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The fitness advantage of a high-performance weapon
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Weapons used in combat between males are usually attributed to sexual selection, which operates via a fitness
advantage for males with weapons of better ‘quality’. Because the performance capacity of morphological traits is
typically considered the direct target of selection, Darwin’s intrasexual selection hypothesis can be modified to
predict that variation in reproductive success should be explained by variation in performance traits relevant to
combat. Despite such a straightforward prediction, tests of this hypothesis are conspicuously lacking. We show that
territorial male collared lizards with greater bite-force capacity sire more offspring than weaker biting rivals but
exhibit no survival advantage. We did not detect stabilizing or disruptive selection on bite-force capacity. Taken
together, these results support the hypothesis that superior weapon performance provides a fitness advantage
through increased success in male contests. Sexual selection on weapon performance therefore appears to be a force

driving the evolution and maintenance of sexual dimorphism in head shape.
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INTRODUCTION

Males of many animal species possess exaggerated
structures that do not appear to serve a purpose in
survival but that play a significant role during
intrasexual conflicts over access to mates by inflict-
ing injuries on rivals (Andersson, 1994; Berglund,
Bisazza & Pilastro, 1996). Such structures constitute
weapons. Subsequent to Darwin, the evolution of
weapons has been hypothesized to be the result of
sexual selection; a fitness advantage is enjoyed by
males with higher ‘quality’ weapons due to an
increase in the likelihood of success during conflicts
(Darwin, 1871; Andersson, 1994). Classic studies of
presumed sexually-selected traits have typically
focused on the intensity of sexual selection on mea-
sures of weapon anatomy (Andersson, 1994), leaving
the term ‘quality’ ambiguous in an evolutionary
context (Lailvaux & Irschick, 2006; Irschick et al.,
2007). Recent work, however, has revealed that
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the performance capacity of complex structures (i.e.
‘whole-animal performance’; Arnold, 1983) is a direct
target of selection, and the evolution of morphology
underlying performance traits occurs secondarily
(Arnold, 1983; Le Galliard, Clobert & Ferriere, 2004;
Irschick et al., 2008). Thus, sexual selection on per-
formance traits, and, indirectly, their underlying mor-
phology, may ultimately contribute to the evolution
and maintenance of sexual dimorphism.

We propose that appropriately chosen measures of
performance provide a quantitative metric of weapon
‘quality’ in a biologically relevant context (Lailvaux &
Irschick, 2006). We note that how weapon perfor-
mance is quantified will depend on the specific
weapon for a given species. For example, the perfor-
mance of an antler may be measured either as stiff-
ness (Blob & LaBarbera, 2001), which could reflect
susceptibility to breaking during male combat, or as
its ability to pierce tough skin. Key to an appropriate
performance measure of quality is knowledge of how
the weapon is used. Quantification of the ‘quality’ of a
weapon should be based on a metric(s) of its capacity
to function as a weapon, namely its potential to injure
and incur costs on rivals. We suggest that measures of
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performance, which by definition are specific to a
given weapon, can provide this metric (Lailvaux &
Irschick, 2006). Using such an approach to study the
evolution of sexual dimorphism, Darwin’s intrasexual
selection hypothesis can be modified to predict that
increased reproductive success should result from
superior weapon performance.

Although weapons are typically thought to function
solely during male combat, it is possible that they
may play roles in other contexts, such as predator
evasion or prey acquisition or processing (Andersson,
1994). Thus, it is important to distinguish between
hypotheses based on a model of sexual selection
versus those based on natural (viability) selection. If
natural selection favours such traits in males, one
would predict that males with higher quality traits
should enjoy a survival advantage and perhaps have
higher reproductive success because of that survival
advantage. However, if sexual selection alone favours
superior weapon performance, then higher quality
weapons should afford greater reproductive success
but not necessarily provide a survival advantage.
Thus, two components of fitness, survival and repro-
ductive success, can be analysed separately to test
these two hypotheses. We provide a test of each of
these hypotheses in a polygynous lizard that uses
biting both for prey consumption (i.e. capture and
processing) and as the primary means of inflicting
costs on rivals during territorial conflicts.

For animals that bite during fights (e.g. over terri-
torial boundaries and access to mates), the head
(i.e. cranial musculo-skeletal anatomy, jaws, teeth,
etc.) functions as a weapon. Iguanian lizards are a
lineage typified by polygynous mating systems and
pronounced male-biased sexual dimorphism associ-
ated with territoriality and male combat (Stamps,
1983; Lappin & Husak, 2005) (Fig. 1). When engaged
in combat, the head serves as the primary weapon,
and biting can result in serious injury (Baird, Sloan
& Timanus, 2001; Lappin & Husak, 2005). Recent
studies have shown that bite-force performance is a
strong predictor of dominance (Lailvaux et al., 2004;
Huyghe et al., 2005; Husak et al., 2006a) and territory
size and access to females (Lappin & Husak, 2005).
Studies are distinctly lacking that directly link
weapon performance capacity to mating success in
nature.

Recent molecular techniques have shown that
behavioral estimates of fitness can prove to be unre-
liable indicators of the genetic structure of mating
systems (Westneat, 1987; Morton, Forman & Braun,
1990; Hughes, 1998; Petrie & Kempenaers, 1998). In
the present study, we build upon our previous work
(Lappin & Husak, 2005) and combine field studies
with a molecular genetic approach to test the hypoth-
esis that males with a stronger bite sire more off-

Figure 1. Sexual dimorphism and male weapon morphol-
ogy. Male (upper panel) and female (lower panel) collared
lizards showing pronounced sexual dimorphism in head
size. Biting is the primary means of fighting when males
compete for access to territorial space and mates. The two
images are to scale. Photographs by A. K. Lappin.

spring in a breeding season relative to weaker biting
rivals. We also tested the hypothesis that males
with a stronger bite have a survival advantage over
weaker biters. To investigate the potential for a
complex fitness surface, we tested linear directional
selection as well as nonlinear forms of selection
(stabilizing and disruptive) on bite-force performance
in both natural and sexual selection contexts.

MATERIAL AND METHODS
FIELD METHODS

The study site (Lappin & Husak, 2005; Husak, Fox &
Lovern, 2006b), Sooner Lake Dam in Pawnee County,
Oklahoma, USA, was approximately 2 ha in area.
We captured adult (= 2 years of age) and yearling
(approximately 1 year of age) male and female lizards
with a noose and permanently marked them with
unique toe-clip combinations. Individuals that were
captured and marked the previous year as hatchlings
were considered yearlings, whereas those that were
captured the previous year before hatchlings emerged
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were considered = 2 years of age (sensu Baird, Acree
& Sloan, 1996; Husak et al., 2006b). Clipped toes were
saved in lysis buffer for genetic analysis. Adult males
were bled from the postorbital sinus with a microcap-
illary tube so that blood could be used for genetic
analysis. Hatchlings emerge in late summer to early
fall in this part of Oklahoma. We intensively sampled
the study site and surrounding area daily until the
cessation of activity in late autumn to ensure that we
captured most of the hatchlings. We also sampled
during the next breeding season to confirm that we
did not miss any hatchlings. At the end of the breed-
ing season, we intensively sampled the study area
daily to determine which territorial males survived
from the beginning of the breeding season to the end
of the breeding season. To avoid mistaking death for
dispersal or inactivity, we sampled all surrounding
areas of suitable habitat and re-sampled the study
area at the beginning of the following breeding
season.

MORPHOLOGY AND PERFORMANCE

Territorial adult males were captured (>90% of the
individuals in the population) early in the breeding
season when biting is most relevant and significant to
territory defense (i.e. fighting is most frequent) and
taken back to the laboratory where we measured
snout-vent length (SVL), head length, width, and
depth, and maximum bite-force performance, sensu
Lappin & Husak (2005). Bite-force performance was
measured with lizards at their field-active body tem-
perature (approximately 37 °C) using a custom piezo-
electric isometric force transducer (Herrel et al., 1999)
with its bite plates padded with leather strips. Three
trials per individual were performed with 1 min of
rest between trials, and each bite was standardized
for the position along the jawline at which the lizards
bit the bite plates (Lappin & Husak, 2005). All lizards
aggressively bit the bite plates. For each individual,
the greatest standardized bite-force measurement
among the three trials was used in the analyses.

PATERNIY ASSIGNMENT

Blood or toes were collected from sexually mature
males and hatchlings as described above. Laboratory
and analytical techniques used for paternity determi-
nation are described in detail elsewhere (Husak et al.,
2006b). Briefly, genomic DNA was extracted from
approximately 50 uL of whole blood or two phalanges
(Longmire, Maltbie & Baker, 1997). We amplified ten
microsatellite loci in 15-uL volumes using the poly-
merase chain reaction with previously published
primers (Hutchison et al., 2004; Husak et al., 2006b).
We used an automated DNA sequencer (model 377;

Table 1. Loadings of morphological variables for the first
two axes in a principal components analysis

Axis 1 Axis 2
Eigenvalues 3.10 0.61
Percent variation explained 77.55 15.25
Snout—vent length 0.85 0.50
Head length 0.95 0.25
Head width 0.87 -0.37
Head depth 0.85 -0.40

Scores from these two axes were used in a multiple regres-
sion with bite-force performance to determine what best
predicts reproductive success in male collared lizards. We
interpreted the first axis to represent overall body size,
whereas the second to represent head shape.

Perkin-Elmer Biosystems) to visualize variation at
individual microsatellite loci. Genotypes were visual-
ized using GENESCAN and GENOTPYER (Perkin-
Elmer Biosystems). We then used CERVUS, version
2.0 (Marshall et al., 1998) to assign fathers (V= 10) to
hatchling (N = 37) lizards at 80% confidence (LeBas,
2001; Husak et al., 2006b).

STATISTICAL ANALYSIS

We used a multivariate approach to examine how well
body size, head morphology, and bite-force perfor-
mance predicted reproductive success. We conducted
a principal components analysis (PCA) that included
SVL and head length, width, and depth as variables.
The PCA produced two axes that cumulatively
explained 92.8% of the variance. Given the loadings of
the variables on these two axes (Table 1), we inter-
preted axis 1 to represent overall size, with larger
values along axis 1 representing larger lizards. The
loadings of variables on axis 2 led us to interpret axis
2 to represent head shape. Specifically, higher scores
along axis 2 represent larger lizards with longer
heads, whereas lower scores represent smaller lizards
with deeper and wider heads. We used stepwise mul-
tiple regression to test whether body size (scores from
PCA axis 1), head shape (scores from PCA axis 2),
and/or bite-force performance predicted number of
offspring sired. The first regression included only
linear terms to test for directional selection, whereas
the second regression included both linear and qua-
dratic terms to test for stabilizing or disruptive selec-
tion (Lande & Arnold, 1983). We then used logistic
regression to determine whether body size (scores
from PCA axis 1), head morphology (scores from PCA
axis 2), and/or bite-force performance predicted sur-
vival among territorial males (Janzen & Stern, 1998).
In the first model, we included only linear terms to
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Figure 2. Relationship between maximum bite-force per-
formance and annual reproductive success in territorial
male collared lizards. The number of offspring sired was in
the range 1-10 offspring per male. Multiple regression
analysis showed that only bite-force performance predicted
reproductive success, whereas multivariate measures of
body size and head shape did not.

test for directional selection, and, in the second
model, we included both linear and quadratic terms to
test for stabilizing or disruptive selection (Janzen &
Stern, 1998). We also examined Pearson Product-
moment correlation coefficients to test for relation-
ships between head size dimensions and bite-force
performance. The goal of the correlation analyses was
to determine which traits may be evolutionarily influ-
enced by selection on bite-force performance.

RESULTS

Multiple regression analysis examining linear selec-
tion on traits of territorial males showed that bite-
force performance was the only significant predictor
of reproductive success (F1s = 6.52, P=0.03, R? = 0.45,
B =0.68; Fig. 2), whereas PC scores representing body
size (axis 1) and head shape (axis 2) were not.
Multiple linear regression including quadratic terms,
examining stabilizing and disruptive selection, did
not result in a significant model when all variables
were included (Fgs3=2.27, P=0.27), and a stepwise
model only included the linear term for bite-force
performance.

Logistic regression with survival as the dependent
variable and PC scores representing body size (axis 1)
and head shape (axis 2) and bite-force performance
as independent variables did not produce a signifi-
cant linear model for directional selection (x*=1.90,
d.f.=3, P=0.60), nor a significant quadratic model
for stabilizing or disruptive selection (y*=5.84,

d.f.=6, P=0.44). This suggests that a survival
advantage is not afforded by greater body size, a more
robust head, or superior bite-force performance.
Among territorial males, which do not vary greatly
in body size, body size did not significantly predict
bite-force performance (r=0.27, P=0.46; Lappin
& Husak, 2005). However, a positive correlation
between bite-force performance and head width
was detected (r=0.41, P =0.04). This morphometric
reflects the size of the jaw-adductor musculature of
males, which may be expected to influence bite force.

DISCUSSION

To our knowledge, this is the first demonstration of a
direct link between the performance capacity of a
weapon and genetically determined annual reproduc-
tive success. Sexual selection on bite-force perfor-
mance was directional, but we found no evidence for
stabilizing or disruptive selection. Our test of a
natural selection hypothesis revealed that bite-force
performance did not predict survival in adult males,
nor did we detect directional, stabilizing, or disrup-
tive selection on this gauge of performance in a sur-
vival context. It is important to note that bite-force
performance and biting are key components of male—
male interactions in this species. Escalated aggres-
sion involving fighting becomes rare later in the
breeding season (Baird et al., 2001; Husak & Fox,
2003), when the use of signals and indices that convey
information about bite-force capacity (Lappin et al.,
2006) and aggressive intent (Husak, 2004) become
central to interactions among males. Taken together,
these results suggest that directional sexual selection
for a weapon of superior quality (i.e. high perfor-
mance) influences the evolution of weapon morphol-
ogy (i.e. enlarged robust heads of males), and that
this evolutionary trend is not driven by a survival
advantage in adult males.

The results obtained in the present study showing
that bite-force performance did not predict survival
provide evidence that a performance characteristic,
clearly important in the realm of sexual selection,
appears not to play a significant role in survival. It is
our view that, when feasible, future studies should
simultaneously test the effects of key performance
measures on survival and fecundity. This allows com-
parisons with other studies to examine the strength
and direction of selection in nature (Kingsolver et al.,
2001; Kingsolver & Pfennig, 2007; Irschick et al.,
2008). By explicitly comparing the effects of perfor-
mance on genetic reproductive success and survival,
the selection mechanisms (i.e. natural versus sexual
selection) operating directly on performance traits
can begin to be distinguished. Our data add to a small
but growing database of studies quantifying selection
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on performance traits in natural populations. The
present analysis is noteworthy in that we detected
significant directional sexual selection on bite-force
performance in adult males, but not natural selection
on the same trait. Furthermore, our test for stabiliz-
ing and disruptive selection, which is one of only a
few, is in agreement with previous studies indicating
that selection on performance is often directional
(Husak & Fox, 2008; Irschick et al., 2008).

Darwin’s sexual selection hypothesis predicted that
male traits used to impose fitness costs on rivals in the
form of injury during contests over resources and
mates, and which apparently do not function to
increase survival, serve to give one male a reproductive
advantage over other males. Our results support this
hypothesis, and extend it to emphasize that weapon
performance (i.e. quality) can be particularly impor-
tant in determining variation in male reproductive
success. This likely applies across animal taxa with
mating systems in which males are territorial or
otherwise compete for females, as well as to both
generalized and specialized weapons. Candidate taxa
range from insects to mammals with weapons ranging
from invertebrate mandibles and claws to vertebrate
horns and jaws (Harvey, Kavanagh & Clutton-Brock,
1978; Brown & Bartalon, 1986; Crespi, 1986; Hansen
et al., 1999; Sneddon et al., 2000; Derocher, Andersen
& Wiig, 2005; Kelly, 2006; Lee & Bass, 2006; Wilson
et al., 2007). We suggest that an integrative approach
toward studying both the morphology and performance
of weapons will shed light on the evolution and main-
tenance of weapons and sexual dimorphism in a diver-
sity of taxa.
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