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Abstract
Males with damaged weapons often lose intraspecific contests; however, recent research suggests these males may use postcopulatory means to mitigate reduced reproduction. When intraspecific competition is absent, can weapon-damaged males
produce more offspring in multi-mating scenarios relative to intact males? We examined the reproductive potential of
weapon-damaged males in Narnia femorata (Hemiptera: Coreidae), a species that exhibits resource defense polygyny and is
known to increase testes size when developmental weapon damage occurs. We induced weapon damage during development.
Upon sexual maturation, we provided intact and weapon-damaged males with access to four unmated females successively and
without any competitors. The mating partners of weapon-damaged males were more likely to have their eggs hatch. Furthermore,
weapon-damaged males produced more offspring, though only with larger females. These results suggest that weapon-damaged
males have enhanced fertilization outcomes, potentially minimizing reproductive costs of weapon damage.
Significance statement
Weapon damage is common in nature and can reduce pre-copulatory success. However, few studies have examined the reproductive consequences of weapon damage. We tested the hypothesis that weapon-damaged males can compensate for a precopulatory disadvantage through increased investment in traits that improve post-copulatory fertilization success. To examine the
reproductive potential of weapon-damaged males, we provided males with four females in succession, then measured reproductive outcomes. We found that mating partners of weapon-damaged males were more likely to have their eggs hatch relative to the
mating partners of intact males. Furthermore, we found that weapon-damaged males produced a larger number of offspring than
intact males. This evidence reveals that weapon damage allows males to boost reproductive outcomes in non-competitive
contexts.
Keywords Autotomy . Multiple mates . Trade-off . Sexual selection . Alternative reproductive tactic . Conditional strategy

Introduction
Animals have evolved a multitude of elaborate weapons that
they use in intraspecific competition (Emlen 2008). Individual
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differences in weapons can be a strong determinant of success
in these contests (Clutton-Brock 1982; Sneddon et al. 1997;
Karino et al. 2005; Emlen 2008; Small et al. 2009; Suzaki
et al. 2015) and differences can arise due to damage.
Weapon damage is common in nature (Mattlin 1978;
Berzins and Caldwell 1983; Umbers et al. 2012; Jennings
et al. 2017; Lane and Briffa 2017; Wong et al. 2018), e.g.,
reaching 30% in white-tailed deer (Karns and Ditchkoff 2012)
and 82% in tule elk (Johnson et al. 2005). Weapons can be
damaged through intraspecific fights (Mattlin 1978; CluttonBrock 1982; Siva-Jothy 1987; Jennings et al. 2017), predator
interactions (Hoadley 1937), disease (Adamo et al. 1995), or
developmental irregularities (Emberts et al. 2016).
Males with damaged weapons typically lose precopulatory competitions (Mattlin 1978; O’Neill and Cobb
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1979; Berzins and Caldwell 1983; Yasuda et al. 2011;
Emberts et al. 2018), which can be a detriment to reproductive
success (Wong and Candolin 2005; Emberts et al. 2018).
However, males may be able to change resource allocation
and investment decisions to make the best of this bad situation
(Simmons et al. 2017). The loss of a pre-copulatory weapon
during development may cause males to redirect investment
towards enhancing post-copulatory reproductive traits
(Simmons and Emlen 2006; Somjee et al. 2017; Joseph
et al. 2018), leading to greater female fertilizations.
Reproductive trade-offs between pre- and post-copulatory
traits due to a fixed energy budget are a fundamental assumption made in sperm competition theory (Birkhead and Møller
1998, Parker and Pizzari 2010). Research supports a weaponstestes trade-off (Evans and Garcia-Gonzalez 2016, Simmons
et al. 2017) including studies that manipulated weapons which
enhanced post-copulatory traits in dung beetles (Simmons and
Emlen 2006) and stalk-eyed flies (Fry 2006). However, these
manipulations were manufactured in the laboratory and were
not a result of trauma that an animal would encounter in the
wild. Thus, we have limited knowledge in understanding how
natural weapon damage would affect post-copulatory traits
(Somjee et al. 2018; Joseph et al. 2018; Miller et al. 2019;
Cavender et al. 2021) and fertilization outcomes (Joseph et al.
2018). Since polygynous mating systems that promote sperm
competition are incredibly common in the animal kingdom,
understanding how weapon damage affects patterns of offspring production under multi-mating scenarios is crucial to
understanding the extent to which post-copulatory investments may help males compensate for a pre-copulatory
disadvantage.
Narnia femorata, the leaf-footed cactus bug, has a resource
defense polygyny mating system. Males engage in intraspecific competition using their enlarged hind leg weapons to
stomp, kick, or squeeze other males to gain access to territory
that attracts females (Proctor et al. 2012; Nolen et al. 2017).
Males of this species can undergo autotomy (i.e., limb loss,
Fig. 1) if a hind leg gets entrapped in a molt or caught by a
predator (Emberts et al. 2016). Males use both hind legs as the

a

weapon to fight their opponent in contests (Proctor et al. 2012)
and are five times less likely to win competitions if they have a
damaged weapon that is only comprised of a single hind leg
(Emberts et al. 2018). Single-leg autotomy is common in the
wild (i.e., 12%) (Emberts et al. 2016). Interestingly, testes
grow 15–39% larger by adulthood if one hind leg is
autotomized during development (Joseph et al. 2018; Miller
et al. 2019), which may be due to their increased sperm production (Cavender et al. 2021). The larger size and increased
sperm production of the testes suggest that autotomized males
may be capable of enhanced fertilization capacity, at least in
contexts without pre-copulatory competition. Wild population
density of N. femorata can fluctuate across space and time,
providing opportunities for males to encounter females without rivals present (Cirino and Miller 2017). Furthermore, there
is no evidence of a difference in female receptivity to intact
and weapon-damaged males (Emberts et al. 2018, Fig. 1).
This species thus provides an opportunity to study the reproductive potential of males with damaged weapons.
The reproductive potential of weapon-damaged and intact
males was examined under monogamous and noncompetitive conditions in Joseph et al. (2018). This study
showed that N. femorata females that mated with weapondamaged males compared to intact males (1) had no differences in egg laying probability, (2) had a lower likelihood of
their eggs hatching, and (3) in cases where females produced
viable offspring, females produced greater numbers of offspring (Joseph et al. 2018). Our objective here was to investigate whether the post-copulatory reproductive advantage for
weapon-damaged males found in the Joseph et al. (2018)
study would persist under multi-mating conditions which
might reveal a more complete picture of male reproductive
potential.
Here, we tested the hypothesis that weapon-damaged males
compensate for a pre-copulatory disadvantage through increased post-copulatory fertilization success under multimating conditions. We predicted that, in a non-competitive
setting, and compared to males with intact weapons,
weapon-damaged males will have either (i) greater per mating

b

c

Fig. 1 Juvenile and adult Narnia femorata with damaged weapons. Intact (left) and weapon-damaged (right) juveniles (a). Adult weapon-damaged male
(b). Weapon-damaged male mating with a female (c). White arrows denote the missing hind limbs that produced incomplete weapons
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fertilization success; and/or (ii) sustain higher fertilization success over all sequential copulation opportunities. We induced
males to drop a single hind limb during juvenile development
(Fig. 1), resulting in an incomplete or damaged weapon, much
like an elk with a missing antler. After damage occurred and
upon sexual maturity, we examined adult fertilization outcomes. We provided males with four unmated females consecutively for 24 h per female. The purpose of providing one
female after another was to challenge sperm reserves. Then,
we measured male reproductive potential by quantifying eggs
and offspring. We predicted that females later in the mating
order would produce fewer offspring due to sperm depletion.

Methods
Insect rearing
Adult N. femorata and cacti (Opuntia mesacantha ssp. lata)
were collected in North Central Florida in 2018 (July–
September). These adults were paired and potted in a deli
cup with a fruited cactus pad. Pairs were left to mate and lay
eggs freely. Offspring from these 21 mating pairs were used in
the experiments.
Eggs were separated from parental pairs, but kept in identical nutritional conditions, and placed in either incubators
(Percival Scientific I-30VL) or a temperature-controlled rearing room (26 °C, 14:10 light/dark) to hatch. We raised 1st–3rd
instars in groups (5–12) based on their natural aggregation
propensity (Cirino and Miller 2017) and because an increase
in survivorship comes with group rearing (Allen and Miller
2020). Cups were checked daily for cactus quality and insect
maturation. Fourth instars were randomly selected from both
rearing locations for treatment, separated into their own deli
cup, and placed in a greenhouse (21–32 °C, 14:10 L/D) to
develop into sexually mature adults. Diet can affect the body
and gonad condition in N. femorata (Sasson et al. 2016; Cirino
2020), so every individual was provided a newly harvested
cactus pad with fruit to ensure access to high-quality food.
Fourth instars were chosen for treatment (Fig. 1) because
heteropterans experience the largest gonad development beginning at this stage (Economopoulos and Gordon 1971;
Dumser and Davey 1974) and to resemble a previous protocol
(Joseph et al. 2018; Miller et al. 2019).

Treatments
Every insect was randomly assigned to either the weapondamaged or intact treatment. We followed the single-leg autotomy protocol established in previous experiments for treatment (Video S1) (Joseph et al. 2018; Miller et al. 2019).
Insects of this species cannot regenerate entire limbs
(Emberts et al. 2016; Emberts et al. 2017). Thus, loss of a hind
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limb causes permanent weapon damage (Fig. 1). Sex is difficult to determine before adult eclosion so both males and
females, damaged and intact, were produced. All males and
only the intact females were used in the subsequent
experiments. This is a change from Joseph et al. (2018) where
both damaged and intact females were used to test effects of
autotomy on offspring production. Individuals originating
from across the range of juvenile group sizes were represented
in each treatment.

Mating protocol and reproductive potential
Males that were at least 28 days post-adult eclosion (n = 38)
were assigned 4 different non-sibling, unmated females (n =
152) for mating. One female was provided per day over 4
consecutive days. All females were at least 14 days postadult eclosion (i.e., sexually mature) (Cirino 2020). Mating
pairs were maintained in a rearing room (26 °C, 14:10 L/D).
Males were sequentially paired with each assigned female
partner for 24 h and allowed to mate freely (time protocol
established in Joseph et al. 2018). Since males have reduced
sperm numbers directly after being paired with a female
(Greenway et al. 2020), males were deemed unlikely to replenish sperm reserves within 24 h. After the end of the 4-day
period, males were removed from the last female partner’s cup
and immediately euthanized. Females were kept in their individual containers to lay eggs for 2 weeks. This represents an
estimated 67% of their reproductive lifespan in wild North
Central Florida populations (Cirino and Miller 2017; Cirino
2020). Females were then euthanized and their eggs were left
to hatch for another 2 weeks, which is a sufficient time for
fertilized eggs to hatch in this species (Vessels et al. 2013).
The numbers of eggs laid and hatched were then quantified.
Since the eggs were kept in containers labeled only by female
ID, observers were blind to all factors of interest (e.g., damage
treatment, mate order) until after egg data was collected.

Photographing and measurements
Body size is known to be tied to the number of eggs females
can produce in N. femorata (Miller et al. 2013) and other
insects (Honěk 1993; Bonduriansky 2001). Egg and offspring
production can vary widely in N. femorata ranging from 0 to
278 eggs laid in a month with up to 91% of those eggs hatching (Wilner et al. 2020). Therefore, we measured females,
then used a composite metric of female body size as a covariate in analyses (see below). Male body size was also considered because female N. femorata mate more readily with larger males (Gillespie et al. 2014). Since male body size and
testes size are highly correlated (Greenway et al. 2020), larger
males may produce more sperm and fertilize more eggs (e.g.,
Kant et al. 2012a).
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Source

Weapon damage
Mate order
♀ (PC1)
♂ (PC1)
Weapon damage × ♀ (PC1)

Eggs laid

Eggs hatched

(Y/N)

(Y/N)
p value

Wald χ2

p value

Wald χ2

p value

1.910
2.708
13.026
2.164
N/A

0.167
0.100
≤ 0.001
0.141
N/A

5.164
1.385
1.020
1.878
N/A

0.023
0.239
0.313
0.171
N/A

1.928
0.830
7.164
1.835
25.359

0.165
0.362
0.007
0.176
≤ 0.001

Mate order × ♀ (PC1)

N/A

N/A

N/A

N/A

2.791

0.095

Mate order × ♂ (PC1)

N/A

N/A

N/A

N/A

2.830

0.093
All df =1

linear mixed models (GLMMs) using the lme4 package in R
(R Core Team 2021). For all three models, male weapon damage
(Y/N) and mate order (1, 2, 3, 4) were included as the explanatory variables. Female PC1 and male PC1 were used as covariates and male ID was included as a random effect. Our first two
models used GLMMs assuming a binomial distribution (logit
link) and either egg production (Y/N) or hatching success
(Y/N) as the response variable. In our third GLMM, we assumed
a Poisson distribution (log link) with the number of offspring as
the response variable. We used AIC model selection to compare
multiple GLMM models that included all main effects described
above and all two-way interactions between them (AICtab in
bbmle package). The most parsimonious model was identified
by the lowest AIC score (Supplementary Material S5) and reported in the “Results” section. All analyses in this manuscript
were performed in R v 4.0.4 (R Core Team 2021).

We photographed all euthanized adults using a digital camera (Canon EOS 50D, Canon, Tokyo, Japan). These images
were used to procure six linear body size measurements
(Supplementary Material S1) using ImageJ software (v1.42d)
(Abràmoff et al. 2004). These measurements were used in the
principal component analyses (PCAs) described below.

Statistical analysis

0.6
0.5
0.4
0.3
Weapondamaged

Intact
control

*

0.8

Weapon-damaged
Intact control

c

30

0.7

b

0.7
0.6

20

0.8

0.9

Larger females were more likely to lay eggs (binary: yes/no)
during our study period (Table 1). We found that male weapon
damage did not affect the likelihood of female egg laying
(Table 1, Fig. 2). However, females were more likely to have

0.5

10

NS

0.9

1

Results

0.4

0

Probability of eggs laid

a

Probability of eggs hatching

We loaded six linear body size measurements into a PCA. We
ran one for each sex separately. We used a correlation matrix
to reduce our body size measurements into one composite
measure per sex (Supplementary Material S1-3). We then
ran a regression of PC1 values versus pronotum width (PW)
measurements, which is commonly used as a proxy for body
size in hemipterans. We found that these values are highly
correlated (Supplementary Material S4). Additionally, we
found only one significant principal component (PC1) per
sex, which explained 92% of the variation in morphological
data for males and 89% for females (Supplementary Material
S1-4); therefore, we used PC1 scores for both male and female
body size in the following analyses.
To investigate factors that may contribute to offspring production, we examined our data using three separate generalized

1

Offspring number (count)

Wald χ2

40 50

Table 1 Analysis of the
components of male reproductive
success. Results from three
separate generalized linear mixed
models (GLMMs) that address
the components of offspring production leading to increased fertilization success. Bolded terms
indicate statistical signficance
(p<0.05)

0.3
Weapondamaged

Intact
control

Fig. 2 Weapon damage does not affect the likelihood of egg laying (NS =
not significant) (a); however, weapon-damaged males are more likely to
have hatched eggs (±SE) (the asterisk indicates significant result) (b). If

-2

0
2
Female partner body size (PC1)

4

eggs did hatch, weapon-damaged males (solid line) produced more offspring when mated with large females compared to intact males (dashed
line) (c)
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at least one egg hatch (binary: yes/no) when they mated with
weapon-damaged males (Table 1, Fig. 2). Twenty-seven of
the 34 females (79.4%) that mated with weapon-damaged
males and 21 of the 38 females (55.3%) that mated with intact
males had at least some hatching success. Of those females,
55.6% (15/27) that mated with weapon-damaged males and
28.6% (6/21) that mated with intact males had all eggs hatch.
Finally, we found that weapon-damaged males produced
more offspring than intact males but only when paired with
larger females (Table 1, Fig. 2, autotomy slope = 0.098, p =
0.015; intact slope = −0.208, p < 0.001). This difference appears to be driven by the decline in offspring number of intact
males mated with large females compared with small females.
Surprisingly, mate order did not affect fertilization success
across the four females provided to males (Table 1).

Discussion
Hunters and naturalists alike know the ubiquity of damage to
sexually selected horns and antlers of bovids. While weapon
damage is pervasive among many animal taxa in the wild, our
knowledge is limited with regard to the reproductive consequences of this damage (Simmons and Emlen 2006, Johnson
et al. 2007, Jennings et al. 2017, Joseph et al. 2018, Somjee
et al. 2018, Cavender et al. 2021). Few studies have examined
the effect of weapon damage on post-copulatory traits
(Simmons and Emlen 2006, Joseph et al. 2018, Somjee et al.
2018), and only one experimental study has investigated how
weapon damage affects reproductive success (Joseph et al.
2018). In this study, we focused on the reproductive potential
of male insects that experienced developmental weapon damage. We know from previous work that weapon-damaged
males in N. femorata have larger testes (Joseph et al. 2018;
Miller et al. 2019), which produce more sperm (Cavender
et al. 2021). Furthermore, testes size is correlated with reproductive success (Greenway et al. 2020). Here, we experimentally manipulated weapon damage and examined the reproductive potential of these males by providing multiple mates
in the absence of male-male competition. The female partners
of weapon-damaged males were more likely to have eggs
hatch. When paired with larger females, weapon-damaged
males produced more offspring than intact males. This difference in offspring number was driven primarily by the decline
of offspring production of intact males mated with large females compared to small females, a curious result that warrants further investigation in the future. Nevertheless, large
invertebrate females are known to produce more eggs than
smaller females (Honěk 1993; Bonduriansky 2001; Miller
et al. 2013) and N. femorata is no exception (Miller et al.
2013). Thus, high fecundity females may benefit from mating
with weapon-damaged males.
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Females that mated with weapon-damaged males had a
higher probability of hatching success than females that mated
with intact males. While increased sperm numbers could account for greater offspring number, sperm number alone
would not explain the increased likelihood of hatching success. It is possible that seminal fluid proteins (SFPs) also
change in weapon-damaged males. SPFs, produced in the accessory glands, mix with sperm to form the ejaculate. These
SPFs can promote sperm storage, maintenance, and release
from the spermatheca in the female (Avila et al. 2011), which
may promote fertilization success. In Drosophila
melanogaster, sperm storage and utilization depend on SFPs
that, when absent, do not allow for sperm to fertilize eggs;
therefore, females lay infertile eggs (Xue and Noll 2000). If
SFPs deplete across multiple mates even if sperm does not,
fertilization may not occur. Like testes (Greenway et al. 2020),
accessory glands are metabolically expensive (Benoit et al.
2020). Thus, when resources are freed up through damage to
a metabolically expensive weapon, as done in this experiment,
accessory glands that produce more SFPs may also grow larger. An increase in SFPs, in addition to an increase in sperm
number (Cavender et al. 2021), for weapon-damaged males
may play an integral role in the increased fertilization success
that we observed here, though no study has examined SPFs in
N. femorata yet.
Weapons that are used for intraspecific competition are
frequently damaged in N. femorata (Emberts et al. 2016).
Increasing investment in testes (Joseph et al. 2018, Miller
et al. 2019) and ejaculates might be a means by which
N. femorata males can partially compensate for damaged
weapons. Although weapon-damaged males may be able to
achieve some mating success, this success appears to be reduced for these males when intact males are present (Emberts
et al. 2018). In the current study, we found that large females
were more likely to lay eggs than smaller females; however,
this was not detected in the Joseph et al. (2018) study. When
mating with a single partner, Joseph et al. (2018) found that
females who were paired with weapon-damaged males were
less likely to produce eggs that hatched, whereas, in the present study using multi-mating conditions, we found the opposite result. However, under both single (Joseph et al. 2018)
and multi-mating conditions (current study), similar results
regarding offspring production were found. When females
produced viable offspring, females that mated with weapondamaged males produced more offspring than those females
that mated with intact males, though in the present study this
only occurred with large females. It is intriguing that the results are somewhat different, though there are a few methodological differences between the two studies. First, the experiments were completed at different times of the year: midbreeding season (Joseph et al. 2018) and late in the breeding
season (current study). N. femorata overwinters (i.e., quiescence) and shuts down reproductive activity at the end of the
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breeding season (Cirino 2020). Some of the insects in the
present study may have entered this phase during our experiment affecting our results (Cirino 2020). Second, the variation
in female body size was greater in our study (2.66–5.30 mm)
compared to the Joseph et al. (2018) study (3.12–5.18 mm).
The larger variation in body size in our study may have enabled us to detect the association between female body size
and offspring number between the two groups of males.
Finally, the hind-limb status of female partners, autotomized
or intact, also differed between studies. In the Joseph et al.
(2018) study, males were provided with female partners that
either had autotomized or intact hind limbs; whereas, in the
present study, males were only provided with intact females.
Loss of a hind limb in females has been associated with an
increase in ovary mass (Miller et al. 2019). Thus, this difference in protocol may have contributed to the differences in our
results. Regardless, the overall message of the current study
supports the findings of Joseph et al. (2018) and further shows
that males have greater reproductive potential than intact
males when they have access to multiple large female partners. Our study contributes to the small but growing body of
literature that suggests reproductive trade-offs occur between
weapons and testes. Understanding the reproductive outcomes
in a polygynous mating system is an important step in understanding the implications of weapon damage on male fitness, a
situation common to many animals in the wild.
We examined the offspring production of four females presented to males in a sequence, and we predicted that the latter
females would have decreased offspring production due to the
effects of sperm depletion. This was not the case. Many other
species across taxa (Nakatsuru and Kramer 1982; Rubolini
et al. 2007; Hettyey et al. 2009; Weir and Grant 2010;
Swierk et al. 2015) and within Insecta (King 2000; Jones
2001; Elzinga et al. 2011; Kant et al. 2012b; Makatiani et al.
2013; Michaud et al. 2013) are known to deplete sperm across
multiple mates. Regardless of mate order and treatment, about
half of the females in this experiment did not produce any
eggs. This number was a surprise to us since N. femorata
can lay unfertilized eggs. We ran our experiment when insects
were producing the final generation of the breeding season,
and some females may have already begun quiescence (Cirino
2020). Thus, females may have been reluctant to mate during
the time that they spent with their mating partner, which may
have allowed males time to replenish their sperm reserves.
Males live in a socially dynamic world and the presence of
another male will often change reproductive outcomes
(Andersson 1994). We expect the results documented here
to be a “best case” scenario for weapon-damaged males because they did not have to overcome another male to access a
female. Experimental research on the consequences of weapon damage under competitive scenarios is scarce but shows
that intact males have an advantage over weapon-damaged
males in physical contests before mating (Berzins and
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Caldwell 1983; Emberts et al. 2018). However, in complex
ecological scenarios, some weapon-damaged males can access females, though mating success can be reduced compared
to intact males (Emberts et al. 2018). Depending on factors
such as population and resource density, weapon-damaged
males may only obtain a few copulations in their lifetime.
Our simplification of the complexities of the natural world
has demonstrated that weapon-damaged males have higher
reproductive potential. One next step is to investigate the reproductive consequences of weapon damage under alternative
scenarios where the behavior and fertilization success of multiple males and females can be tracked.
Weapon quality is not always easily visible to human observers. Like other animal tissues, the weapons of sexual selection can be compromised in many ways. For example, they
may grow large, but lack strength, they may be compromised
by disease, or they may accumulate stress fractures from combat. Weapon damage may be common, but the consequences
of weapon damage are wildly understudied (Simmons and
Emlen 2006, Johnson et al. 2007, Jennings et al. 2017,
Joseph et al. 2018, Somjee et al. 2018, Cavender et al. 2021)
and more work should continue to explore this phenomenon.
Assessing the consequences of weapon damage is an intriguing path for future research, potentially informing our understanding of animal behaviors and life history more generally.
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