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Abstract
Sexually selected weapons are tools that are used in physical fights over mating opportunities. In-

dividuals can face dire fitness consequences if they break their weapon and can no longer fight effec-
tively; however, the costs and consequences of weapon damage have largely been ignored. In this study,
the literature was systematically searched to examine the prevalence of weapon damage, and a phylo-
genetically controlled proportional meta-analysis was conducted to explore factors influencing the
patterns of weapon damage across the animal kingdom. A total of 36 suitable studies were identified
across 74 species and 13 orders for a total of 82 effect sizes. We found that weapon damage is common
across taxa, with an average rate of damage of 9.4% across all observations. We found strong evidence
that regenerative ability influences the patterns of weapon damage, with species capable of weapon
regeneration exhibiting high prevalence of weapon damage. Herein, we discuss additional factors that
may affect the likelihood, costs and consequences of weapon damage, including weapon size, weapon
allometry, fighting behaviour and when and to what degree a species can regenerate its weapon. We
argue that the risk of weapon damage is an important but underappreciated cost that could affect
strategic fighting decisions, providing new insights into the role of weapon damage on the evolution of
weapon morphology and contest behaviour within and among species.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of The Association for the Study of Animal

Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
The need to fight for access to mates or resources that attract
mates, has led to the evolution of some of themost exaggerated and
diverse traits in the animal kingdom, sexually selected weapons
(Emlen, 2008; McCullough et al., 2016; Rico-Guevara & Hurme,
2019). Given their extreme and hypervariable size, most research
on sexually selected weapons has focused on the costs of producing
and bearing them, including developmental trade-offs (Emlen,
2001; Simmons & Emlen, 2006), impaired locomotion
(Cummings et al., 2018; Fuchikawa & Okada, 2013; Goyens et al.,
2015; Madewell & Moczek, 2006) and energetic costs (Allen &
Levinton, 2007; Moen et al., 1999; Somjee et al., 2018; Tullis &
Straube, 2017). In comparison, little attention has been devoted to
the cost of using weapons during combat (McCullough, 2014;
McEvoy et al., 2024) despite the importance of these costs for un-
derstanding the evolution of weapon morphology and fighting
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behaviour (Emberts et al., 2021; Lane & Briffa, 2017; Palaoro et al.,
2020).

Weapons function as tools because they are used to physically
displace and injure opponents during contests. Depending on a
species’ particular fighting style, weapons are used to push, grasp,
pry, stab and/or strike opponents during trials of strength or all-out
attacks (Palaoro & Peixoto, 2022). Therefore, weapons can experi-
ence remarkable mechanical loads when they are bent, twisted or
compressed during a fight. Although weapons are structurally
adapted to withstand these fighting loads (Kitchener, 1991;
McCullough et al., 2014), they are not indestructible, and can break
under natural conditions.

Weapon damage can have catastrophic fitness consequences,
but the cost of damage appears to vary substantially across taxa. For
example, in the Asian rhinoceros beetle, Trypoxylus dichotomus,
males cannot repair or replace a broken horn, and males with
broken horns are unable to fight for access to breeding territories
(McCullough, 2014). Consequently, breaking a horn effectively
removes the damaged male from the mating pool. By contrast, in
tule elk, Cervus elaphus nannodes, antlers are shed and regrown
every year, and broken antlers have no effect on a male's fighting or
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harem-holding success (Johnson et al., 2007). However, basic in-
formation on the rates of weapon damage, factors that contribute to
variation in damage within and among species and the fitness
ramifications of such damage is fundamentally lacking.

This study aims to provide a comprehensive understanding of
the prevalence, costs and consequences of weapon damage across
the animal kingdom. First, we systematically search the literature
to collect reported rates of weapon damage and conduct a phylo-
genetically controlled proportional meta-analysis to test the
following four factors that might explain the differences in weapon
damage among taxa: regenerative capacity, weapon size, fighting
behaviour and weapon allometry. Second, we discuss the under-
lying reason why these factors may influence the likelihood and
costs of weapon damage. Finally, we explore the mechanism by
which these factors may interact to influence the evolution of
fighting behaviour, including the decision rules for initiating,
escalating and abandoning a fight.
METHODS

Articles relevant to our meta-analysis were identified using
several approaches. First, the online databases Scopus and Web of
Science were searched using the following search terms: (‘animal
fight*’ OR ‘maleemale competit*’ OR ‘intrasexual combat’ OR ‘an-
imal contest*’) AND (claw* OR antler* OR armament* OR horn* OR
weapon* OR tusk* OR mandible*) AND (damage* OR injur* OR
wound* OR pierc* OR break* OR broke*). The literature search was
conducted on 17 April 2024 without filters or limitations using the
‘Topic’ search field in Web of Science and the ‘Article Title, Abstract,
Keywords’ search field in Scopus. The search terms were based on
the titles, abstracts and keywords of relevant publications already
known to us. Second, additional empirical examples were identi-
fied through backward and forward searches of a recent review on
intrasexually selectedweapons by Rico-Guevara and Hurme (2019).
The forward search was conducted on 9 May 2024 in Scopus. Third,
studies recommended by reviewers and colleagues or that were
cited by articles identified in our searches were also included.
Despite our systematic and thorough literature search, some re-
ports of weapon damage were likely missed because observations
are often simply presented as a side note about the species' natural
history or to explain why individuals were excluded from further
analysis. Nevertheless, our data set represents an important first
step in synthesizing the observed rates of weapon damage across
diverse animal taxa.

Articles were included in our meta-analysis if they met the
following inclusion criteria. First, the study must report damage of
an intrasexually selectedweapon, which is defined in this study as a
structure that is used as a fighting tool during same-sex contests
(sensu Rico-Guevara & Hurme, 2019). Therefore, shields and other
combat traits that are not directly wielded during fights were
excluded (Rico-Guevara & Hurme, 2019). Second, the study must
report damage of the weapons themselves, which excluded esti-
mates of other fighting injuries, such as body wounds or death.
Estimates of missing or autotomized weapons were also excluded
because whether weapon loss resulted from fighting was unclear.
Third, the study must provide sufficient statistical information to
calculate an effect size (i.e. the number of damaged individuals and
total number of sampled individuals or the proportion of damaged
individuals and total sample size). If these data were not directly
reported, then the authors were contacted to obtain the missing
information or raw data where possible. Finally, the study must be
available in English. A summary of the literature screening process
and full list of the included and excluded studies are presented in
the supplementary material (Fig. S1 and Table S1) in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (O'Dea et al., 2021).

A proportional meta-analysis was conducted to compare the
prevalence of weapon damage across observations. Considering
that the observed proportions were significantly skewed towards 0,
we performed the FreemaneTukey double arcsine transformation
to normalize the variances (Barker et al., 2021; Wang, 2023) using
the escalc function in the R package metafor (Viechtbauer, 2010).
For plotting purposes, back transformations of the double arcsine
proportions were conducted in accordance with the recommen-
dations by Wang (2023).

All possible effect sizes were extracted from each study.
Whenever possible, only the prevalence of serious weapon damage
was reported (e.g. broken claw). The severity of weapon damage
can vary substantially, and fitness ramifications will also vary
accordingly. Scratches and other superficial damage are unlikely to
have a major impact on the fighting ability of males, but the
accumulation of minor injuries can result in catastrophic failure
caused by fatigue (see Consequences of Weapon Damage for
Fighting Behaviour below). However, at present, our ability to make
conclusions about the fitness costs of weapon damage is impeded
due to lack of information.

To control for potential nonindependence arising from the use
of multiple effect sizes from the same study or species, study and
species were included as random effects in our statistical analyses.
To control for the nonindependence of effect sizes caused by shared
evolutionary history, a supertree containing all 74 species in our
data set was created using the Open Tree of Life (OTL) database
(Hinchliff et al., 2015) and rotl package in R (Michonneau et al.,
2016). For species not included in the latest synthetic tree (OTL
version 14.9), a substitutionwas found in the OTL database from the
same genus (three cases) or tribe (three cases). Species sub-
stitutions are reported in the supplementary material (Table S2).
Branch lengths were initially set to 1 and then made ultrametric
using Grafen's method in the R package ape (Paradis et al., 2004).
The final tree (Fig. S2) was converted into a varianceecovariance
matrix for inclusion in the meta-analysis models.

Four moderators were included in our meta-analysis that might
influence the prevalence of weapon damage. First, we categorized
each species by their regenerative capacity (Yes/No), which we
defined as the ability to regrow or replace a weapon. We predicted
that the prevalence of weapon damage would be higher among
species that can regenerate their weapons because damage is
reversible and, therefore, less costly. Second, each species was
classified into two main size categories based on their relative
weapon size. ‘Large’weapons are defined as being longer than one-
third of the total length of the animal's body, and ‘small’ weapons
are defined as being shorter than one-third the length of the body.
Weapon and body sizes were based on measurements reported for
the largest males in each species. We predicted that the prevalence
of weapon damage would be higher among species with relatively
large weapons because they will experience higher bending
stresses during fights. Third, for species with published de-
scriptions of fighting behaviour (i.e. Artiodactyla; Caro et al., 2003),
we categorized whether the species used their weapons to ram an
opponent with rapid and forceful blows (Yes/No). We predicted
that rammers would have higher rates of damage because the risk
of brittle fracture increases under rapid loading caused by the
viscoelasticity of biomaterials (Wainwright et al., 1976). Finally, the
allometric slope of the weapon was reported whenever the study
reporting weapon damage also included an estimate of weapon
allometry. For dimorphic species with large ‘major’males and small
‘minor’ males, the allometric slope for minor males was reported.
This is because weapon allometries are shallower in major males
than in minor males in holometabolous insects, which is due to
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resource limitation during pupal development (Kochensparger
et al., 2024). We predicted that weapons with steep allometries
would have higher rates of damage because of their dispropor-
tionately large size. Allometric slope estimates were based on log-
transformed data for all observations. Our complete data set,
including the moderator variables, is available in Table S2.

Multilevel meta-regression models were fitted using the
rma.mv function in the R package metafor (Viechtbauer, 2010). To
determine the overall effect size of the data set, a multilevel
random-effects model was run with study, species, phylogeny
(using the varianceecovariance matrix described previously) and
observation ID as random effects (Nakagawa & Santos, 2012). At
present, no specific tests can assess heterogeneity in proportional
meta-analyses (Barker et al., 2021). Thus, in this study, we used the
most common heterogeneity statistic I2 to calculate how much
variation is attributable to each of the four random factors within
the meta-analysis (Nakagawa & Santos, 2012). I2 values of 25%, 50%
and 75% are regarded as low, moderate and high, respectively
(Higgins et al., 2003).

The effect of the four moderators was tested by adding them to
the multilevel random-effects model described previously. Each
model included study, species, phylogeny and observation ID as
random effects, as well as the moderator variables as a categorical
(regenerative capacity, relative weapon size and ramming behav-
iour) or continuous fixed effect (allometric slope). In addition, the
QM statistic was used to determine whether the mean effect size
differed significantly between the moderator categories (Koricheva
et al., 2013). For analyses with categorical moderator variables,
mixed-effect models were also runwith the intercept removed and
the double arcsine proportions were back transformed to estimate
the mean effect size for each category (e.g. regenerative or non-
regenerative). For the analyses on ramming behaviour and weapon
allometry, pruned trees that only included species in the restricted
data sets were used (25 and 40 effect sizes, respectively).

Signs of publication bias were not tested because these analyses
are not recommended for proportional meta-analyses (Barker et al.,
2021; Wang, 2023). The studies included in proportional meta-
analyses report the proportion or prevalence of an event (e.g.
injury); therefore, the outcome of such studies cannot be classified
as either significant or nonsignificant. Papers that report low pro-
portions should be as likely to be published as those reporting high
proportions, so the assumption of publication bias against weak or
nonsignificant results is not necessarily true for proportional studies.

Ethical Note

Due to the nature of this study, no ethical approval was required.

RESULTS

Our final data set included 82 effect sizes from 74 species, 13
orders and 36 studies (Fig. 1). Most of the effect sizes came from
insects (49%) andmammals (41%), but we also obtained a few effect
sizes for crustaceans, birds and an amphibian. Of the 82 observa-
tions included in our analyses, hummingbird bills, turkey spurs,
cervid antlers, rhinoceros horns and crab claws can be regenerated
(15.9% of effect sizes), while the remaining weapons are non-
regenerative (84.1% of effect sizes). The data set was characterized
by high total heterogeneity (total I2 ¼ 97.1%), with 60.4% of the
variance attributable to differences in studies, 27.1% to differences
in phylogenetic history, <0.1% to differences in species and 9.7% to
observation-level differences.

The overall proportion of weapon damage across all observa-
tions was 9.4% (random-effects model: 95% CI ¼ [2.5%e20.0%];
Fig. 1). However, the prevalence of weapon damage was
significantly influenced by regenerative capacity (QM ¼ 7.1; P ¼
0.008; marginal R2 ¼ 0.11; Fig. 2). Damage was more common in
species that can regenerate their weapons (20.3%; 95% CI ¼ [8.7%e
35.1%]) compared with species that lack regenerative capabilties
(6.3%; 95% CI ¼ [1.2%e14.5%]).

We found a significant effect of ramming behaviour on the
prevalence of weapon damage (QM ¼ 3.9; P ¼ 0.05; marginal R2 ¼
0.04), but it was in the opposite direction thanwhat we predicted if
rapid and forceful blows increase the risk of weapon failure (Fig. 3).
On the contrary, species that use their weapons to ram opponents
had slightly lower rates of damage (14.1%; 95% CI ¼ [2.1%e33.4%])
than those that do not fight by ramming (22.1%; 95% CI ¼ [6.2%e
43.7%]).

Finally, we found no evidence that the prevalence of weapon
damage was influenced by relative weapon size (Fig. S3; QM ¼ 0.18;
P ¼ 0.67; marginal R2 ¼ 0.001) or the allometric slope of the
weapon (Fig. S4; QM ¼ 2.43; P ¼ 0.12; marginal R2 ¼ 0.03).
DISCUSSION

Our meta-analysis, which includes 82 effect sizes across 74
species and 13 orders, is the first systematic survey of the preva-
lence of weapon damage across the animal kingdom.We found that
weapon damage was remarkably common, with an average of
nearly 10% of males in a population suffering some degree of
weapon damage. The severity of the reported damage ranged from
punctured claws (fiddler crabs) to broken antler tines (deer) to the
loss of entire horns (rhinoceros beetles). We suspect the observa-
tions in our data set may underestimate the true prevalence of
weapon damage, as damaged individuals are typically overlooked
or unreported. For example, several estimates of weapon damage
were collected for the rhinoceros beetle, T. dichotomus (Fig. 1), and
we found that the estimate based on museum specimens (2%;
McCullough et al., 2015) was lower than that based on field ob-
servations (4% and 6%; McCullough, 2014; Siva-Jothy, 1987). These
patterns are consistent with the hypothesis that damaged in-
dividuals are overlooked by field collectors and therefore, under-
represented in museum collections. Overall, our results indicate
that weapon damage is a widespread phenomenon that is likely to
influence the evolution of weapons and fighting behaviour within
and among species.
Factors Influencing the Likelihood and Costs of Weapon Damage

Regenerative capacity
For species in which weapons are a key component of resource

holding potential, substantial weapon damage will directly impact
fitness (Arnott & Elwood, 2009; Lincoln, 1972). Damage to or
complete loss of a weapon will result in an immediate reduction in
resource holding potential, rendering damaged individuals less
able to secure and defend access to mates and resources. Unless
individuals can regain access to mates via alternative tactics (e.g.
sneaking), the fitness of damaged individuals will essentially be
‘frozen’ at the time of damage, and all subsequent mating oppor-
tunities will be lost. Weapon damage will be especially detrimental
if it occurs early in the mating season or early in life, when the
number of attained matings is low and number of future mating
opportunities potentially lost is high. However, if individuals can
regenerate a broken weapon, they can limit the number of missed
mating opportunities by restoring their resource holding potential
(Fig. 4). We found that regenerative capacity was a significant
predictor of the prevalence of weapon damage, with higher rates of
damage in species that can regenerate their weapons compared to
species that lack regenerative capabilities. This pattern is consistent
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Figure 1. Forest plot comparing the prevalence of weapon damage amongst species that can and cannot regenerate their weapons. Proportions and 95% CIs are estimated from back
transformation of the random-effect meta-regression model. Larger circles and smaller CIs denote studies with larger sample sizes. Silhouettes illustrate the organismal diversity
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with the hypothesis that the costs of weapon damage are lower for
regenerative species.

There is considerable variation in regenerative capability across
the animal kingdom (Zhao et al., 2016), and this variation extends
to the regrowth of damaged weapons. Species not only differ in
whether or not they can regenerate their weapons but also, among
regenerative species, in the timing of regeneration, the amount of
the weapon that can be regenerated and the quality of the new
weapon (Fig. 5).

Some species can regrow a damaged weapon, but the regener-
ated weapon is inferior to the original weapon in form and/or
function. For example, male fiddler crabs can autotomize and
regrow damaged limbs, including their major claw that is used both
as a weapon during maleemale fights and as a signal to attract
females and deter rivals (Dennenmoser & Christy, 2013). However,
the regenerated claw is permanently lighter, weaker and more
fragile than the original claw (Backwell et al., 2000; Lailvaux et al.,
2009). Males with regenerated claws can use bluffing tactics to
deter opponents (Backwell et al., 2000), but they surrender quickly
if a fight escalates because the regenerated claws are weaker
(Muramatsu & Koga, 2016; Tina & Keeratipattarakarn, 2019), and
they usually lose contests against males with original claws
(McLain et al., 2010). The regeneration of a weaker weapon has
similar consequences in the virile crayfish, Faxonius virilis, in which
the regenerated weapon is equal in size to the original but has
reduced muscle mass and therefore produces significantly weaker
pinching forces (Graham et al., 2021). These examples suggest that
although regeneration of a weaker weapon allows males to regain
some mating success, males will never fully restore their initial
resource holding potential (Fig. 4c). The exact fitness ramifications
of this change will depend on the difference between the original
and regenerated weapon and amale's ability to compensate for this
competitive disadvantage by altering his fighting strategies.

Other species can regenerate a weapon that is equivalent to the
original in form and function, which means that resource holding
potential is fully restored once regeneration is completed. Such
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species fall into three main categories. (1) Those that regenerate
weapons in response to damage. (2) Those that shed and regrow
weapons cyclically, regardless of whether damage has been sus-
tained. (3) Those that continuously grow their weapons throughout
their lifetime. These categories differ in the timing of regeneration,
which is a key consideration given that the time required to regain
fighting ability determines the magnitude of lost mating opportu-
nities (Fig. 4).

In many crustaceans, weapon regeneration begins as soon as the
original weapon is damaged and autotomized. This rapid onset of
regeneration is expected to minimize the fitness cost of weapon
damage, but even in these systems, full regeneration can require a
substantial investment of energy and time. For example, snapping
shrimp only need one moult cycle to regain their ability to produce
snaps after a claw is autotomized, but they require seven additional
moults to regenerate the shape and musculature of a fully func-
tional claw (Mellon, 1999; Pereira et al., 2014).

Cervids are the only family of animals that shed and regrow
their weapons annually (Lincoln, 1992). This yearly cycle of renewal
has clear advantages: antler size can increase with age as new sets
are grown (Lincoln, 1992), and males can adjust their investment in
antler production in response to changing levels of reproductive
competition (Carranza et al., 2020). However, considering that the
timing of regeneration is fixed, the consequences of weapon
damage will vary depending on when the damage occurs within
the mating season (Fig. 4b). If a stag damages his antlers late in the
rut, then he may suffer almost no loss in mating success, whereas a
stag that damages his antlers early in the rut may lose out on a
whole season of mating opportunities. This variation is likely to
affect fighting decisions and the propensity to escalate across the
breeding season.

Finally, some weapons, such as the horns of rhinoceroses and
bills and tarsal spurs of birds, are made of keratin that grow
continuously, similar to human fingernails (Badyaev et al., 1998;
Hieronymus et al., 2006; Rico-Guevara & Araya-Salas, 2015). This
continuous growth is expected to minimize the fitness costs of
weapon damage because a worn or broken weapon will eventually
grow back to its fully functional form (Fig. 4a). In the hummingbird,
Phaethornis longirostris, males use their bills as daggers to defend
territories in a lek (Rico-Guevara& Araya-Salas, 2015). In one study,
researchers observed that a male with a broken bill tip had lost his
territory from the previous year, but regained his territory the
following year after his bill tip had grown back to its original size
(Rico-Guevara & Araya-Salas, 2015). This finding highlights the
fitness benefit of being able to replace a brokenweapon tomaintain
(c) (d)Regenerated
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Time Time

 weapon damage
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or regain resource holding potential and minimize lost mating
opportunities. We did not have enough samples to include these
categories in our meta-analyses, but we encourage future studies to
compare rates of weapon damage among species with varying
degrees of regenerative capabilities.

Weapon size
The relative size of sexually selected weapons varies dramati-

cally within and among species (O’Brien et al., 2018), and this
variation is expected to influence the likelihood of weapon damage.
In most species, sexually selected weapons can be modelled as a
cylindrical beam that is fixed at one end (e.g. the head) and free at
the other, where fighting forces are applied (Kitchener, 1991).
Larger weapons result in longer moment arms, so, these structures
will experience higher bending stresses during fights and face a
higher risk of failure (Kitchener, 1991). Most sexually selected
weapons scale disproportionately with body size (Emlen, 2008;
McCullough&O'Brien, 2022). Therefore, larger individuals typically
have relatively larger weapons compared with smaller individuals
and thus, a higher likelihood of serious weapon damage.

Contrary to our predictions, we found no evidence that the
prevalence of weapon damage was influenced by relative weapon
size. Weapon damage was equally common among species with
relatively large weapons as among species with relatively small
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weapons. In contrast to these meta-regression results, our litera-
ture search identified several studies that reported larger in-
dividuals suffering from higher rates of weapon damage than
smaller individuals (Table S2). As most studies do not explicitly
compare the size distribution between damaged and undamaged
individuals, it is possible that this pattern is even morewidespread.
Collectively, these results suggest that weapon exaggeration in-
creases the risk of weapon failure within some species but not
among species.

Fighting style
Considering that the cuticle, bone and keratin that make up

sexually selected weapons are (like all biomaterials) viscoelastic,
the ways in which species use their weapons during fights can
affect the likelihood of weapon failure. Viscoelastic materials
become more rigid and brittle in response to fast loading rates, so a
rapid flick or clash may put weapons at a high risk of catastrophic
failure (Currey, 1967; Wainwright et al., 1976). Compared with
tough materials, brittle materials absorb less energy. Therefore,
cracks can spread easily, especially in the presence of microcracks,
scratches and other surface flaws.

Contrary to our prediction that rapid and forceful blows (i.e.
ramming) would increase the risk of weapon damage, we found
that ramming behaviour was associated with a decreased risk of
weapon damage. Among artiodactyls (the only group in our meta-
analysis with detailed published descriptions of fighting behav-
iour), species that use their weapons to ram opponents had slightly
lower rates of damage than those that do not ram. We hypothesize
that ramming behaviour selects for tougher materials, which will
makeweapons less prone to damage during fights. This unexpected
result highlights how fighting behaviour and the risk of weapon
damage can interact in complex ways to influence the evolution of
weapon morphology.

Weapon allometry
The structures used in maleemale competition can be consid-

ered as part of a continuum, with pure weapons that are used
exclusively in physical fights at one extreme, and pure signals that
are used exclusively to threaten and assess rivals at the other
(McCullough et al., 2016). Compared with pure weapons, pure
signals are more exaggerated, and have steeper allometric slopes
(McCullough & O'Brien, 2022). Species with pure weapons are also
expected to rapidly escalate to all-out fighting without any prior
signalling (Candaten et al., 2020), whereas species with pure sig-
nals are expected to engage in lengthy, stereotyped displays to
assess the resource holding potential of opponents before engaging
in a potentially risky fight (Barrette & Vandal, 1990). The risk of
weapon damage is therefore, expected to vary along the
weaponesignal continuum because of differences in fighting
behaviour and the relative importance of fighting versus signalling.

Given their smaller and more proportional size, we predicted
that pure weapons (shallow allometries) would be less susceptible
to damage than pure signals (steep allometries). On the contrary, no
relationship was found between weapon allometry and the prev-
alence of weapon damage. However, future work is necessary to
confirmwhether allometric slope is a good predictor of a structure's
position along the weaponesignal continuum, or the relative
importance of fighting versus signalling (McCullough & O'Brien,
2022).

Mechanical properties
Although we did not have sufficient data to include mechanical

properties in our meta-analysis, we discuss it here as an additional
factor that may influence the likelihood and costs of weapon
damage. Weapons have been selected to be strong and stiff struc-
tures during combat, and the mechanical properties of present-day
weapons are well-suited for their fighting functions (Currey, 1979;
Currey et al., 2009; McCullough et al., 2014). However, weapon
development is highly sensitive to nutrition (Emlen & Nijhout,
2000; Johns et al., 2014, Jones et al., 2018). Therefore, variation in
diet and other environmental conditions can affect the structural
integrity of weapons and make them more (or less) susceptible to
damage. For example, antler bone has the highest work of fracture
among mammalian bone tissue (Currey, 1979), which means that it
is remarkably tough and can absorb high-impact forces without
breaking. These material properties are largely attributable to the
low mineral content of antlers (Currey, 1979), and variation in
mineralization levels among seasons, populations or species can
influence the likelihood of weapon damage (Picavet & Balligand,
2016). For example, in a Spanish population of red deer,
C. elaphus, antlers grown after an unusually cold winter were
significantly more brittle and fractured more frequently than those
grown after a ‘normal’ winter (Landete-Castillejos et al., 2010). The
fact that high rates of antler damage were not observed among
captive deer from a nearby farm that were fed whole meal suggests
that the reduction in antler toughness was primarily driven by
changes in diet rather than climate (Landete-Castillejos et al., 2010).
Similarly, in leaf-footed bugs, Narnia femorata, males raised on a
higher quality diet (mature green cactus fruit) developed hind fe-
mur weapons that were more puncture resistant than those raised
on a low-quality diet (immature green cactus fruit; Woodman et al.,
2021). Thus, fluctuations in the chemical composition and/or
nutritional value of plants that comprise an animal's diet can have
cascading effects on the structural integrity of the animal's
weapons (Johnson et al., 2007; Landete-Castillejos et al., 2010;
Woodman et al., 2021).

Variation in the overall structure of weapons can also influence
their likelihood of damage. For example, across African bovids,
there is a negative correlation between horn thickness and horn
breakage, with the highest rates of broken horns found in species
with relatively thin horns (Packer, 1983). Fewer studies have
compared the mechanical properties of sexually selected weapons
in arthropods. However, the fact that cuticle thickness varies
among species (e.g. rhinoceros beetle horns (McCullough et al.,
2015) and crab claws (Palmer et al., 1999; Swanson et al., 2013))
indicates that the architecture of these structures has been selected
to optimize strength and stiffness. Weapon structure also varies
intraspecifically. Within three species of crustaceans, larger claws
are known to be composed of proportionately less soft (muscle)
tissue and proportionately more exoskeleton than smaller claws,
which may represent an adaptation to minimize energetic main-
tenance costs (Dinh, 2022). Although the study did not specifically
measure cuticle thickness, increasing exoskeleton mass should
make claws stronger and tougher, suggesting that high proportions
of metabolically inexpensive exoskeleton may also represent an
adaptation to minimize weapon damage.

Lastly, and perhaps most importantly, animal weapons may be
more likely to break if they develop scratches, abrasions, micro-
cracks or other types of wear (McCullough, 2014). These surface
defects can serve as local stress concentrators and significantly
reduce the maximum load that can be sustained before failure
(Boulding & LaBarbera, 1986; Dirks et al., 2013; Wainwright et al.,
1976). In our literature search, several studies have noted that
broken weapons were more common at the end of the breeding
season, including Asian rhinoceros beetles (McCullough, 2014), tule
elk (Johnson et al., 2005) and sika deer (Hayden et al., 1994). These
results are consistent with the hypothesis that these weapons ul-
timately failed by fatigue fracture after males had engaged in a full
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season of intense fighting and subjected their weapons to high,
repeated loads. An alternative hypothesis is that repeated fighting
means that males simply have accumulated more chances to break
their weapon by the end of the mating season.

Consequences of Weapon Damage for Fighting Behaviour

Theoretical models of animal contests, such as the cumulative
assessment model, predict that an individual's decision to persist,
escalate or flee from a fight will depend on the costs accumulated
during the fight (Arnott& Elwood, 2009; Payne,1998). In particular,
the cumulative assessment model posits that an individual will
persevere in a fight until the energy expended and/or physical
damage incurred from the contest (including self-inflicted injuries)
exceeds the individual's maximum cost threshold (Lane & Briffa,
2017; Payne, 1998). Although participation in any contest requires
an energetic investment, only those that escalate to an all-out fight
pose a risk of weapon damage. Individuals can therefore limit their
risk of injury by settling fights before they escalate to physical
violence. As a result, we expect that the likelihood and cost of
weapon damage will affect the probability of contest escalation,
leading to variation in fighting behaviours at both individual and
species level. Specifically, we predict that when the risk of weapon
damage is high (i.e. high likelihood and/or cost), individuals will be
cautious about engaging in physical fights, and most contests will
be settled noninjuriously (e.g. via signalling). Conversely, when the
risk of weapon damage is low (i.e. low likelihood and/or cost), in-
dividuals will rapidly escalate to physical fighting as soon as they
are confronted with an opponent.

Among species, we expect variation in the frequency and speed
of contest escalation to covary with regenerative capacity. Specif-
ically, we expect species that can regenerate equally strong
weapons (for whom the cost of weapon damage is lowest) to
escalate to injurious fighting more rapidly and more frequently
than species that cannot regenerate their weapons (for whom the
cost of weapon damage is greatest). The likelihood of weapon
damage should also influence fighting decisions, regardless of the
capacity for weapon regeneration. We encourage future research to
explore how variation in the structural integrity of weapons affects
fighting behaviour and fighting outcomes (McEvoy et al., 2024;
Woodman et al., 2021).

Within species, we expect the frequency and speed of contest
escalation to vary across a season depending on an individual's
expected cost of weapon damage. For example, male rhinoceros
beetles that cannot regenerate their horns may become more
cautious about engaging in a fight if their horns have been exten-
sively scratched or worn from previous battles. Males may there-
fore, gauge the likelihood of catastrophic weapon damage over the
course of their lifetime and adjust their fighting decisions accord-
ingly, for example by lowering their maximum cost threshold (Lane
& Briffa, 2017). However, the degree to which an individual will
factor the likelihood and cost of weapon damage into its contest
decisions may depend on the information about resource holding
potential available to each contestant (e.g. self-assessment or
mutual assessment; Arnott & Elwood, 2009). Collectively, these
observations indicate that variation in the expected cost of weapon
damage can influence the duration and escalation of contests
within and among species and should be considered in animal
contest theory.

CONCLUSION

In this paper, we highlight the important but underappreciated
cost of sexually selected weapon damage. Although individuals can
suffer devastating fitness consequences if they break their weapons
and can no longer fight effectively to secure mating opportunities,
the costs and consequences of weapon damage have largely been
ignored. We demonstrate that weapon damage is remarkably
common, with an average of 10% of males in a population suffering
some degree of damage. We discuss how the fitness consequences
of weapon damage depend on if, when, and to what degree a
species can regenerate its weapon, as well as the extent to which
these fitness consequences influence the evolution of weapon
morphology and fighting behaviour within and among species.
Unfortunately, our ability to resolve the evolutionary implications
of weapon damage is currently impeded by a lack of data. Hence,
we urge researchers to report observations of weapon damage and
escalation rates in natural and lab-based populations, even if that
value is zero. These data will facilitate comparative studies across
species on the relationship between weapon damage and fighting
behaviour, fostering new insights into maleemale competition and
the evolution of animal weapons.

Data availability

All data and code are available on GitHub (https://github.com/
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