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Abstract 
A longstanding goal of evolutionary biology is to understand among-individual variation in resource allocation decisions and the timing of these 
decisions. Recent studies have shown that investment in elaborate and costly weapons can result in trade-offs with investment in testes. In this 
study, we ask the following questions: At what point plasticity in resource allocation to these different structures ceases during development, 
if at all? Furthermore, can individuals tailor their reproductive behavior to accompany structural changes? We experimentally addressed these 
questions in the insect Narnia femorata, quantifying resource reallocation across development for the �rst time, using a phenotypic engineering 
approach. To investigate whether allocation plasticity diminishes throughout ontogeny, we induced weapon loss at a range of different devel-
opmental stages and examined subsequent testes mass and reproductive behavior. We found that relative testes mass increased as weapon 
investment decreased, implying a direct trade-off between testes and weapon investment. However, autotomy postadulthood ceased to induce 
larger testes mass. Intriguingly, losing a weapon while young was associated with extended adult mating duration, potentially enabling compen-
sation for reduced �ghting ability. Our results highlight the importance of examining the ontogeny of trade-offs between reproductive traits and 
the �exibility of the relationship between reproductive morphology and behavior.
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Introduction
Male�male competition for mating opportunities has driven 
the evolution of elaborate sexually selected weapons, rang-
ing from the enormous antlers of stags to the exaggerated 
limbs of some insect species (Emlen, 2008). These sexually 
selected weapons have evolved for use in physical con-
tests between males for access to females (McCullough et 
al., 2016). However, the rivalry between males often does 
not end there, continuing into the postcopulatory phase in 
the form of sperm competition (Birkhead & Hunter, 1990; 
Parker, 1979). This poses a potential challenge: producing 
and maintaining both precopulatory weapons and postcop-
ulatory traits is likely demanding. Given that animals have 
�nite resource budgets, investment in one trait may come at 
the cost of another, leading to a trade-off (van Noordwijk & 
de Jong, 1986; Zera & Harshman, 2001). Indeed, negative 
correlations between investment in precopulatory traits and 
primary reproductive traits (e.g., testes) have been uncovered 
in multiple systems (e.g., Dines et al., 2015; Durrant et al., 
2016; Klaus et al., 2011; Lüpold et al., 2014; Simmons & 
Emlen, 2006; Simmons et al., 2017). Experimental ablation 
of horn structures during development in beetles leads to the 
growth of larger testes (Simmons & Emlen, 2006), as does the 
removal of a hind limb weapon in juvenile true bugs (Joseph 
et al., 2018; Somjee et al., 2018a). Although these manipula-
tions illustrate that trade-offs exist between these traits, they 

also implicitly demonstrate that resource allocation between 
pre- and postcopulatory traits is �exible and dynamic, at least 
during juvenile life stages. Yet, our knowledge of the extent of 
developmental plasticity in resource allocation is incomplete. 
Additionally, the mechanisms underlying resource realloca-
tion across pre- and postcopulatory traits remain unclear.

Although reproductive morphology and physiology may 
be somewhat developmentally constrained in species with 
determinate growth, behavior is likely to be far more �exible 
(Bretman et al., 2011). Behavioral �exibility provides individ-
uals with a means to compensate for changes in morphology, 
including weapon loss. Indeed, alternative reproductive strat-
egies are characterized by divergent pre- and postcopulatory 
investment paired with behavioral strategies that maximize 
the reproductive payoffs of their respective phenotypes (Gage 
et al., 1995; Gross, 1996; Puniamoorthy et al., 2012). Males 
that prioritize investment in postcopulatory traits typically 
expend more in each mating event they secure to increase 
their chances of fertilization success (Taborsky & Brockmann, 
2010), via extended mating durations and increased sperm 
transfer (Filice & Dukas, 2019; Okada et al., 2010). In the 
other direction, individuals that have been phenotypically 
engineered to produce less sperm display reduced mating 
frequency (Sekii et al., 2013). If we experimentally manipu-
late relative investment in weapons versus testes, do individ-
uals respond behaviorally to maximize the pay-off from the 
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combination of pre- and postcopulatory traits they end up 
with? In particular, can individuals that have lost a weapon 
compensate behaviorally for their limited precopulatory com-
petitive ability when it comes to mating?

In this study, we address these unanswered questions in 
the leaf-footed cactus bug, Narnia femorata, an insect in 
the family Coreidae and the order of true bugs, Hemiptera. 
Males of this species invest in enlarged hind limbs that they 
use to kick and grapple with each other in contests (Nolen 
et al., 2017). Although these weaponized limbs are central 
to securing competitive and mating success, individuals 
can readily autotomize them to evade predation attempts 
and entrapment (Emberts et al., 2016, 2018). Leaf-footed 
bugs are hemimetabolous, developing through �ve juvenile 
instars between hatching and eclosion to adulthood, and 
unlike in other systems, they do not regrow their dropped 
limbs (Emberts et al., 2016). With each juvenile instar, 
they develop increasingly large hind limbs, with broadened 
femurs and tibial �ags (Vessels et al., 2013). At eclosion to 
adulthood, these weaponized limbs then become �xed in 
external size. Juvenile limb autotomy (at the fourth instar) 
in this species is accompanied by a boost in relative testes 
mass (Joseph et al., 2018; Miller et al., 2021), suggesting 
that a resource allocation trade-off exists between these 
two metabolically expensive and condition-dependent traits 
(Greenway et al., 2020; Sasson et al., 2016). However, until 
now, this weapon�testes trade-off has only been exam-
ined after autotomy at a single juvenile time point, and the 
underlying mechanism behind the reallocation response is 
unexplored.

We �rst set out to investigate how the timing of autotomy 
in�uences reallocation to testes mass and begin to test the 
mechanistic basis of this response. If resources allocated to 
testes and weapon growth are drawn from the same pool 
and directly trade-off, we predicted a positive linear rela-
tionship between the amount of leg mass we prevented a bug 
investing in and the size of their relative adult testes mass. By 
removing the hind leg of a juvenile, we effectively blocked off 
investment to this body part, freeing up resources that can 
be deployed to the development of other traits. Removing a 
limb later in development, after many of the costs involved 
in producing that limb have already been expended, would 
presumably result in a proportionally smaller quantity of 
available resources to reallocate to testes mass. Alternatively, 
if autotomy acts as a trigger to switch investment to postcop-
ulatory traits to boost sperm competition, then we predicted 
the size of the limb removed would not correlate with relative 
testes mass size.

We then asked whether autotomy is accompanied by 
changes in mating behavior, which may enable males to capi-
talize on the mating opportunities that may arise. Given that 
autotomized males have reduced chances of accessing mates 
via male�male competition (Emberts et al., 2018), we pre-
dicted that they would invest more time in each mating they 
engaged in, extending copulations to increase the chances of 
fertilization success.

Methods
Husbandry
Individuals used in both experiments were laboratory-reared 
offspring from wild-caught N. femorata parental pairs col-
lected from Camp Blanding, FL. Clutches produced by the 

parental pairs were separated and kept in small family groups 
(5�13 individuals per 32-oz clear plastic container) on their 
natural diet: prickly pear cactus (Opuntia mesacantha subsp. 
lata) with ripe fruit throughout their �rst three instars. Once 
juveniles reached the fourth instar, we transferred them into 
their own individual 32-oz container with a single potted 
prickly pear cactus with ripe fruit. We randomly assigned an 
individual�s experimental type, treatment type, and a unique 
number identi�er. Parental pairs and clutches were kept in 
Percival Scienti�c incubators at 28°C under a 14:10 L:D cycle. 
Once experimental individuals reached the fourth instar, they 
were transferred to a rearing room lit with T5 HO �uores-
cent bulbs on a 14:10 L:D cycle. Conditions within individual 
containers were kept consistent at 30�35°C and 40%�60% 
humidity, and bugs were checked daily.

Experiment 1: Effect of autotomy timing on testes 
investment
Each N. femorata nymph was randomly assigned to one of 
�ve autotomy treatments upon reaching the fourth instar: 
autotomy at either the (a) fourth instar (n = 35), (b) �fth 
instar (n = 37), (c) early adulthood (2�3 days after emerg-
ing, n = 32), (d) 14 days after adult eclosion (i.e., at sexual 
maturity, n = 32), or (e) an unmanipulated control treatment 
(n = 37). We induced autotomy by immobilizing the left hind 
femur of experimental individuals with reverse-action forceps 
while their tarsi were in contact with a piece of wood for grip 
and, if necessary, gently brushed them with a paintbrush to 
encourage them to self-autotomize. Autotomized limbs were 
then frozen at �20°C for imaging and subsequent weighing.

Quantifying morphology and testes mass
We kept all males in individual cups provisioned with ripe 
fruit over the course of the experimental period. Once males 
reached sexual maturity (14�16 days after adult enclosure), 
we froze, imaged, and measured them. We then dissected 
the testes of each individual and preserved them and the 
remaining body separately in 70% ethanol. Each male�s 
testes and hind leg(s) plus their body and four remain-
ing legs were placed into separate preweighed aluminum 
foil boats and then dried for 72� hr at 70°C before being 
weighed to the nearest microgram using a Mettler Toledo 
XP6 microbalance.

Experiment 2: Effects of autotomy on mating 
behavior
Upon eclosion to fourth instar, we assigned nymphs to either 
a control or autotomy treatment. As in Experiment 1, we 
induced autotomy by gripping nymphs by the left hind femur 
with reverse-action forceps while in contact with a piece of 
wood, enabling their remaining limbs to gain traction during 
the process. Control bugs were subjected to a sham procedure, 
in which their hind femur was gripped for around a second 
before release following Emberts et al. (2017). All nymphs 
were then housed in individual plastic containers containing 
a cactus pad and ripe cactus fruit and checked daily.

Once they reached adulthood, they were sexed and left to 
reach sexual maturity (14�21 days) before being entered into 
behavioral trials. As mating behavior is a product of interac-
tions between both male and female phenotypes, we included 
both autotomized males and autotomized females alongside 
control individuals. Behavior trial treatments consisted of the 
following fully factorial combinations of randomly paired 
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unrelated individuals: (a) control male�control female (n = 
27), (b) control male�autotomized female (n = 30), (c) auto-
tomized male�control female (n = 24), and (d) autotomized 
male�autotomized female (n = 25). This design enabled us to 
parse out male behavioral responses to their own autotomy 
status from responses to their partner�s autotomy status.

We continuously observed pairs in a clear plastic container 
with cactus and fruit for a 3-hr period and recorded the fre-
quency of male mounting attempts on their female partners, 
genital contact, copulations, alongside the latency to mount 
and mate and copulation duration. At the end of the behav-
ior trial, we separated individuals and euthanized them via 
freezing, before measuring their pronotum width (a proxy for 
body size) using Mitutoyo digital calipers.

Statistical analysis
All statistical analyses were performed in R v3.5.0 (R Core 
Team, 2018). To test for the effects of autotomy treatment on 
testes mass in Experiment 1, we used the lme4 package to �t 
a linear model with testes mass as a continuous normally dis-
tributed dependent variable and treatment category and body 
mass as factors. Post hoc analyses were carried out using the 
multcomp package, correcting for multiple testing using sin-
gle-step adjusted p-values.

We generated a metric of hind leg mass investment "saved" 
for each experimental insect by subtracting the dry mass of 
their autotomized limb from the dry mass of their fully grown 
adult hind limb We calculated this for the 103 individuals 
that we had both autotomized and fully grown limb dry mass 
measurements across treatments and then incorporated this 
value as a third predictor in subsequent analysis. Put another 
way, this calculated metric captured the resources, and we 
prevented these individuals from investing in growing a sec-
ond full-size hind limb, which were then theoretically freed 
up to reinvest in the growth of other structures such as tes-
tes. To establish the validity of this metric, we compared the 
fully grown single hind limb mass of all autotomized males 
with the mean hind limb mass of intact control insects. We 
found no signi�cant difference between the two, indicating 
that autotomy did not alter the growth and investment of 
the remaining limb (see Results). Thus, the remaining limb 
appears to be an effective proxy for the �nal mass of the auto-
tomized limb had it been able to fully develop.

To analyze the results of Experiment 2, we used a general-
ized linear model to examine predictors of mating duration. 
We included male autotomy status and pronotum width, and 
female autotomy status and pronotum width as factors and 
used a quasi-Poisson distribution to account for overdisper-
sion. To assess whether mating duration constituted a sta-
ble phenotype, we calculated how repeatable it was within 
pairings, which we observed mating more than once using 
the rptR package (Nakagawa & Schielzeth, 2010). Data 
were uploaded to Dryad and are available at https://doi.
org/10.5061/dryad.p8cz8w9vk.

Results
Experiment 1: In�uence of autotomy timing on 
testes investment
We detected a signi�cant effect of autotomy timing on rel-
ative testes mass (F = 3.207, df = 4, p = .015, Figure 1). A 
post hoc pairwise analysis comparing each of the treatments 
revealed that individuals autotomized at the �fth instar had 

larger testes than those autotomized as sexually mature 
adults (t = �3.536, p = .005) and those left unmanipulated (t 
= �2.843, p = .04). Differences between all other treatment 
groups were nonsigni�cant. As anticipated, body mass was 
highly correlated with testes mass (F = 97.88, df = 1, p < 
.001) and was therefore included as a covariate in all subse-
quent analyses. To establish whether eclosion to adulthood 
constituted a critical threshold in testes reallocation ability, 
we then pooled treatments into juvenile and adult stages. 
Again, the life stage at which autotomy occurred in�uenced 
testes mass (F = 6.7, df = 2, p = .002); males autotomized 
prior to adulthood developed signi�cantly larger testes for 
their body size than individuals autotomized as adults (t = 
�3.33, p = .0029) or those left intact as a control (t = �2.777, 
p = .017, Figure 1).

Autotomy treatment had no signi�cant impact on the 
mass of the remaining adult hind limb, which did not differ 
from the equivalent hind limb of control individuals (n = 
172, df = 4, F = 1.751, p = .141, Figure 2). As such, the 
mass difference between the autotomized hind limb and 
the �nal adult hind limb served as an effective proxy for 
the mass investment �saved� via autotomy (see Methods). 
Using this difference as a proxy for resource investment 
saved, we found that the mass of hind leg tissue not grown 
was positively correlated with testes mass (� = 0.059, F = 
14.19, p = .0003, Figure 3A). Together, body mass and the 
amount of leg mass an individual �saved� through autot-
omy explained 51% of the variance in autotomized male 
testes mass (Figure 3A). Males that were autotomized 
earliest in development �saved� the largest amount of leg 
mass investment, whereas those that were autotomized as 
sexually mature adults �saved� negligible mass investment. 
Intriguingly, the hind limbs autotomized by 2- to 3-day-old 
males were signi�cantly lighter than their fully grown adult 
limbs (Figure 2, F = 16.04 df = 1, p < .001), suggesting that 
further investment occurs in cuticle and/or muscle during 
this period of adult maturation.

Upon closer examination, the overall positive association 
between mass �saved� and relative testes mass was driven by 
changes induced in fourth- and �fth-instar individuals (fourth 
instar: � = 0.13, t = 3.430, p = .0025; �fth instar: � = 0.11, 
t = 4.483, p = .0001, see Figure 3B). Once individuals reach 

Figure 1. The relationship between autonomy timing and relative testes 
mass (shown as testes mass divided by body mass for visualization 
purposes). Letters between groups denote statistically signi�cant 
differences at the p < .05 level.
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adulthood, we observed no signi�cant effects of the mass of 
tissue �saved� via autotomy on testes mass, when controlling 
for body size (2- to 3-day adults: � = �0.0003, t = �0.009, p = 
.99; 14-day adults: � = �0.108, t = �0.721, p = .478, Figure 3B).

Experiment 2: Effects of hind limb loss on mating 
behavior
We found that male individuals with hind limbs autoto-
mized as juveniles mated for signi�cantly longer duration 

with females regardless of whether females were autoto-
mized or intact (LRT, �2 = 12.44, df = 1, p < .001, Figure 
4B). What�s more, this longer mating duration associated 
with male autotomy was signi�cantly repeatable in pairs 
that copulated at least twice during the 3-hr trial: R = .21, 
95% Con�dence Intervals (CI) = (0.04, 0.357), p = .0019. 
The mating duration was also positively associated with 
female body size (Likelihood Ratio Test [LRT], �2 = 6.22, 
df = 1, p < .0126).

Figure 2. Autotomy had no impact on the mass of the remaining fully grown adult hind limb (gray) across all treatment groups relative to the hind limbs 
of intact control individuals. The mass of the autotomized leg (red) increased across instars but was signi�cantly lower than the fully grown adult leg 
except when removed at 14 days. ***Signi�cant pairwise differences at the p < .001 level between the autotomized and remaining adult limb mass.

Figure 3. (A) The overall relationship between the mass investment �saved� (i.e., mass of adult hind leg minus mass of autotomized leg) and relative 
�nal testes mass, shown with linear regression and shaded 95% con�dence intervals for visualization purposes. (B) Relationships between the mass 
investment �saved� (i.e., mass of adult hind leg minus mass of autotomized leg) and relative testes mass across the four experimental treatments. 
Slope values were calculated from linear models with testes mass as the dependent variable and body mass as a covariate. Values in bold denote slope 
values that differ signi�cantly from zero at the p < .05 level. Sample sizes across treatments vary between n = 21 and n = 25.
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We found that the autotomy treatment did not appear to 
affect any other measured aspects of mating behavior; rates of 
mounting and mating did not differ across the four possible 
pairing combinations (�2 = 0.24, df = 1, p = .622, Figure 4A). 
Across treatments, 78 of the 106 males (73.6%) mounted the 
female they were paired with during the mating trial and 69 
of these 106 males (65.1%) subsequently succeeded in mat-
ing. We found no effect of either male or female treatment 
(autotomy or control) on average latency to �rst mount or 
average latency to �rst mate.

Discussion
In this study, we demonstrate that the trade-off between these 
insects� precopulatory weapons and their testes is developmen-
tally time sensitive and only manifested if limb loss occurred 
in the juvenile stage. Induction of limb loss once individuals 
reached adulthood did not generate a boost in relative testes 
mass. For the �rst time, to our knowledge, we were also able 
to directly track potential resource reallocation by blocking 
off investment to a body part via autotomy at different time 
points and calculating a proxy of tissue investment saved. We 
found a positive linear relationship between the amount of 
mass a bug �saved� and the size of their relative adult tes-
tes mass. Intriguingly, the loss of a hind limb as a juvenile 
was also accompanied by a behavioral change; autotomized 
males mated for a signi�cantly longer duration, providing 
them with a potential complementary pathway to increased 
postcopulatory success. As autotomized males� precopulatory 
chances are slim (Emberts et al., 2018), investing heavily in 
sperm production through enlarged testes may enable them to 
maximize their chances of siring offspring if they do manage 
to secure a mating opportunity.

Autotomy may drive the morphological and behavioral 
plasticity by (a) acting as a stimulus to switch to a predomi-
nantly postcopulatory competitive strategy or (b) a closure of 
a resource allocation channel, freeing up resources to reinvest 
directly elsewhere, or both. The question of why males that 
lose a limb postadulthood do not invest in relatively larger 
testes remains. This limited plasticity in response to autot-
omy may be for one of two non-mutually exclusive reasons: 

a reduction in the resources available to reinvest and a loss of 
plasticity in adulthood.

Resource availability
First, investment in testes mass may be directly traded off 
against investment in hind leg mass. As a result, experimen-
tal individuals that have invested in growing an adult limb 
are unlikely to make any investment savings if they drop it 
after eclosing to their �nal adult form. They have already 
built an enlarged weapon structure that will not grow larger 
in external size during adulthood. In support of this hypoth-
esis, we observe a signi�cant linear relationship between hind 
leg weapon mass saved and relative testes mass in the insects 
autotomized in the fourth and �fth instars. This implies the 
existence of a direct trade-off between the two tissues, and 
that resources used to grow each structure are drawn from 
the same shared pool.

Importantly, investment in a hind leg weapon is not lim-
ited to building the external structure. These insects also incur 
maintenance costs and must support the ongoing metabolic 
activity of this enlarged hind limb with its internal muscle and 
high density of mitochondria (Greenway et al., 2020; Somjee 
et al., 2018b). Notably, the left hind legs removed through 
autotomy early in adulthood were considerably lighter than 
their fully grown right limb. This species and others lay down 
endocuticle for at least the �rst few weeks of adulthood, 
and internal tissue deposition in this weapon does not stop 
at eclosion (Lees,1952; Neville, 1965; Hill & Goldsworthy, 
1968; Wang et al., 2018; Greenway et al., in preparation). 
This suggests that insects that lost a limb within the �rst 3 
days of adulthood partially saved additional cuticle invest-
ment as well maintenance costs for the last 10 or so days 
of the experiment. However, these individuals did not dif-
fer signi�cantly in their relative testes mass when compared 
with insects that were autotomized 14 days into the experi-
ment, having grown and maintained two full-size hind limbs. 
Perhaps the costs of tissue investment saved from adulthood 
onward were insuf�cient to generate a detectable boost in 
relative testes mass. Alternatively, this lack of response sug-
gests that individuals may be restricted in their developmental 

Figure 4. (A) The proportion of trials in which males mounted (blue) and mated (orange) with females across four different autotomy and control pair 
combinations – 1 SE and (B) the impact of male autotomy on mean mating duration.
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