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Costs and the Diversification of
Exaggerated Animal Structures

Douglas ). Emlen

Sexual selection can favor production of extravagant ornaments and weapons
in the contest for access to the opposite sex. Existing explanations for the
diversity of sexually selected structures focus on reproductive benefits con-
ferred by particular ornament or weapon morphologies. Here, | show that costs
of weapon production also may drive patterns of weapon evolution. In beetles,
production of horns reduces the size of neighboring morphological structures
(antennae, eyes, or wings, depending on the location of the horns), and these
tradeoffs reveal unexpected functional associations between ecology and horn
morphology. This study illustrates a critical but overlooked role of costs in
sexual selection and has implications for understanding the evolution of animal

morphology.

From the tail coverts of peacocks to the ant-
lers of elk and the horns of beetles, competi-
tion for access to mates (sexual selection) is
credited with the evolution of nature’s most
extreme animal forms (7, 2). Sexually select-
ed structures are impressive for their variabil-
ity as well as their size. Closely related spe-
cies frequently produce very different types
of ornaments or weapons, suggesting rapid
evolutionary diversification of these struc-
tures. Yet, the question of why species differ
in the form and not just the size of the
structures they produce remains unanswered
for most sexually selected traits. Proposed
mechanisms for this structural diversity have
focused on the reproductive benefits of par-
ticular ornament or weapon morphologies (/—
9). Here, I suggest a mechanism for the di-
versification of exaggerated animal structures
that focuses on the costs, rather than the
benefits, of producing these traits. I illustrate
the utility of this approach with a compara-
tive study of beetle horns.

Thousands of beetle species produce
horns (10, 11). Beetle horns reach gigantic
proportions and occur in diverse shapes and
locations. One dung beetle genus alone
(Onthophagus; Coleoptera: Scarabaeidae)
contains more than 2000 described species,
with hundreds of different types of horns that
can arise from the front, middle, or back of
the head, or from the front of the thorax
(12-15). Yet, despite this diversity, most bee-
tle horns function in the same basic way. In
dung beetles, for example, male horns are
used to block entrances to underground tun-
nels containing females (16—20). Regardless
of whether they extend from the front of the
head, the back of the head, or the thorax,
horns help males keep rivals out of a tunnel,
and larger horns are more effective than
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smaller horns (/8—20). Thus, the reproductive
benefits of horn production may explain why
horns are large, but they cannot explain why
beetle horns occur in so many different forms
and in so many varied locations on the ani-
mals. Consideration of the functional costs of
producing horns may help explain why they
vary in form.

Production of a morphological structure of-
ten comes at a cost to the development of other
morphological traits because of competition be-
tween traits for limited resources. Indeed, large
structures can stunt the growth of other organs
(21-24), and this is true of beetle horns. There
is a tradeoff between beetle horns and eyes, an
adjoining trait (20, 23, 25); experiments per-
turbing male horn expression revealed a nega-
tive genetic correlation between horn size and
eye area (20, 23). However, I show here that the
functional cost of horn expression varies de-
pending on the location of the horn because
different horn locations influence different mor-
phological traits.

I examined morphological tradeoffs
from horn production for three species of
beetle that differ in the location of their
horns (Fig. 1). Samples of beetles were
collected from wild populations and were
measured for horn size as well as antenna,
eye, and wing size. Relative trait sizes were
calculated as residuals from regressions of
trait size on a measure of overall body size
(prothorax width), and tradeoffs were mea-
sured as negative phenotypic correlations
between relative trait sizes.

In all three species, tradeoffs were present
in the sex that expressed enlarged horns (Fig.
2), and the strength of the tradeoff decayed
with physical distance from the homns (i.e.,
horns reduced the relative size of nearby
structures more than that of distant structures)
(Fig. 3). Animals with horns at the front of
the head had proportionately smaller anten-
nae; animals with horns at the base of the
head had proportionately smaller eyes; and
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animals with horns on the thorax had propor-
tionately smaller wings. Physically adjacent
traits were between 20 and 28% smaller in
individuals with enlarged horns than in con-
specific individuals without horns (26). Thus,
the functional cost of horn expression (re-
duced and/or impaired olfaction, vision, or
flight) depends on the location of horns pro-
duced, which differs from species to species.

This variation in the functional cost of
horn production may interact with the ecolo-
gy of beetles to influence the evolution of
horn location. Beetles in the genus
Onthophagus inhabit varied physical envi-
ronments, ranging from tropical wet forest to
desert, and they feed on dung from antelope,
elephants, rabbits, kangaroos, emus, tapirs,
horses, and monkeys, to name just a few.
Once they locate dung, female beetles exca-
vate brood chambers in the soil beneath the
dung, and males use their horns to guard the
tunnels leading to these underground cham-
bers (16-19, 27). Although horns appear to
function in guarding tunnels in all species,
the physical and social situations beetles en-
counter before getting to the tunnel vary ex-
tensively among species. Beetles in all envi-
ronments are likely to need to smell, see, and
fly. However, the relative importance of these
functions may vary depending on the charac-
teristics of each species’ environment; as a
result, some horn types may be more costly to
produce than others.

One example involves the timing of flight
activity of beetles. Nocturnal species of dung
beetle have larger eyes than diurnal species,
and are better at seeing in low-light condi-
tions (28); horns at the base of the head,
because they lead to reductions in the size of
the eyes, may be more costly to nocturnal
species than to diurnal ones. Thus, if the
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Fig. 1. Physical locations of beetle horns. (A)
Males of O. sharpi produce a horn that extends
from the front of the head. (B) Males of an
unidentified Onthophagus species sampled
from lowland forests of Ecuador produce a pair
of horns that extend from the base of the head.
(C) Females of O. sagittarius produce two
horns, one extending from the thorax and the
other from the center of the head. (D) Horns in
different locations develop adjacent to differ-
ent structures. Horns at the center or front of
the head (red) develop closest to growing an-
tennae, horns at the base of the head (blue)

develop nearest to eyes, and horns on the
thorax (green) develop nearest to wings.
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functional costs of horn production have in-
fluenced the evolutionary diversification of
horns, then nocturnal species will be less
likely than diurnal species to have horns at
the base of their head. Horns in other physical
locations (e.g., on the front of the head or the
thorax) are not expected to be influenced by
the diurnal or nocturnal activity of beetles
because these horns do not reduce eye area as
strongly (Fig. 3).

I used published accounts of morphology
and behavior to test these predictions about
the associations between the timing of flight
activity and patterns of interspecific variation
in horn morphology. Each of 161 Onthoph-
agine beetle species (74 nocturnal, 87 diur-
nal) (29) was scored as having either large
horns, or reduced or nonexistent horns, at the
base of the head, the front of the head, or on
the thorax. Nocturnal species were signifi-
cantly less likely to have large horns at the
base of their head than diurnal species (Fig.
4). In contrast, and as predicted, the presence
of horns at the front of the head or on the
thorax in these same species was independent
of whether they were diurnal or nocturnal
(Fig. 4). These results suggest that costs of
horn production have indeed interacted with
the ecology of species to influence the evo-
lutionary diversification of horn morphology.

Similar predictions can be generated for
other aspects of beetle ecology. Species using
dung that is sparsely or widely distributed
may rely more heavily on efficient flight
capabilities than species that use dung sourc-
es that are densely or uniformly distributed.
Thoracic horns, which reduce relative wing
size, may be prohibitively costly in these
taxa. Likewise, ecological factors influencing
the dispersal of dung odors may affect the
relative profitability of horns at the front of
the head, because these horns lead to reduc-
tions in antenna size. Although data are lack-
ing to test these additional hypotheses, they
illustrate the potential for this approach to
help explain the evolution of exaggerated
structures in animals. In each instance, pre-
dicted associations between horn morphology
and ecology depend on the costs of producing
the trait rather than on the reproductive ben-
efits of the trait itself, providing fresh insight
to old problems regarding the diversity of
sexually selected structures.

How generalizable is this approach? The
idea that different ornament or weapon mor-
phologies generate different functional costs
may help explain the evolution of a variety of
exaggerated structures. The specific costs dem-
onstrated in this study (i.e., reduced size of
nearby structures) should exist when two con-
ditions are met: (i) the enlarged structures are
produced coincident with the rest of the adult
morphology (i.e., during ontogeny, when they
may influence other growing structures) and (ii)
resources are limiting for at least part of this
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period. Insects with complete metamorphosis
meet these criteria because exaggerated struc-
tures are produced before the adult stage and
because growth of the adult traits (including the
exaggerated structures) occurs during a period
of resource limitation—after larvae have ceased
feeding and at a time when stored resources
must be distributed among growing adult traits
(21, 23). Thus, beetle horns grow when resourc-
es are limiting and when horn growth could
affect the growth of other simultaneously grow-
ing adult structures. Similar tradeoffs are likely
for the multitude of exaggerated insect struc-

tures, most of which occur in species with
complete metamorphosis (30) and in which
these two conditions are met. In contrast, struc-
tures such as cervid antlers and avian tail
plumes may not be expected to generate size-
reductions of neighboring traits because these
traits are produced after the adult morphology is
established (they are shed and regrown repeat-
edly during the adult period). Whether other
functional costs vary with these exaggerated
animal structures remains to be investigated.
This study reveals a mechanism for the evo-
lutionary diversification of sexually selected
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Fig. 2. Functional costs of beetle horns. In each species, the relative size of horns was negatively
correlated with the relative size of the nearest neighboring structure (antennae, eyes, or wings), and
these developmental tradeoffs were present only in the sex-expressing enlarged horns. (A) O.
sharpi males (top) produce a horn at the front of the face (red), and males with the longest horns
relative to their body size had proportionately smaller antennae (measured as a negative pheno-
typic correlation between relative horn area and relative antenna mass). Female O. sharpi (bottom)
do not produce enlarged horns and do not have negative correlations with antenna size. (B) In an
unidentified Onthophagus species from Ecuador, males (top) produce a pair of horns extending
from the base of the head (blue), and the relative length of male horns was negatively correlated
with the relative area of eyes. Females of this species (bottom) do not produce enlarged horns and
show no evidence for tradeoffs with eyes. In both of these species, “horn” size in females was
estimated as the area of the comparable region of head cuticle (shown in red, or blue, as
appropriate). (C) In O. sagittarius, females produce two horns (top), one extending from the thorax
(green), and a second from the center of the head (red), and relative female horn length was
negatively correlated with the relative mass of both wings and antennae (horns versus wings
shown). Males of O. sagittarius produce only minimal horns extending from the front of the face
(bottom), and these small horns are not negatively correlated with antennae (the closest neigh-
boring trait). This third species provides the most convincing evidence for developmental tradeoffs
associated with horn expression because females rather than males produce the enlarged horns,
and females also show location-specific patterns of negative phenotypic correlation with adjoining

structures.
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Fig. 3. Functional costs of beetle horns
depend on the physical location of the
developing horns. Horn production is
associated with reductions in the sizes

of nearby structures (shown as negative antennae

phenotypic correlations between rela- eyes

tive horn size and the relative size of wings

antennae, eyes, or wings), so that horns

at the center or front of the head (red)

reduce the size of antennae, horns at

the base of the head (blue) reduce the

size of eyes, and horns on the thorax  gntennae

(green) reduce the size of wings. For eyes

each species, the sex with enlarged .
wings

horns is shown in the top panel, and the

sex without horns is shown below (spe-
cies as in Figs. 1 and 2). Asterisk indicates significance (P < 0.05) after Bonferroni correction for
multiple comparisons.

Fig. 4. Association between horn morphology and ecol-
ogy. Each of 161 onthophagine species (74 nocturnal, 87
diurnal) (29) was scored as having either enlarged horns
or reduced or no horns at the front of the head (red), the
base of the head (blue), or on the thorax (green). Noc-
turnal species (solid bars) were significantly less likely to
have horns at the base of their heads than diurnal species
(dashed bars) (18 nocturnal species had horns at the base
of the head, 56 did not; 50 diurnal species had horns at
the base of the head, 37 did not; two by two contingency
test for independence of head-horn presence and diel
activity: x> = 16.531, P < 0.001). Horns at the front of
the head and horns on the thorax were not associated
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with timing of flight activity in these beetle species (14

nocturnal species had horns at the front of the head, 60 did not; 14 diurnal species had horns at
the front of the head, 73 did not; x? = 0.222, P > 0.5; 16 nocturnal species had horns on the thorax,
58 did not; 20 diurnal species had horns on the thorax, 67 did not; x? = 0.043; P > 0.75). These
results suggest that functional costs of horn production interact with the ecology of species to
shape the evolutionary diversification of beetle horns.

structures that focuses on the costs of trait pro-
duction. Exaggerated sexually selected orna-
ments or weapons may cost animals in a variety
of ways, such as impaired locomotion (3/-33),
increased risk of predation (34), reduced via-
bility or survival (35), impaired immune re-
sponse (36), and stunted growth of nearby or-
gans (20-23). Costs of exaggerated animal
structures need not be the same for all versions
of the structure, and selection to minimize costs
might favor new forms or locations for the
exaggerated traits. Thus, functional costs of
producing enlarged structures may affect the
outcome of sexual selection and lead to predict-
able, although previously unanticipated, associ-
ations between morphology and ecology.
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