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Sexually selected weapons are assumed to trade off with traits related to
ejaculates, such as testes. However, remarkably little is known about what gov-
erns resource allocation and why trade-offs are found in some cases and not
others. Often-used models depict competitive allocation occurring within the
functional grouping of traits (e.g. reproduction); however, other factors includ-
ing tissue expense and developmental timing may influence allocation.
Experimental comparisons of investment across the sexes have the potential
to illuminate allocation rules, because the sexes do not always use traits for
the same functions. Here, we capitalize upon a species where females have
weapons-testes homologues. We report that a documented trade-off in invest-
ment between hind-limb weapons and testes in leaf-footed cactus bugs, Narnia
femorata, is even more pronounced in female hind limbs and ovaries. Female
hind limbs in this species do not share the clear reproductive function of male
hind limbs; therefore, this trade-off spans trait functional groups. Such patterns
of investment suggest that future studies of reproductive trade-offs should
consider factors such as tissue expense and developmental timing.

1. Introduction

Trade-offs between costly fitness traits are a fundamental tenet in evolutionary
biology [1-3]. An organism cannot optimally invest in all life-history traits
associated with reproduction, development and survival, but must balance
these competing functions. Decades of research have focused on documenting
and understanding life-history trade-offs, and yet empirical findings continue
to produce surprising results, including positive associations among traits
that are expected to trade off [4,5]. One reason for the surprising results is
that the functional and mechanistic relationships among traits remain quite
uncertain [3,6].

Hierarchical Y-models of investment can be a useful heuristic to explain
allocation decisions [7,8]. They often depict resources being allocated according
to major life-history functions, such as reproduction, development and survival
[6,8-12]. According to some depictions, resources ‘flow’ from the trunk to
branches. Each branch represents a major functional group (e.g. reproduction)
with allocation to certain branches prioritized over others. Additionally, traits
compete for resources within each branch. The pool of resources that enters
the reproductive branch, for example, is expected to be divided among traits
associated with reproduction, including pre- and post-copulatory sexually
selected traits. Resource allocation trade-offs are the result [6]. Indeed, a funda-
mental assumption of sperm competition theory is that a single pool of resources
is set aside for competitive investment in pre-copulatory traits used to achieve
access to females, such as sexually selected weapons, and post-copulatory
traits used to maximize fertilization success, such as testes [13-15].

Although hierarchical models can be a useful heuristic, they might also be
misleading because much remains unknown about the nature of allocation
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Figure 1. (a) Silhouette of Narnia femorata with an autotomized left hind limb, (b) male testes and (c) female reproductive system. (Online version in colour.)

and investment. For example, trait proximity, tissue expense
and developmental timing can influence trait investment,
leading to trade-offs that are not purely based on functional
grouping [16-21]. Our lack of knowledge on the principles
that govern resource allocation and investment is a critical
obstacle in our understanding of reproductive trait evolution.
One way to improve knowledge in this area is to use exper-
iments comparing male and female patterns of investment.

Male—female comparisons have been useful throughout
the history of biology [22-24]. However, until now, studies
of trade-offs in pre- and post-copulatory sexual traits have
focused predominately on males [6,19,25-27]. The extent to
which homologues in females follow similar allocation pat-
terns is relatively unknown. In many species, females have
a homologue to the male weapon, such as the female horns
in some African ungulates, and in many cases, such homol-
ogues are not used in pre-copulatory sexual selection and
do not serve any other direct reproductive function [28].
These homologues are often made of the same tissues and
can develop at the same time as male weapons. As a result,
studies that examine investment in testes, weapons and
their female equivalents have the potential to yield insights
into reproductive allocation patterns, with implications for
trade-offs more generally.

Our goal in this study was to compare male and female
patterns of investment using phenotypic engineering, a
powerful experimental approach for understanding func-
tional elements of life-history trade-offs [3]. The benefits of
experimental manipulation for understanding trait allocation
patterns is conceptually and empirically well established
[3,29,30]. Our approach was simple: we limited investment
in a weapon and its female homologue to determine the
extent to which an established negative correlation between
a male weapon and the testes was paralleled in females.
Specifically, we determined if reduced investment in a
weapon homologue in females led to larger ovaries. We
chose a species where the weapon homologue does not
play a direct role in reproduction and is instead involved in
survival and dispersal. If resource allocation patterns are
based on the functional group of traits (e.g. reproduction),
then a negative correlation between weapons and testes in
males should be seen at a reduced level in female homolo-
gous traits or not at all. If resource allocation patterns are
based on the expense of tissues, developmental timing or a
factor other than the functional group of the traits, then
female homologous tissues should negatively associate as
they do in their male equivalents.

We used the leaf-footed cactus bug, Narnia femorata (Hemi-
ptera: Coreidae; figure 1; electronic supplementary material,
figure S1), to compare allocation patterns in males and females
after inducing them to drop a hind-leg weapon (males) or its
homologue (females). Males of N. fernorata use their enlarged
hind limbs for locomotion, for signalling to other males, and
in aggressive male-male contests [31,32]. When contests esca-
late, males will turn around end-to-end and squeeze each other
with their spiny hind limbs. Males with larger limbs are more
likely to win contests overall [31,33], and those missing a hind
limb have reduced male dominance and mating success in a
competitive context [34]. By contrast, female hind limbs are
used primarily for locomotion, and no female signalling
or fighting has been observed in this well-studied species.
Whereas male hind limbs serve a key function in reproduction,
the same is not true for female hind limbs. Males and females
overlap substantially in size, though females are typically
larger in body size (electronic supplementary material, figure
S1) [32,35,36]. It is common for invertebrate females to be
larger than males in overall body size because large size is
often linked to higher fecundity [10,37].

Although hind-leg weapons are important for pre-
copulatory contests, they are also readily dropped to escape
life-threatening situations, such as predation attempts and
entrapment due to bad moults (i.e. autotomy [38]). Twelve
per cent of wild adult N. femorata are missing one or more
limbs [38], and weapon loss in the late juvenile stages has no
detectable impact on survival to adulthood [39]. We capita-
lized upon this natural phenomenon to phenotypically
engineer young males to have reduced weapon expression
(i.e. one hind-leg weapon instead of two, as in [39]). The
methods here resemble ablation experiments that have been
used in developmental biology for almost two centuries [40],
though in this case with minimal trauma to the study subjects.

Across animal taxa, not all weapons have detectable devel-
opmental or maintenance costs. When costs are low, resource
allocation trade-offs may be small. However, weapons in this
family of insects are metabolically expensive [41], and trade-
offs should be more pronounced among costly traits [16].
Loss of a hind leg may ‘free up’ energy and resources for
other traits, in part because N. fermorata do not regenerate
their autotomized limbs [42]. Indeed, hind-limb weapon loss
during development results in larger testes by adulthood in
this species and relatives [39,43], and males with larger testes
sire more offspring in non-competitive scenarios [44,45].
Additional evidence for this trade-off comes from a closely
related insect where a negative correlation between testes
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and weapons is found in wild-living individuals [46]. The
trade-off appears to be concentrated on the testes and weapons
dyad; the loss of a hind-limb weapon does not result in any
notable increases in the size of other investigated traits, includ-
ing overall body size, the size of other limbs, the length of the
antennae and the length of sperm [39,43].

In a new experiment, we induced autotomy of the hind
limb in juveniles of both sexes, then examined adult invest-
ment in the female ovaries and male testes of N. femorata.
We discovered that, following autotomy, female ovaries
increased in size more than the testes of males. We obtained
these results using single-sex and combined-sex statistical
analyses. These surprising and consistent results yield
insights into female trait allocation, suggesting trade-offs
that span major functions (e.g. reproduction and locomotion).
Further, the similarity in response in males and females in
this species hints at the possibility that weapons-testes
trade-offs in males across taxa may be tied to factors such
as tissue expense and/or developmental timing, factors that
should be considered in greater detail in the future.

2. Methods

(a) Rearing of young insects

We collected adult Narnia femorata from Starke, FL (29.9804° N,
81.9848° W) in October 2016. We randomly paired males and
females in plastic containers with a single Opuntia mesacantha
spp. lata cladode planted in soil and provided ripe cactus fruit.
Pairs were placed in a greenhouse with 14 h of natural and
fluorescent lighting provided per day. Each day, we collected
second-instar nymphs and pooled them from across families
into groups of eight to ten. These groups of young insects were
provided a potted cactus cladode and three to four ripe fruits
to facilitate ad libitum feeding. Young nymphs were kept in
these cups until they moulted into fourth-instar nymphs.

(b) Experimental design and rearing of older insects
Hemipteran testes growth increases at the fourth (penultimate)
instar [47,48], so we induced hind-limb autotomy at this stage
as done previously [39]. We sequentially divided 379 fourth-
instar juveniles into one of two autotomy treatments: induced
autotomy of the left hind limb (experimental treatment) or no
autotomy (intact insects; control treatment). A previous study
on testes investment following autotomy in this species incorpor-
ated one experimental treatment and three control treatments,
including a baseline control (similar to the control treatment
here), a handling procedural control and a mid-limb removal
control [39]. No difference in testes investment was found
across the three control treatments in this previous study, thus
we used only one control treatment here. To induce autotomy,
we gripped the left hind limb with reverse-action forceps and
gently brushed the body with a small paintbrush until the indi-
vidual performed a characteristic manoeuvre, disconnecting the
limb from its body at the trochanter-femoral joint [38]. To keep
track of our treatment groups effectively, we raised autotomized
individuals with other autotomized individuals and intact indi-
viduals with other intact individuals during these final two
instars. We took this approach because keeping track of individ-
ual juveniles (and their assigned treatments) can be difficult due
shedding of ID markings during moults.

Groups of N. femorata were provided a cactus cladode
planted in topsoil with four ripe cactus fruits. Males and females
were kept together during the juvenile stages, because the sexes
are indistinguishable until adulthood. We placed fourth-instar

nymphs in groups of 3-11, reflecting the range of group sizes n

commonly seen in nature. Upon reaching adulthood, the average
group size was 5.11 with a median of 3. New adults were
separated into individual containers until they reached fourteen
days after eclosion; they were then individually frozen for later
measurements. Approximately 85% of juveniles survived to
adulthood, consistent with previous studies [39]. Our rearing
design produced a total of 160 females and 202 males. Fifty-eight
containers produced one or more adult females, and 71 contain-
ers produced one or more adult males. We randomly selected
one adult male and one adult female from each cup for measure-
ment and analyses. Our final sample size included 71 males
(37 autotomized and 34 intact) and 58 females (26 autotomized
and 32 intact).

(c) Testes, ovaries and egg counts

We removed testes and ovaries from previously frozen individuals
and submerged them in 70% EtOH. We dried gonads at 60°C for
24 h, then measured the mass in milligrams with accuracy to the
nearest microgram (Mettler Toledo XP6: Columbus, OH, USA)
[49,50]. Females in our experiment were not mated. In the Hemi-
ptera, mating is not required to produce oocytes, and mature,
unmated females commonly lay infertile eggs [51,52]. We counted
the number of visible oocytes in the ovaries because they contrib-
uted to ovarian mass (see below). We also counted the unfertilized
eggs in the oviducts and laid in the container to determine if effects
of juvenile autotomy may translate into greater egg production
early in life, even without a male present.

(d) Length and area measurements

We took photographs of previously frozen insects under a
dissecting microscope (Leica M165C) with a Canon EOS 50D
digital camera. We measured pronotal width to the nearest milli-
metre. Pronotal width has been shown to be an excellent metric
for overall body size in this species [33,53]. All measurements
were made using IMAGE] software (v1.46r [54]).

(e) Hind-limb mass measurements

We removed the remaining (right) hind limbs from our pre-
viously frozen individuals at the trochanter-femoral joint. We
then used a single-blade razor to make a horizontal slit across
the femora from the trochanter-femoral to the femoral-tibial
joints. Each limb was then placed into 70% EtOH. The hind
limbs were later dried at 60°C for 72 h. We weighed the dried
hind limbs in units of milligrams with accuracy to the nearest
microgram. To determine the mass of the cuticle versus the soft
tissue, we placed the hind limbs in a 10% KOH solution (0.5 ml
at 90°C) for 1h to dissolve the soft tissue. Hind-limb cuticles
were then re-dried at 60°C for 72 h and massed. We calculated
an individual’s hind-limb muscle mass by subtracting the cuticle
mass from the total mass. Dried muscle mass of males and
females was on average 47% of the mass of the entire limb.

(f) Statistical analyses

We investigated both male and female trait allocation for those
that autotomized (dropped) a left hind limb during development
relative to those that did not. One adult male and one adult
female were selected randomly from each rearing container for
analysis. Measurements were log, transformed to improve linear-
ity, normality, and homoscedasticity, unless it is mentioned that
raw values were used. We assumed a normal distribution for
all the analyses of morphology, a negative binomial distribution
for the analysis of egg count, and a binomial distribution for the
analysis of the presence/absence of oocytes in females. We used
IBM SPSS v. 24 for all analyses.
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Table 1. Results of GLMs to examine the relative effects of hind-limb autotomy on male and female gonadal mass. The model on the left combined the sexes into [}

the same analysis for a quantitative comparison, while the others focused on a single sex for a qualitative comparison. Italics indicate statistical significance (p < 0.05).

log. gonadal mass
(both sexes)

source Wald x>

body size 1.002 0.317

limb muscle mass 105.688 <0.001
B autotomy ................... o o001

oocyte number 193.077 <0.001
e s o001
' au'totofnyxsex o 4.944' 0.026 R
e e o

autotomy X muscle 0.892 0.345
Coxmsdersec ses em

(i) What are the effects of developmental autotomy on

males and females (sexes considered separately)?

We examined whether autotomy during development (as a
binary explanatory variable) affected adult body size (measured
as pronotal width) separately by sex. We found no effect on male
or female body size (see below for statistical results). Thus, we
proceeded to use body size as a covariate in subsequent GLMs
(generalized linear models) to examine the effects of autotomy
on the remaining (right) hind-leg muscle mass and gonadal
mass. All these initial analyses were run separately by sex. The
full models for both the remaining leg muscle mass and male
testicular mass included body size as a continuous covariate,
autotomy as a binary factor, and their interaction. The full
model for female ovarian mass also included oocyte number
(see next paragraph).

Twenty-one females (36%) had visible oocytes within their
ovaries, with a total number ranging from one to eight (mean =
2.9 and median =3 for those with oocytes). We suspected that
these oocytes added to ovarian mass (figure 1c) and indeed
found that they did (Spearman rank correlation=0.844, p<
0.001; electronic supplementary material, figure S2). The mean
mass for a single visible oocyte was approximately 0.550 mg, cal-
culated from the raw data, which is sizable relative to the mean
mass of the ovaries without oocytes, 0.183 mg. For these reasons,
we included the number of oocytes as an additional covariate in
the GLM for female ovarian mass, as mentioned above. Our initial
model included body size and oocyte number as continuous
covariates, autotomy (yes or no) as a binary factor and the inter-
action of body size with autotomy. The pairwise interaction was
not statistically significant, thus we ran our final model using
only main effects. Next, we examined whether juvenile autotomy
led to greater egg production early in life prior to mating. For this
analysis, our response variable was the combined number early
adulthood (infertile) eggs present in the oviducts and those laid
in the container. We included body size as a continuous covariate
and autotomy as a binary explanatory factor. Because the count
data was overdispersed for a Poisson distribution, we used the
negative binomial distribution.

(i) Do males exhibit a greater gain in gonadal mass than

females following developmental autotomy?
A further objective was to compare gonadal allocation in males
and in females. We expected that males might increase allocation
to gonads more than females following autotomy given the

118.637

log. ovarian mass log, testicular mass

(females only) (males only)
Wald x> Wald 42
3.018 0.082 29.188 <0.001
802 <0001 B8 0002
4.556 0.033 8.368 0.004

<0.007

common reproductive function of testes and weapons. We
approached this problem in two ways. First, we quantitatively
compared males and females in the same analysis, adjusting for
body size and the amount of limb muscle tissue that was never
grown (i.e. resource investment that was likely reallocated or
‘saved’ for another purpose). Tremendous growth happens
in the hind limbs between the fourth instar and adulthood.
The average dry mass of a single hind limb of a fourth instar N.
femorata is 0.108 mg. The average dry mass of an adult hind limb
at 14 days post-eclosion is 1.800 mg, a 16.66-fold increase. Thus,
autotomy at the fourth instar reduces further allocation to the auto-
tomized limb and, because these organisms cannot regenerate,
resources may be reallocated to other structures. Yet autotomy of
one hind limb does not appear to lead to an increase in the overall
external size of the other hind limb [39], a result similar to our
findings here (below). Thus, we treated the muscle mass in
the remaining hind limb as a proxy for the muscle mass that was
not grown in the missing limb. With this first approach, we con-
structed a GLM including both sexes with body size and adult
muscle mass of the remaining limb as continuous covariates and
gonadal mass as the response variable (see table 1 for full model
structure). Our main interest in this analysis was to test if one sex
reallocated more of the ‘saved’ muscle tissue to their gonads than
the other sex, which would be revealed with a statistically signifi-
cant sex x autotomy interaction and/or a three-way interaction of
sex x autotomy x muscle mass.

Our final step was to take a simpler and complementary
approach to compare the sexes that did not require males to be
assigned a value for oocyte number. In this case, we built two
GLMs, one for each sex (table 1). The model for females
considered autotomy, body size, muscle mass and oocyte count
as covariates and gonadal mass as the response variable. The
model for males was identical but did not include oocyte
count. We then back-transformed the output from the models
to examine the relative increase in gonadal mass following
autotomy for the average-sized individual of each sex.

3. Results

(a) Males grew larger testes following developmental
autotomy

Our first question was whether the previously detected nega-
tive relationship between weapons and testes in males [39]
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Figure 2. Both males and females with autotomy showed a positive relationship between the muscle mass of the remaining (right) hind leg and gonadal mass (a),
though the slope of this scaling relationship was steeper for females. At the mean overall body size, females (c) received a greater boost in gonadal mass following
autotomy than did males (b). In (a), back-transformed raw data (x-axis) and model estimates (y-axis) are displayed, produced from the full (both sexes) model in
table 1. We used model estimates of gonadal mass in (a) to adjust for differences in oocyte number within the ovaries which contributed substantially to their mass.
In (b) and () hollow circles denote estimated marginal means (EMM) + standard error bars that were generated directly from the same model without back-
transformation. EMM produced at the mean body size (log. pronotal width = 1.4215 mg). Simpler models (right columns in table 1) produced qualitatively the

same results as depicted here. (Online version in colour.)

was confirmed in this study. Indeed, we found that juvenile
males that autotomized a hind limb during development,
relative to intact males, grew larger testes (Wald ;{2 =10.270,
d.f.=1, p=0.001), an effect also seen when we adjusted for
body size (autotomy: Wald ;(2 =5.304, d.f.=1, p=0.021;
autotomy x body size: Wald ;(2 =4.472,d.f.=1, p=0.034; elec-
tronic supplementary material, figure S3). The males missing
a hind limb did not grow larger in absolute body size (Wald
)(2 =2227, df.=1, p=0.136) nor in the muscle mass of the
remaining hind limb (Wald ;(2 =0.449, d.f.=1, p=0.503).

(b) Females grew larger ovaries following
developmental autotomy

Our second question was whether female allocation patterns
resembled male patterns. Indeed, we found that juvenile
females that autotomized a hind limb during development,
relative to intact females, grew larger ovaries (adjusting for
oocyte number; Wald 12 =10.353, d.f.=1, p=0.001), an
effect also seen when we also adjusted for body size (Wald
2>=8.996, d.f. =1, p=0.003). Fifty per cent of autotomized
females had oocytes in their ovaries, while only 25% of
intact females had oocytes (Wald ;(2 =3491, df.=1, p=
0.062). The number of oocytes had a large impact on ovarian
mass, such that the effect of autotomy on ovarian mass was
not detectable when we removed oocyte number from the
model (Wald )(2:1.501, d.f.=1, p=0.220). Female ovaries
without oocytes in our study had a mean of 0.165 mg and
a range from 0.20 to 0.797 mg, a 3.985-fold difference. The
female with eight oocytes had an ovarian mass of 3.725 mg,
an 18.625-fold increase over the smallest ovarian mass (elec-
tronic supplementary material, figure S2). For comparison,
male testes in our study had a mean mass of 0.222 mg and
a range from 0.075 to 0.408 mg, a 5.44-fold difference
(electronic supplementary material, figure S3).

The females that experienced juvenile autotomy did not
grow larger in absolute body size (Wald z*>=0.694, d.f.= 1,
p =0.405) nor the mass of the muscle in the remaining hind
limb (Wald »*=2.849, d.f. =1, p=0.091). During this period
of early adulthood, they produced 53% more unfertilized

eggs than intact females, a difference that was not statistically
significant (5.79 versus 3.79 eggs; Wald )(2 =2.055, d.f.=1,
p=0.152).

(c) Females exhibited a greater gain in gonadal
mass than males

Finally, we examined in more detail whether the magnitude
of the muscle-gonad trade-off differed between males and
females. We approached this problem in two ways. Our
first approach was to combine males and females in the
same analyses, which allowed a more direct comparison.
Body size in females of this species is larger than in males
(Wald }(2=23‘93, df.=1, p<0.001) and muscle mass of
male hind limbs is greater than that of female limbs (Wald
;(2 =15.268, d.f. =1, p <0.001). In this first approach, we con-
structed a GLM that included both sexes, considering body
size, muscle mass and oocyte number as continuous covari-
ates and gonadal mass as the response variable with the
full model structure shown in table 1. Males received a zero
for oocyte number. This model revealed that those individ-
uals with greater hind-limb muscle mass also have larger
gonads (table 1 and figure 2a). The scaling relationship
between hind-leg muscle mass and the size of gonads was
sex-specific, with females growing larger gonads for a given
amount of hind-leg muscle than males (sex * muscle inter-
action; table 1 and figure 2a). Importantly, following
autotomy, the boost that females received in gonadal mass
exceeded that of males (sex * autotomy interaction; table 1
and figure 2b,c), with the greatest difference found between
the males and females that had the most resources to
reallocate (sex * muscle * autotomy interaction; table 1). We
back-transformed the estimates produced from our first
model (estimates shown in figure 2b,c; calculated at the overall
mean body size and hind-leg muscle mass) to discover that at
these values females received a 73% gain in ovarian mass
from autotomy (0.302 mg with autotomy versus 0.174 mg
intact) while males received a 14% gain in testicular mass
from autotomy (0.270 mg with autotomy versus 0.236 mg
intact).
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Our second approach to this problem was simpler and a
more qualitative comparison that did not require males to be
assigned a value for oocyte number. In this case, males and
females were analysed separately (right columns in table 1).
We back-transformed output from these models, revealing
that, at the mean female body size and hind-leg muscle mass,
those females with autotomy had a 37% increase in ovarian
mass (0.341 mg with autotomy versus 0.249 mg intact).
Males at mean male body size and hind-leg muscle mass had
a 20% increase in testicular mass (0.225 mg with autotomy
versus 0.188 mg intact). Though the magnitude of the
estimates differ due the specifics of the models, our two
approaches for comparing males and females produced the
same clear finding: females received a greater gain in gonadal
mass following autotomy than did males.

4. Discussion

We found that a negative association between testes and
weapons can extend to the homologous traits in females. In
fact, the female ovaries grew more following loss of the
weapon homologue than did the male testes following loss
of the weapon (table 1 and figure 2b,c). These unexpected
results suggest life-history trade-offs in females across traits
that span major functions, reminiscent of the reproduction—
dispersal and signalling-longevity trade-offs documented in
crickets [3,55]. The increased gonadal growth in both males
and females following limb loss suggests that factors other
than the functional groupings of traits must be considered
in studies of testes and weapons investment in males and
in resource allocation more generally.

The hind limbs of male and female N. fernorata are
enlarged (electronic supplementary material, figure S1) and
filled with muscle [41]. Female N. fermorata use their slimmer
hind limbs for walking, while males use their thicker hind
limbs for locomotion, and for signalling and fighting with
other males. When male N. femorata lose a hind limb
during development, they grow larger testes [39]. Such
males have increased fertilization success in non-competitive
scenarios [45]. We found that hind-limb loss in females
resulted in a surprisingly pronounced increase in gonadal
mass (figure 2b,c). Even in these early days of adulthood,
hind-limb loss was accompanied by a mean increase in the
number of oocytes and eggs produced, though the increases
were not statistically significant. It would be useful to follow
females for longer periods of time and provide them with
opportunities to mate to determine the lifelong reproductive
consequences of juvenile autotomy.

Resource allocation patterns are hypothesized to follow a
series of dichotomous decisions, leading in aggregate to a
hierarchical allocation tree and a series of positive and nega-
tive trait covariances [7]. Such Y-models are a helpful and
often-used heuristic for explaining the concept of trade-offs.
Major splitting points of the tree, and thus resource flow,
are often depicted as based on fundamental functions
including growth, maintenance, dispersal and reproduction
[6,8-12]. Indeed, sperm competition theory assumes that
suites of traits associated with reproduction compete for a
single pool of resources [13-15]. The growth of male testes
after limb loss in N. femorata is consistent with these assump-
tions; however, the amplified patterns in female homologues
suggests trade-offs that span major functional groupings.

While males and females may follow distinct allocation [ 6 |

rules, the results suggest a common phenomenon that has
little to do with trait function. Investment patterns across
traits are poorly understood in general [3], and much more
work needs to be done.

Empirical and theoretical work has suggested that numer-
ous factors may impact trait allocation, including the (1)
proximity of traits, (2) expense of tissues and (3) developmen-
tal timing. In onthophagine horned beetles, for example, trait
allocation can be influenced by trait proximity. An across
species comparative study revealed that traits developing
near to beetle horns are relatively smaller (e.g. taxa with
head horns have relatively smaller eyes [18]). By contrast, pre-
vious work in N. femorata did not find an effect of juvenile
hind-limb loss on adult body size or the growth of nearby
traits, thus providing no support in this species, to date, for
a role of trait proximity in investment patterns [39].

Expensive traits, such as the brain, gut, muscle, gonads,
liver and immune system can have pronounced trade-offs
with each other [17,56]. These traits have vastly distinct
forms and functions, and yet they share a high demand for
energy and/or growth factors. Across species of primates,
those with big muscles may have small brains and vice
versa [57]. Guppies (Poecilia reticulata) artificially selected
for large brains evolve smaller guts [58] and have weakened
innate immune responses [59]. Finally, many insects display a
trade-off between wing musculature and both female and
male reproductive capacity [60-63]. These examples suggest
the possibility that the expense of tissues may better predict
which traits trade off rather than trait functional groupings.
Indeed, hind legs and gonads in N. fermorata are probably
expensive tissues. Hind legs in this species and many rela-
tives are enlarged and filled with metabolically expensive
muscle tissue [41]. By removing a single hind limb during
development, we were able to cut total hind-leg muscle
mass at adulthood by approximately 50% in both males
and females. Considering the size and the expense of the
hind legs in these insects, it is perhaps no surprise to find evi-
dence that hind-leg weapons and their homologues trade off
with the gonads. We would not expect such a pronounced
trade-off in those cases where weapons and their homologues
are composed of relatively inexpensive tissues.

Developmental timing is another factor hypothesized to
play a role in the presence and magnitude of trade-offs
[20,21]. For example, Moczek & Nijhout [19] discovered
that testes ablation in male beetles led to horn growth in
medium-sized individuals, but only when those testes were
ablated during the period of horn growth. Males of this
size did not grow sizeable horns if ablation occurred earlier
in development. In N. femorata hind limbs experience drastic
growth in the final two moults, and this is same ontogenetic
window where gonads develop across the Hemiptera [47,48].
We stimulated insects to drop a single hind leg prior to the
final two moults, and the testes grew. Future work should
compare gonadal growth when a hind limb is dropped
other developmental stages or during adulthood; we might
expect reduced gonadal growth in these cases.

Our results suggest that tissue expense and developmen-
tal timing may play a part in determining which traits trade
off. Further work in this area should examine more trait
correlations in males and females, including traits that vary
in location, expense and developmental timing. Experimen-
tation is a powerful approach to get at the mechanisms

90606107 :98Z § 20S "y 20id  qdsi/jeuinol/bio buiysigndAianosiefos



behind trade-offs [3]. Yet experimental techniques involving
phenotypic engineering, the general approach we used
here, can be quite invasive [19,25,27]. By contrast, the drop-
ping of a hind limb to escape entrapment is routine in
many leaf-footed bugs (Family: Coreidae [38]), providing an
excellent context for the experimental investigation of trade-
offs. Here in this laboratory-based study, survivorship of
autotomized individuals did not differ from those left
intact. While our study system provides unique opportu-
nities, using a natural phenomenon to remove limbs from
males and females comes with its own set of uncertainties.
Each empirical approach to investigating trade-offs, including
experimental, genetic and observational, has strengths and
weaknesses, and thus the use of multiple complementary
approaches would be ideal [3,29,64-68].

Autotomy is common in wild populations in this insect
family [38], and thus a history of selection following
autotomy may be responsible for shifts in allocation. For
example, we cannot exclude the possibility that the loss of
a limb is, for both males and females, a cue of a high-
predation environment or, more generally, a cue of a reduced
lifespan. It is possible that wild individuals have historically
done better to shift to early reproduction following autotomy,
contributing to evolutionary change and the patterns wit-
nessed here. While such a history of selection may
contribute to the documented patterns, an observational
study of another leaf-footed bug (Leptoscelis tricolor) provides
evidence that a trade-off between testes and weapons exists
naturally, even in the absence of limb loss [46]. Together,
the results of these studies support our conclusion that the
negative correlation between gonad and leg investment
reflects, at least in part, an allocation trade-off.

In this study, the trade-off between the gonads and the legs
was, interestingly, paired with a positive association between
these traits, even when adjusting for body size differences
(table 1 and figure 2a). Insects with larger legs had larger
gonads on average. While such results might initially
seem contradictory, they are to be expected for traits that
have heightened condition dependence [32,69,70]. Here, we
provided all insects a cactus pad with a ripe cactus fruit, typi-
cally an excellent diet [32]. In general, negative correlations
among traits can shift to positive under good conditions [5].
It is probable that a purely observational study in this context
would have only detected a positive association between these
traits. If we had not taken an experimental approach (etiam
[39,43]), we may have wrongly concluded that a trade-off
between the hind limbs and the gonads did not exist.

Not only did female ovaries grow following hind-limb
loss, but they grew more than did male testes. The bigger
the limb lost, the greater the increase in female ovaries.
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