublished data). Therefore, small males in some
environments (e.g., high population densities) may benefit
from dispensing with horn production and allocating re-
sources to gamete production.

Thus, horn expression in females and small males is
expected to result from different types of selection acting

on different classes of individuals, and there is no a priori
reason to expect that the direction and nature of these
agents of selection should have coincided during the his-
tory of this genus. In fact, at least one relevant aspect of
the environment (population density) appears to select in
opposite directions on these two classes of individuals,
favoring females with horns (sexual monomorphism) and
small males without horns (male dimorphism).

The striking convergence in evolution of these two phe-
nomena raises the possibility that these changes in patterns
of horn expression could be maladapted in at least one of
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Figure 10: Four possible combinations of male and sexual dimorphism
in beetle horn expression. Graphs illustrate representative patterns of
scaling for horns exhibiting male monomorphism (fop) or male dimor-
phism (bottom) and sexual monomorphism (left) and sexual dimorphism
(right). Black bars = males; gray bars = females. None of the 42 horns
included in this study were male monomorphic and sexually dimorphic
(top right), and only one horn was male dimorphic and sexually mono-
morphic (bottom left). Nineteen horns were both male and sexually
monomorphic (top left); 22 horns were both male and sexually dimorphic
(bottom right). All but one of the evolutionary transformations in horn
dimorphism involved transitions between these two states.

the two contexts. If these two forms of dimorphism are
genetically correlated—Ilinked developmentally and ge-
netically because of shared elements of their endocrine
regulatory mechanisms—then changes in one mechanism
would necessarily generate corresponding changes in the
other, even if the latter were not advantageous.

In fact, these two mechanisms do share at least one
critical component of their endocrine regulation: both
small males and females use a brief pulse of ecdysteroids
to shut off, or “reprogram,” proliferation in the cells that
will form the horns (Emlen and Nijhout 1999; red arrows,
fig. 4). This suggests that these two mechanisms may not
be independent of each other. Even though the upstream
cues associated with horn expression differ for male di-
morphism (nutrition, body size) and sexual dimorphism
(genetic factor[s] associated with sex), they both appear
to rely on a pulse of the same hormone at the same time
to switch the developmental fate of horn cells. If true, then
during the history of this genus, any breakdowns that
occurred to this component of the regulatory mechanism
could have resulted in simultaneous losses of both forms
of horn dimorphism.

One prediction from this hypothesis is that the relative

lengths of horns in small males and females should be
similar. If horn growth in these animals is reprogrammed
by the same endocrine event, then the relative amounts
of proliferation that do occur in these cells should occur
similarly in both small males and females. In fact, the horn
lengths of small males and females are similar (i.e., they
scale similarly with variation in overall body size). The
best illustration of this is again provided by the Australian
species O. sloanei. In this lineage, both male dimorphism
and sexual dimorphism have been lost and then regained,
and the polarity of both mechanisms has been reversed;
small males and females produce a horn that is not ex-
pressed in large males, and the lengths of these horns scale
similarly for both small males and females. Consequently,
we propose that male dimorphism and sexual dimorphism
may have evolved in concert in this genus at least in part
because these two phenomena share a critical component
of their endocrine regulatory mechanisms.

Cross-sexual transfers of dimorphic mechanisms of trait
expression have been proposed for the evolution of male
dimorphism in bees (Bego and de Camargo 1984; Kukuk
and Schwarz 1988; Danforth 1991) and ants (Yamauchi
and Kinomura 1993; Heinze and Trenkle 1997; reviewed
in West-Eberhard 2003). In this case, we suggest that male
dimorphism in beetle horn expression may have evolved
initially through small males co-opting the regulatory
mechanism responsible for reprogramming horn growth
in females. This would explain both the apparent sharing
of an endocrine pulse and the similarity of relative horn
sizes of small males and females. Furthermore, it would
explain the concerted evolution of these two phenomena:
losses of dimorphism in one context occurring simulta-
neously with losses of dimorphism in the other context.

Although the reverse situation (sexual dimorphism
evolving through co-option of an existing mechanism of
male dimorphism) could also explain these patterns, we
suggest that this latter situation is less likely for two rea-
sons. First, exaggerated morphological structures (e.g.,
weapons) are generally thought to be more costly for fe-
males then they are for males because of potential trade-
offs with fecundity/reproduction (e.g., Fitzpatrick et al.
1995; Martin and Badyaev 1996; Cuervo and Meller 1999).
If true, then selection against horn production would have
been relatively stronger in females than it was in small
males. Second, changes in female horn expression affect
the morphology of all females of all body sizes, whereas
changes in horn expression in small males affect only a
subset of the males. This would have provided a greater
opportunity for selection to act on female horns than on
the horns of small males (e.g., Roff 1996; West-Eberhard
2003). For these reasons, we suggest that repeated losses
of dimorphism in beetle horn expression reflect recurring
selection for the expression of female horns, which arose



through breakdowns in the endocrine mechanism respon-
sible for generating sexual dimorphism in horn expression.
Furthermore, we suggest that these gains of female horn
expression also resulted in simultaneous losses in the de-
velopmental capacity for generating male dimorphism in
horn expression. Further studies will be needed to explore
the selective consequences of horn expression in both small
males and females.

Reconstructing the Evolution of
Developmental Mechanisms

Only rarely is it possible to combine knowledge of how a
focal phenotype has changed over time with knowledge of
how underlying aspects of the development of that char-
acter have changed. Here, we capitalize on existing studies
of the hormonal control of horn development in the beetle
species O. taurus and use this information to inform our
comparative study of beetle horn expression. Integrating
these research perspectives provides a first glimpse of how
two endocrine regulatory mechanisms may have been
modified through time to yield the observed transfor-
mations in expressed phenotype.

Mapping the presence/absence of dimorphic patterns of
horn expression onto our phylogeny suggests the following
sequence of events: horns at the base of the head (HI,
blue) appear to have arisen in the immediate ancestor of
the tribes Onthophagini, Oniticellini, and Onitini (see
“Methods”; Villalba et al. 2002; Philips et al. 2004) as
structures exhibiting neither male nor sexual dimorphism;
that is, they were expressed to some extent by all individ-
uals. Male and sexual dimorphism in horn expression
arose later, apparently after onthophagines had diverged
from their sister tribes, but still relatively early in the his-
tory of this genus. Once gained, both forms of dimorphism
were subsequently lost multiple times, and in one lineage,
they appear to have been regained.

Consequently, our data suggest that head horn growth
arose as the neutral, or default, pattern of development in
Onthophagus beetles and that both male dimorphism and
sexual dimorphism were gained later as superimposed lev-
els of developmental control. Horn growth may have been
suppressed by an evolutionary gain of a small ecdysteroid
pulse at the end of the larval feeding period that inhibited
proliferation in horn cells. Coupling the secretion of this
hormone pulse with poor nutrition, or with female-specific
genetic factors, would have generated male and sexual di-
morphism in horn expression.

This historical sequence is biologically plausible for sev-
eral reasons. First, it is consistent with studies of the en-
docrine regulation of expression of a number of sexually
selected traits, where both males and females share a de-
fault developmental trajectory of trait production (e.g.,
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showy male plumage in peacocks and mallards) and where
production of the trait is secondarily suppressed in females
by secretion of a steroid hormone (these estrogen-depen-
dent mechanisms appear to be the ancestral form of sexual
dichromatism in birds; Owens and Short 1995; Kimball
and Ligon 1999). Second, it is consistent with phylogenetic
studies of fly eye stalks and frog fangs, both of which show
early forms of the sexually selected trait expressed in both
males and females, and dimorphic trait expression arising
later (Emerson 1994; Baker and Wilkinson 2001). Finally,
this scenario is consistent with endocrine studies of insect
development, which implicate small pulses of steroid hor-
mone in the reprogramming of fates of specific traits (e.g.,
a small feeding period pulse of ecdysone switches the fate
of lepidopteran wing cells so that they initiate pupal rather
than larval patterns of gene expression; Kremen and Ni-
jhout 1989).

However, several alternative reconstructions for the evo-
lution of these mechanisms are also possible, and we briefly
discuss one important alternative here. What if ontho-
phagine horns are much more ancient structures than we
have suggested? If beetle horns arose for the first time in
a common ancestor of the dung beetle subfamily Scara-
baeinae (approximately 55 million years ago [mya]; ~5,000
species) or even as far back as the common ancestor of
the superfamily Scarabaeoidea (approximately 160—200
mya; ~35,000 species), then the horns of onthophagine
dung beetles would be homologous with the horns of rain-
bow scarabs (genus Phanaeus), rhinoceros beetles (sub-
family Dynastinae), and flower beetles (family Cetoniidae).

If horns evolved in any of these more ancient common
ancestors, then they would have been lost completely and
regained repeatedly in the history of the scarabs. This raises
the possibility that the hornless lineage leading to the genus
Onthophagus was secondarily hornless; presumably, these
beetles would have inherited a default and ancient devel-
opmental pattern of horn growth that was already sup-
pressed by an ecdysteroid pulse present in all individuals.
The gain (actually a regain) of horns in the immediate
ancestor of Onthophagus could then have occurred by an
evolutionary loss of secretion of the ecdysteroid pulse, dis-
inhibiting the production of horns. Interestingly, if loss of
this pulse occurred only in large males, then a single event
could have generated horns, as well as both forms of horn
dimorphism, at the same time—they would, in fact, reflect
the same event. Although this scenario could explain the
simultaneous gain of both male and sexual dimorphism
in horn expression, it cannot account for their subsequent
patterns of correlated evolution (losses and regains of this
pulse always occurring together in both small males and
females), especially given the extraordinary evolutionary
lability demonstrated by other components of these reg-
ulatory mechanisms.
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We draw attention to this alternative possibility because
it could mean that the immediate ancestor of Onthophagus
possessed horns that were both sexually and male dimor-
phic, the opposite of what we have assumed for this article.
This alternative ancestor state reconstruction could also
explain why sexual and male dimorphism occur so fre-
quently across the horned beetles and why so many beetle
species bear horns—a question that has haunted biologists
for well over a century (e.g., Darwin 1871; Arrow 1951).
Fortunately, each of these evolutionary hypotheses makes
explicit predictions regarding the endocrine regulation of
horn expression in related beetle lineages, and future com-
parative endocrinological studies should help resolve these
questions.

In conclusion, by mapping two forms of dimorphism
onto a phylogeny, we begin to reconstruct the evolution
of two threshold mechanisms regulating horn develop-
ment. Our comparative study provides ample evidence of
the evolutionary lability that is predicted to arise from the
incorporation of thresholds into trait development. But
we also see striking evidence of constraint: two phenomena
apparently linked both developmentally and evolutionarily
as a result of a shared component of their endocrine reg-
ulatory mechanisms.
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