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Abstract

Animal weapons have evolved multiple times, primarily for battling for access to mates. Despite intra-sexual selection being common, exagger
ated weapons have evolved relatively rarely. So why do exaggerated weapons not evolve more commonly? It has been hypothesized that three
conditions are necessary for evolution of exaggerated weapons: high variance in reproductive success, patchy, high-value resources, and spatial
environments conducive to one-on-one competition. Here, we test this hypothesis by performing experimental evolution in Drosophila melano-
gaster, utilizing heterogeneous environments where conditions facilitating territorial defense and opportunities for competitive interactions vary.
We examine changes in sexually dimorphic morphology and male aggression that are predicted to occur, based on this model. We also exam-
ine whether condition dependence for sexual dimorphism has evolved after 35 and 75 generations of experimental evolution. Aggression did
increase, albeit modestly, in environments that facilitate resource defense. Morphological changes are modest although with some trait-specific
changes to allometry, generally in the opposite direction of our predictions. Condition dependence trends in the opposite direction from those
predicted by our hypothesis as well. We discuss our results in the context of the necessary conditions for the evolution of exaggerated weapons,
and if, and when condition dependence may evolve.
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Introduction willing to escalate agonistic interactions (Hurd, 2006). A pat-
tern has also been present in the literature suggesting species
with exaggerated weapons tend to be more aggressive than
closely related species, or individuals of the same species
without the trait exaggeration (Boisseau et al., 2020; Kudo
et al., 2017; Moczek & Emlen, 2000). To date, to the best of
our knowledge, the evolution of aggression in relation to the
evolution of weapon exaggeration has yet to be studied. It is
known that males without obvious trait exaggeration, such as
the pomace fly, Drosophila melanogaster, can be aggressive
ance in the number of matings individual males acquire rel- and show resource defense/territoriality (Chen et al., 2002;
ative to females in the population (Bath et al., 2021; Nandy Dow & Schllcher, 197,5; .Guo & Dukas, 2020; Hoffmann. &
et al., 2013; Sepil et al., 2022). The ability to differentially ~ Gacoyianni, 1990). This includes both the use of threatening
signals, such as wing displays, and physical altercations medi-
ated by use of the front legs and heads (details discussed in the
Methods section), which themselves are genetically correlated
(Baxter et al., 2023). Drosophila melanogaster selected for
increased territoriality, showed increased mating success and
longevity under some conditions (Hoffmann & Cacoyianni,
1989). Other Drosophila spp, such as Hawaiian Drosophila
show trait exaggeration (Spieth, 1981), in particular, hyper-
cephaly, lekking behavior, and substantial aggression (Kudo
et al., 2017). Drosophila prolongata has exaggerated male
forelegs used in male-male combat, and outcomes of con-
tests influence mating success (Toyoshima & Matsuo, 2023).
Although the native mating substrates for D. prolongata are

The intensity of sexual competition has long been attributed
to the accessibility of a limiting sex (typically females) by a less
limiting sex (typically males; Bateman, 1948; Darwin, 1871).
In large part due to the consequences of anisogamy, including
female receptivity and parental investment, the Operational
Sex Ratio (OSR) of populations can often be male-biased.
This male-biased OSR leads to various forms of competition
for access to mates including sperm competition, mate harm,
and intra-sexual aggression, which can result in a high vari-

access mates can become more intense depending on the mat-
ing system of the organism in question, as well as ecologi-
cal constraints (Emlen & Oring, 1977). The Environmental
Potential for Polygamy (EPP) has been hypothesized to
depend on the ability to defend multiple mating partners, or
resources desired by multiple mates, by an individual (Emlen
& Oring, 1977).

In mating systems where EPP is high, and males compete
for access to mates, intra-sexual selection may be intense
and resource-defense polygyny may create a skew in which
males must fight for access to mates, favoring aggressive
interactions. If the resource is sufficiently high value, males
with high Resource-Holding Potential (RHP) should be more
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currently unknown, the intensity of aggression in this species
suggests that aggressive interactions are a necessary precur-
sor for changes in male-biased sexual dimorphism. Increased
competition for mates and associated increases in variance in
reproductive success may lead to the evolution of increased
aggression and contests, and the exaggeration of traits used
in aggressive interactions.

The evolution of exaggerated weapons is far rarer than the
occurrence of male-male competition for mating (Palaoro &
Peixoto, 2022; Voje, 2016). The relatively rare evolution of
exaggerated weapons begs the question as to why, when, and
how weapon exaggeration evolves. Building on the founda-
tions laid out in Emlen and Oring (1977), Emlen (2008, 2014)
hypothesized that three explicit conditions are necessary for
the precursors of exaggerated weapon evolution in males. First,
there must be competition for access to females, likely in a way
that creates asymmetry in access to mates, generating increased
variance in male reproductive success. This may result in males
who expend resources into trait (weapon) expression, as invest-
ing in increased RHP may be crucial for reproductive success.
Second, there are limiting, localized (patchy) resources required
by females. If resources are distributed abundantly throughout
the environment, there is little benefit in defending one patch
if there is a plethora nearby of equal value that females may
visit instead. Discrete patches of limiting resources result in
predictable locations that females must visit, and therefore spe-
cific locations to defend. Finally, the layout of these resources
must be such that males compete in duels, or one-on-one fights.
If resource patches are sufficiently large (spatially) resource
defense may be impossible, as many males attempt to usurp
the dominant male at the same time. In this scenario, compe-
tition becomes a scramble and there is likely no direct benefit
in being the strongest because a scramble does not necessar-
ily reward the largest weapon, but rather the fastest male to
secure a mating. These conditions correlate with observations
of extant species with exaggerated weapons (Emlen & Philips,
2006). For instance, Onthophagus spp. (dung beetles) use two
strategies to sequester dung for their larvae; they may roll dung
away from the source and bury it elsewhere, or they may dig
tunnels adjacent to the dung source. If dung is rolled away,
males scramble to fight over the dung ball largely out in the
open, and many males may compete at once. Tunnels, however,
restrict access to dung in a way where males interact in one-on-
one competition for access to the female who requires the dung
for egg laying. Phylogenetically, only in lineages where males
interact in these restricted spaces allowing one-on-one duels
have horns evolved, and they have never evolved when compe-
tition occurs as a scramble (Emlen & Philips, 2006). Diospidae
(stalk-eyed flies) also have species with exaggerated male
eyestalks used in aggressive signaling, as well as species with
only rudimentary eyestalks. Sexually dimorphic species form
nocturnal clusters on rootlets where males are able to control
access to multiple females, and due to the linear nature of the
rootlets, interactions between males occur one-on-one with the
larger male typically winning (Wilkinson & Dodson, 1997).
The monomorphic species appear to not display the same clus-
tering behavior that allows male-male competition for access
(Wilkinson & Dodson, 1997). Although the conditions laid
out by Emlen (2014) correspond to weapon evolution in some
taxa, little has been done to experimentally test if these ecologi-
cal conditions are necessary and/or sufficient to initiate weapon
evolution, or contribute to increased male-biased sexual size
dimorphism (SSD).
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To test Emlen’s (2008; 2014) hypothesis for the ecologi-
cal conditions necessary for weapon evolution, we performed
experimental evolution using D. melanogaster. We generated
three experimental environments, including two conditions
conducive for males to attempt to defend food resource desired
by females (food optimized to maximize female fecundity).
These defensible resources should result in male-male com-
petition for monopolization of the resource and an increase
in mating success of males with high RHP. Size of resource
patches was based on prior research that demonstrated that
when resource access (via food patch size) was limited, male
D. melanogaster would increasingly perform resource defense
(Hoffmann & Cacoyianni, 1990). We generated three envi-
ronments where individuals had spatially constrained access
to resource patches, potentially facilitating increased one-on-
one contests in males. One where patches were easily accessi-
ble and too large to easily defend, one where patches occurred
in sizes conducive to resource defense attempts, and one facil-
itating the opportunity for one-on-one contest, via restricted
openings leading to resource (Figure 1; Supplementary
Figure S1). Previous work using this setup demonstrated that
depending on the spatial constraint of resources and oppor-
tunities for sexual selection, there was variation in efficacy
of selection to purge deleterious alleles (Wilson et al., 2021).
Based on the hypothesis set out by Emlen (2008, 2014), and
the fact that male D. melanogaster extensively use their fore-
legs (prothoracic) in agonistic interactions (Chen et al., 2002),
we predicted evolution of increasingly male-biased SSD for
these legs, and an evolutionary increase in the allometric
slope of this leg (relative to overall body size). Specifically,
we predicted rank order changes based on three experimen-
tal environments we set up. We predicted a related response
in wing length, as wings are used in threat displays. In the
environment without small, defensible resource patches (large
open resources, which single males cannot defend, termed ‘no
territory’, N'T, hereafter), scramble competition tends to dom-
inate (Hoffmann & Cacoyianni, 1990). When resources are
readily available in relatively large patches, scramble compe-
tition is classically believed to be the most common mating
system in D. melanogaster (Hoffmann & Cacoyianni, 1990;
Partridge et al., 1987; Spieth, 1974) with recent work sug-
gesting that interference competition may represent a sub-
stantial fraction of mating interactions (Baxter et al., 2018).
We did not predict any substantial evolutionary changes in
SSD or trait allometries in this environment, as a result of
either of these mating strategies. In the second environment,
with open, but defensible resource patches, termed “uncon-
strained territories” (UCT), we predicted modest evolution-
ary increases in aggression, evolution towards male-biased
SSD and positive allometry in the legs. In the final environ-
ment, with spatially constrained access to resource patches,
termed ‘spatially constrained territories’ (SCT), we predicted
increased magnitude of evolutionary changes in aggression,
SSD, and positive allometry. We also evaluated traits for evi-
dence of the evolution of increased condition dependence in
male forelegs and wings relative to other traits. An associ-
ation between trait exaggeration and overall condition has
been suggested to result in a heightened condition-dependent
response to environmental perturbation in exaggerated sec-
ondary sexual traits, meaning that when conditions are poor
the trait reduces in size to a greater degree than other non-
secondary sexual traits (Rowe & Houle, 1996). This pattern
has been observed in most systems where it has been studied
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Figure 1. Top-down layout of high- and low-quality food resource structure in each territorial treatment. Upper row: Large squares represent open, easily
accessible food, small circles represent food containers of a size D. melanogaster has been demonstrated to defend, and small circles with a grey ring
represent resources with restricted access points. Darker objects represent high-quality food and lighter objects represent diluted food. Placement of
food containers in each cage was random each generation. Lower row: side view shows the food containers and accessibility of resource. Smaller vials
were decreased further in height after generation 10 to reduce the amount of space within the vial for flies to occupy (see Methods section).

(Bonduriansky, 2007; David et al., 2000; Johns et al., 2014),
with few exceptions (although see: Ceballos & Valenzuela,
2011; Fairbairn, 2005; Perdigén Ferreira et al., 2023). For
this reason, it could be anticipated that the evolution of con-
dition dependence co-evolves with trait exaggeration. We pre-
dicted rank order differences in condition dependence across
the three experimental environments (NT <UCT < SCT).
While we observed modest changes in male aggression in the
predicted direction, our results relating to changes in SSD,
allometry, and condition dependence were not generally con-
sistent with our predictions. We discuss our findings in the
context of the evolution of trait exaggeration.

Methods

Environmental treatments

Three environmental treatments were created to encapsulate
the ideas of the three conditions for weapon evolution pro-
posed by Emlen (2014). All three environments had the same
surface area of high and low-quality food, and approximately
equal volume of food. The “high-quality” resources have been
optimized for female fecundity based on nutritional geometry
studies (Jensen et al., 2015; Lee et al., 2008; Maklakov et
al., 2008; Reddiex et al., 2013; Tatar, 2011), and were devel-
oped as highly desirable resources for female oviposition.
Fecundity selection is an important driver of overall fitness in
D. melanogaster (Tanaka & Yamazaki, 1990), and evidence
supports that it is likely one of the major contributors to the
ancestral pattern of female-biased SSD (Honék, 1993; Reeve
& Fairbairn, 1999). As such, female access to the high-quality

food contributes to an individual’s ability to maximize fitness.
“Low-quality” resources are dilutions of the high-quality
resource, and for all three experimental environments, pro-
vided as four 177 ml Drosophila culture bottles filled with
~50 ml of a 25% dilution of the high-quality resource. At gen-
eration 48, the low-quality resource was changed to a 10%
dilution, as it was observed that flies were possibly beginning
to adapt to this dilution, evidenced by a few normal-sized lar-
vae present in the diluted media. The purpose of these diluted
food resources was to allow adult individuals to feed (even if
the media could not generally support larval growth). In this
way, individuals were not competing for resources necessary
for adult survival, but for resources necessary to maximize
reproduction. We note that we regularly observed individuals
in each population using low-quality resources for feeding,
and some egg laying, but that larvae developing on them were
small, developmentally delayed, and did not eclose as adults
fast enough to contribute to the following discrete generation.

While all experimental environments shared the same
amount (based on surface area) and proportions of high- and
low-quality food, they differed based on patchiness, acces-
sibility, and defensibility of resources (Figure 1). The “non-
territory” (NT) treatment was designed to have large, open,
easily accessible food patches that are difficult to defend as
territories (Hoffmann & Cacoyianni, 1990). NT effectively
serves as a “control” environment, mimicking conditions
of the lab-domesticated population in spatial structure,
and where scramble competition in Drosophila dominates
(Hoffmann & Cacoyianni, 1990). The “unconstrained terri-
tory” (UCT) treatment was designed to have small, defensible,
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but accessible patches. That is, while they are defensible, they
are easy to access by multiple rival individuals, harder to
monopolize, and potentially less likely to result in frequent
duels. Territorial behavior at this patch size has been previ-
ously demonstrated in laboratory conditions by Hoffmann
and Cacoyianni (1990), and in natural populations by Dukas
(2020). The third environment, the “spatially constrained ter-
ritory” (SCT) treatment, has the same patch sizes and num-
bers as UCT but access to the food patch is constrained via
3D-printed “funnel caps” on each resource patch, restricting
the opening (accessibility) to the resource (see Supplementary
Figure S1; and Wilson et al., 2021). These funnel caps are
3D-printed plastic conical fittings that cover the opening of
short vials, sitting on top with a beveled edge leading to a
smaller entrance at the peak with a 4 mm opening. The addi-
tion of the funnel cap facilitates opportunities for defending
and holding resources and provides additional physical spaces
that could encourage agonistic encounters for control of the
resource to occur as one-on-one battles. The 4 mm aperture is
large enough that two males could pass each other, but small
enough that one male can harass and attempt to restrict access
to other males. Each environmental treatment was set up in
mesh BugDorm-4F3030 cages (30 cm?) with the specific setup
as follows: the NT treatment had four Drosophila culture bot-
tles (177 ml, 5.5 cm length and width for a total surface area
of 30.25 cm? for a total of 121 cm? total high-quality food
surface area) each containing ~50 ml of the high-quality food
resource with four drops of a yeast and orange juice mixture
placed on top to attract females (Dweck et al., 2013). The
UCT treatment had 25 open vials (height of 32 mm, 25 mm
outer diameter, ~22 mm inner diameter, 4.8 cm? surface area
for a total of 120 cm? of high-quality food surface area),
close to the optimal 20 mm diameter that promotes resource-
defense polygyny (Hoffmann & Cacoyianni, 1990), each with
a single drop of yeast-orange juice paste on the food surface.
The SCT treatment had the same set-up as UCT (including
surface area and volume of resources), except each vial had
a 3D-printed funnel cap (22 mm diameter, 25 mm height,
and 4 mm opening) to restrict access to the vial (resource
patch) with a smaller entrance. Vial heights were reduced
for UCT and SCT treatments from 95 to 32 mm at gener-
ation 10 of experimental evolution to reduce the amount of
space between the top of the funnel caps and the surface of
the resource in the SCT treatment. This was done to increase
defensibility of the resources as initial monitoring of these
vials showed high adult densities. Pipe cleaners were wrapped
around the tops of bottles and vials containing high-quality
food resources as perching sites. The outline of the territorial
treatments and food containers can be seen in Figure 1 and
Supplementary Figure S1.

Experimental evolution population maintenance

Populations were created by collecting virgin females and
males from a large outbred, lab-domesticated population,
initiated from a large collection (several thousand individu-
als) from Fenn Valley Winery (FVW), Michigan in 2010 (GPS
co-ordinates: 42.578919, -86.144936). This population had
adapted to lab conditions for ~160 generations, prior to the
initiation of this experiment. Thus, confounding effects of
concurrent selection for lab adaptation would be minimized
(Harshman & Hoffmann, 2000). From this population, 300
males and 300 females were placed into a cage, set up with
one of the three environmental treatments. This was done
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with four replicate cages for each treatment, resulting in
12 lineages total (four independent lineages per treatment).
Populations were maintained at 12L:12D cycles at 21 °C
with 60% relative humidity in a Conviron walk-in chamber
(CMP6050). The populations were kept on a 13- to 15-day
schedule depending on emergence times, such that each pop-
ulation had about an equal amount of adults contributing to
the next generation (census size was not measured directly).
After the initial populations were placed into their respective
treatments, adults were allowed to mate and lay eggs for 3
days. After this period, the media with eggs and larvae was
removed from these cages and placed into new cages (without
adults) to allow for development and eclosion. Development
and eclosion occurred over a 10- to 12-day period. Once the
new generation of adults emerged, old food was removed, and
new food was placed in these cages with the set-up described
above, and the cycle was repeated. This timeframe was used,
as it was too short for the emergence of the rare individuals
who developed on the low-quality resource (which had very
few pupae regardless). For each generation, the new food was
placed into the cages in a random distribution, and the cages
were placed onto racks in a random order, such that each
population varied in position in the walk-in chamber each
generation.

Assessment of male competitive fitness across the
environmental treatments

To assess how potential spatial constraints and opportunities
for territoriality interact to influence variance in male mating
success, we performed an experiment to assess male compet-
itive fitness. We predicted that males reared on high-quality
resources would have increased competitive fitness (com-
pared with the common competitor) than those deprived of
food during their terminal growth period (and are therefore
smaller), and these differences would increase with oppor-
tunity for territoriality. For this experiment (summer 2020),
we used the “ASW” population of Drosophila melanogas-
ter established from 600 field-collected females during the
spring and summer of 2018 at various sites near Hamilton,
Ontario, Canada, and maintained a census size above 2,000
individuals each generation. For more details about this
population, please see (Scott et al., 2022). The spontaneous
X-linked crossveinless' (cv') mutation was introgressed into
this population to serve as a visible marker to assess competi-
tive fertilization. This visible mutation was chosen as previous
work in the lab demonstrated that it had relatively modest
deleterious effects in comparison to many visible markers. To
manipulate male quality, we placed 50 eggs onto high-quality
food and allowed high-quality flies to develop to eclosion at
24 °C before collecting virgin flies, while low-quality males
were removed from the food 2 days prior to pupation as
described below. After eclosion, flies were stored in individual
vials prior to the experimental manipulations. One individ-
ual focal ASW male of either high- or low-quality, and one
cv! male were then aspirated into a test cage (355 ml plastic
containers) with high-quality resource corresponding to the
treatments described above as well as an open, low-quality
resource patch (high-quality food diluted to 25%), sufficient
for adult feeding and hydration, but insufficient to support
proper growth. NT treatments contained a 1 oz plastic cup
with ~35 mm surface area of high-quality food, UCT con-
tained a ~22 mm surface area vial of high-quality food, and
SCT contained the same food vial as the UCT treatment
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but with the restricted funnel cap with a 4 mm opening as
described above. Focal and cv! males were allowed to settle
into their environment for 2 hr before a virgin homozygous
crossveinless' female was introduced. Because of the X-linked
recessive nature of cv!, females sired by a cv' male would be
phenotypically crossveinless, and females sired by the focal
ASW males would be phenotypically wild-type. Offspring
from each treatment were allowed to develop and then col-
lected for phenotyping to count the number of phenotypically
crossveinless and wild-type female offspring.

Condition manipulation

At generations 35 and 75 of experimental evolution, two
177 ml Drosophila food culture bottles containing high-
quality food were placed in each environmental treatment
after the initial 3-day egg-laying period for population main-
tenance. These bottles were removed after 7 hr to keep egg
density low and were kept at 21 °C. Upon emergence of
adults, 20-25 pairs were placed in three containers per repli-
cate with a 2% apple-juice agar plate with a drop of orange
juice yeast paste on the surface. Eggs were collected and
placed into vials containing high-quality food resource at a
density of 50 eggs per vial. For each of the 12 populations, 16
vials of eggs were collected and were split into three condition
cohorts to undergo food deprivation protocol (Stillwell et al.,
2011). The purpose of the food deprivation was to manip-
ulate organismal condition, generating size differences, by
limiting the nutritional content available to the larvae during
growth phases of development. The first condition cohort (0)
has normal food availability throughout larval development.
Condition cohorts 2 and 1 each have successively increased
days of food restriction before the end of larval develop-
ment, with cohort 1 spending 1 day before the end of larval
development without food, and cohort 2 with 2 days with-
out food. Condition cohort 0 consisted of four vial replicates
and developed on food for 6 days, cohort 1 consisted of five
vial replicates and was left to develop on food for 5 days,
and cohort 2 consisted of seven vial replicates and was left
to develop on food for 4 days. After these time periods, the
larvae from cohorts 1 and 2 were removed by adding 5 ml of
a 40% sucrose solution to each vial and shaking for 20 min.
Once the larvae were loose from the food, they were collected
using a fine paintbrush and placed into a new vial containing
a water-moistened cotton ball. The larvae continued devel-
opment at 21 °C and upon eclosion and sclerotization, 50
individuals of each sex amongst all vials from each condition
cohort and population were collected and stored in 70% eth-
anol for morphometric measurements.

Morphological measurements

Traits chosen for morphological measurement are based on
previous research demonstrating their involvement in aggres-
sive interactions. Primary among these is the foreleg (protho-
racic leg) which has been shown to be involved with numerous
aspects of aggressive behaviors such as thrusting, boxing/fenc-
ing, and lunges (Chen et al., 2002; Dow & Schilcher, 1975;
Dukas, 2020; Rohde et al., 2017). In addition to measurement
of the forelegs, we also measured thorax length as a proxy
for body size, as well as head width and wing length. Wing
threats are used in aggressive displays (Chen et al., 2002), and
there is evidence of a genetic correlation between displays and
fighting in Drosophila (Baxter et al., 2023). However, there
is no evidence that wings are used as weapons directly. As
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such, wing length would potentially differ in its response in
contrast to the legs, which are directly used in physical com-
bat. While the majority of aggressive interactions are among
males (Jacobs, 1960), females do sometimes display agonis-
tic interactions with one another, often associated with the
defense of a high-quality food resource (Nilsen et al., 2004;
Ueda & Kidokoro, 2002). Current evidence is not consistent
with the outcome of female-female contests resulting in win-
ner—loser hierarchies (Nilsen et al., 2004). While they share
some of the same aggressive behaviors with males, their fre-
quency of these differs substantially, and additionally will
use “headbutting” (Nilsen et al., 2004; Zwarts et al., 2012),
rarely seen in males. As such, head width was also included as
a trait in our study.

Of the flies collected, 20 individuals of each sex of each
cohort and treatment combination were dissected for imag-
ing and subsequent measurement. Flies were dissected and
images of the head, thorax, wing, and foreleg were taken
with a Leica M 1235 stereoscope with a Leica DFC400 digital
camera at magnifications of 50x or 63x, depending on the
trait. Measurements of head width, thorax, wing length, wing
width, femur, tibia, and first tarsal segment were conducted
using Image] (1.53e) software (Rueden et al., 2017).

Aggression assays

To assess aggression, at generation 60 we removed 20 females
from each treatment and replicated after the 4 days of terri-
torial exposure. These females were allowed to lay eggs in
two vials on 2 consecutive days, and density was controlled
by culling excess eggs. We sexed newly eclosed males, placed
them individually in food vials, and conducted the aggression
assays when the males were 3 days old. Assay methodology is
described in Baxter and Dukas (2017) and summarized here.
Two males of the same treatment and lineage were placed
in arenas 3 cm in diameter with a patch of standard food
1.3 cm in diameter and a 3 mm ball of yeast and grapefruit
juice. After the two males were added to the arenas, they were
video-recorded for 15 min using Logitech ¢920 cameras. We
ran eight trials per lineage for a total of 32 trials for each
of the three treatments. BORIS software (Friard et al., 2016)
was used to score the footage with observers blind to fly treat-
ment. Observers recorded wing threats, single male aggres-
sion (lunging or holding), and reciprocal male aggression
(boxing or tussling).

Statistical analyses

All analyses were done in R version 4.1.3. Response vari-
ables and the continuous predictor of thorax length were log,
transformed. The predictor variable of log, (thorax length)
was mean-centred to aid model interpretation. Linear mixed
models were fit using the glmmTMB version 1.1.4 package
in R (Brooks et al., 2017). Both intercept and influence of
thorax length were allowed to vary as random effects of rep-
licate lineage nested within evolutionary treatment (thorax|
Replicate). A similar model was also fit with starvation cohort
as a predictor to determine if an interaction between the allo-
metric coefficient and cohort existed to control for changes in
allometry due to our starvation protocol. Plotting of observa-
tions identified several possible outliers, so models were run
with and without outliers. Estimates were found to be similar,
so outliers were included. Confidence intervals and a priori,
custom contrasts used for inferences, were determined using
emmeans version 1.8.0 (Lenth et al., 2018).
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Data evaluating competitive fertilization success was modeled
using a logistic generalized linear mixed model in glmmTMB
with the counts of wild-type (“successes”) and crossveinless
(“failures™) female offspring sired from a focal male as the
response variable, and environmental treatment, male quality,
and their interaction as predictor variables. We also included ran-
dom effects of experimental block and cage. We used emmeans
to extract estimates and confidence intervals for treatment con-
trasts to our control treatment (NT). p-values from these esti-
mates were adjusted using the Dunnett X method for two tests.

Data to evaluate changes in aggression were also modeled
in glmmTMB, with evolutionary treatment and observer as
fixed effects, while lineage nested within treatment, day of
experiment, and camera were modeled as independent ran-
dom effects. Counts of lunges were modeled as Poisson with
zero inflation. Threat duration is semi-continuous with zeros,
and as such was modeled according to a Tweedie distribu-
tion (Tweedie power parameter estimated as ~ 1.6). To con-
firm that the results (and the presence of many zeroes in the
threat duration) were not unduly impacting model inferences
(specifically treatment contrasts), we fit a similar model to
the one above, but using a hurdle-Gamma, using the zero-
inflated Gamma distribution in glmmTMB. This modeling
strategy showed similar patterns of changes in aggression, of
more modest magnitude. We used a log link for these models.
Visualization was done using ggplot2 (Wickham, 2018).

Results

Territorial restriction leads to increased fertilization
success in high-quality males relative to non-
territorial controls

To test how our territorial treatments influence variance
in male reproductive success, we challenged both high-
and low-quality focal males against marked tester males
(crossveinless) in each territorial treatment. Consistent with
our prediction, we observed an increase in competitive fertil-
ization success in high-quality males in the SCT treatment rel-
ative to the NT treatment (Figure 2; odds ratio (OR) of 4.25,
95% Cls: 1.54-11.7, SE: 1.937, Z-ratio: 3.17, p = 0.003).
Consistent with the prediction there was a modest increase
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in siring success in the UCT treatment relative to the NT
treatment (Figure 2; OR: 3.09, CIs: 1.01 -9.46, SE: 1.557,
Z-ratio: 2.24, p = 0.048). As expected, the differences in the
environmental treatments had very modest influence on com-
petitive siring success with low-quality focal males (SCT/NT
OR: 0.98, CIs: 0.34-2.79, SE: 0.46, Z-ratio: -0.05, p = 0.99;
UCT/NT OR 0.24, Cls: 0.06-0.89, SE: 0.142, Z-ratio: ~2.41,
p =0.03). We also conducted an analysis of deviance (type
IT Wald ?) for the interaction term between environmental
treatment and male quality, demonstrating that the magni-
tude of difference in siring success across territorial treat-
ments was greater in the high-condition males (y?=8.78,
df=2,p =0.012, Supplementary Table S1).

Sexual size dimorphism (SSD) modestly changed
for some traits after 75 generations of experimental
evolution

To test our prediction that territorial restriction would induce
changes in sexual dimorphism due to intra-sexual competi-
tion, we measured female-male sexual dimorphism at gener-
ation 35 and 75 in all traits (Figure 3; Supplementary Figures
S2 and S3). We also modeled changes in SSD between con-
dition cohorts as well as treatment (Figure 4). We observed
no substantial changes in sexual dimorphism for any leg trait
at either generation 35 (Figure 3A) or generation 75 (Figure
3B). At generation 75 we saw a change in SSD as a response
to condition in the wing (Figure 4B). This effect appears to
be due to a decrease in size of female wings. A similar effect
was observed in femur length with a change in SSD when
condition was accounted for (Figure 4B), which appeared
to be due to a decrease in female femur size in UCT and
SCT treatments in high condition but converging on similar
trait values in low condition (Figure 4B). We also observed
a change in SSD in tarsus when condition is accounted for
(Figure 4B). Interestingly, this appears to be due to a lower
condition response in tarsus in both sexes in UCT and SCT
treatment, which is the opposite of the predicted trend (Figure
4B). A model with generation (and associated interactions)
as predictors of sexual dimorphism for each trait contrasted
between UCT or SCT and NT showed similar results when
generation is accounted for (Supplementary Figure S4).
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After 75 generations of experimental evolution,
allometry changes were modest, and in the
opposite direction of predictions

To test the prediction that the two territorially restricted
treatments (UCT and SCT) would result in the evolution of
increased allometric slopes (forelegs ~ thorax) relative to NT,
due to intra-sexual competition among males, we modeled

the allometric slope for all measured traits at both generation
35 and generation 75 (Figure 5). At generation 35, the mag-
nitude of changes in allometric relationships was modest for
any trait relative to thorax size (Figure SA; Supplementary
Figure S5). Female head width in the SCT treatment had a
lower allometric slope relative to NT, but with no concordant
response observed in males (Figure 5A; Supplementary Figure
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size—-male trait size for (A) generation 35 and (B) generation 75. Dimorphism was both contrasted between our non-restricted (NT) treatment and both
territorial treatments (UCT and SCT) and food restriction condition treatment was contrasted with the non-restricted, high-quality treatment within each
territorial treatment. Response variables were log, transformed. Model estimates plotted with 95% confidence intervals.
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S5). There was also some modest evidence for an interaction
between sex, treatment, and head allometry in generation
35 (x*=6.61, df =2, p = 0.04). At generation 75 there were
still no major evolutionary changes in the allometric slope
for most traits (Figure 5B; Supplementary Figure S6). The
allometric slope of femur seems to have decreased in females
for both the SCT and UCT treatments relative to NT, but
not in males (Figure 5B; Supplementary Figure S6), and there
was a slightly significant sex by treatment by allometry inter-
action (y*>=7.34, df =2, p =0.03). The allometric slope of
tarsus decreased in males of both UCT and SCT treatments,
but not in females. To look at potential changes in thorax
size relative to controls, we modeled thorax length for both
generations 35 and 75 (Supplementary Figures S7 and S8).
We did not observe substantial difference between thorax size
between our territorial treatments (SCT, UCT) and control
(NT) within generation.

After 75 generations, condition dependence in
the tarsus of males decreased, with other traits
showing inconsistent and modest responses

To test our prediction that an increase in condition dependence
occurs concordantly with increases in sexual selection and trait
exaggeration, we measured trait size responses to food depri-
vation (during development) in each treatment. At generation
335, all treatments and sexes showed the expected decrease in
size with food deprivation (Figure 6A; Supplementary Figure
S2). However, the slope of the response to manipulating con-
dition shows very modest changes between treatments for
most traits (Figure 6A). At generation 75, the overall reduc-
tion in size with deprivation is still observed (Figure 6B;
Supplementary Figure S3). The response is slightly less com-
pared to generation 35 (Figure 6A), but these experiments
were done 2 years apart, performed by two separate individ-
uals, so we do not recommend directly comparing between
generations. The slope of the condition dependence appeared
to increase for multiple traits in both sexes (a possible reduc-
tion of condition dependence) relative to NT (Figure 6). This
increase was observed for wing size for both sexes, there was
also an interaction between sex, treatment, and condition in
the wing, this third-order interaction appears to be due to the
UCT condition contrast between the sexes (y* = 8.30, df =2,
p = 0.016; Supplementary Table S2). There also appeared to
be a minor decrease in condition dependence in the head in
females. In the tarsus there was an interaction between sex,
treatment, and condition dependence, this third-order interac-
tion appears to be due to the SCT condition contrasts between
the sexes (x> = 7.09,df = 2, p = 0.03; Supplementary Table S3).
And both sexes seemed to be less condition-dependent in the
UCT treatment relative to the NT treatment (Figure 6). Males
were also less condition-dependent in the SCT treatment rela-
tive to NT (Figure 6).

Modest increases in aggression in flies evolving in
territorial treatments

In an experiment performed at generation 60, there was an
increase in the duration of threatening wing displays in males
in the UCT and SCT treatment (Figure 7A). There was also
an increase in the number of lunges engaged by males of the
UCT treatment relative to the NT treatment (Figure 7B).
These responses both appear to be due to increases in the
number of rare, highly aggressive males (Figure 7).
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Discussion

According to the hypothesis laid out by Emlen (2008; 2014),
the environmental precursors required for the evolution of
exaggerated weapons include: the possibility for males to
defend a limiting resource required by females, intra-sexual
competition favoring larger males or larger weapons, and
these defendable and patchy resources are located in a way
that facilitates one-on-one contests between males in which
there is a winner and a loser. These three requirements should
facilitate resource defense polygyny and differential repro-
ductive success that is conducive to larger males who bear the
largest weapons siring the bulk of the offspring. The exper-
imental manipulations used in this study were developed to
simulate these conditions in laboratory settings and to parti-
tion some of the salient features regarding spatial constraints
in access to the resources from overall defensibility and patch-
iness. The goal was to simulate conditions similar to what is
observed in natural systems with resource defense polygyny,
for instance, the guarding of tunnel entrances by dung bee-
tle males (Emlen, 1997), tree trunk fissures guarded by males
and used as oviposition sites in antler flies (Protopiophila lit-
igate; Dodson, 1997), or the competition among males for
overhanging rootlets with oviposition sites in stalk-eyed flies
(Wilkinson & Dodson, 1997). We demonstrate that these
environmental conditions were sufficient to increase variance
in male siring success with increasing territorial restriction, as
predicted (Figure 2).

We predicted evolutionary increases in the allometric
slopes in the legs of D. melanogaster males, generally used
for intra-sexual combat (Chen et al., 2002; Dow & Schilcher,
1975; Dukas, 2020; Rohde et al., 2017), in our UCT and
SCT treatments, due to increased opportunity for territorial
defense and increased mating success for males who defend
a territory. While we did observe “statistically significant”
evolutionary changes in morphology, broadly speaking, the
results from our experiment were not consistent with these
predictions. We did not observe consistent evolutionary
increases in male-biased dimorphism in the legs, allometric
coefficients did not evolve substantially, and decreased for
some traits, in all treatments compared to our non-territorial
(NT) control treatment (Figure 5). Recent work has argued
that “pure” weapons (used solely for combat), but not for
threat signaling, may not be under selection for increases in
allometric slope, whereas “threat signals” would evolve such
a response (McCullough & O’Brien, 2022). In addition to
its locomotory role, the legs of D. melanogaster are used in
physical combat, but not to our knowledge as a threat signal.
However, this weapon-signal continuum suggests aggressive
signaling traits, such as wings in D. melanogaster, would be
under selection for increased allometric slope, which we also
do not observe (Figure 5; Chen et al., 2002; McCullough &
O’Brien, 2022). We highlight the importance of working from
pre-established hypotheses and predictions in experimental
evolution studies, as these experiments are conducive to evo-
lutionary changes (as we observed), potentially unrelated to
the purpose of the experiment.

Exaggerated weapons often display sensitivity to condi-
tion proportionally greater than non-exaggerated traits, an
increase in condition dependence (Bonduriansky & Day,
2003; Rowe & Houle, 1996). This increased condition depen-
dence in exaggerated traits has been hypothesized to occur
as a signal of overall quality. Larger weapons are a possible
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indicator that a male has high-quality alleles that can produce
a large trait (Andersson, 1994; Kirkpatrick, 1996; Zahavi,
1975). We found increased condition dependence in female
traits and decreases in condition dependence in males, con-
trary to our expectations (Figure 6; Supplementary Figure
S6). This reduced condition dependence was observed in the
wing, head, and tarsus with no change in the femur or tibia,
which were the traits predicted to respond to territorial selec-
tion. Although this runs counter to our prediction, even if we
did see trait exaggeration it is not known at what stage we
would expect condition dependence to evolve. Under a good
genes model where variation for the indicator trait is oligo-
genic, condition dependence may evolve later in the evolu-
tion of trait exaggeration once the trait has already begun

to increase in size and potentially after a depletion of segre-
gating variation for the “trait.” It may also be the case that
trait exaggeration occurs most often for traits that already
show heightened condition dependence because they already
act as reliable indicators before exaggeration, as suggested by
Johnstone et al. (2009). In this case, we would not expect to
observe changes in condition dependence with increased sex-
ual selection or SSD for the forelegs. Because the forelegs have
additional locomotory functions, and their composite nature
has been historically shaped by natural selection, it may be
more constrained in co-opting condition dependence into
trait expression, in comparison to a novel trait like a beetle
horn. Despite the additional locomotory functions however,
a number of insects do display exaggerated legs, suggesting
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that if selection for leg exaggeration is high enough it can
overcome this barrier (Singh, 1977; Zeh et al., 1992).

If Emlen’s (2014) hypothesis for the three key conditions
for weapon evolution, and the evolution of condition depen-
dence to maintain sexually selected traits is true, there are
experimental reasons we may have failed to detect morpho-
logical change that should be considered. Primarily among
them is the density of individuals in our experiment. Although
Hoffmann and Cacoyianni (1990) demonstrated resource
defense polygyny in D. melanogaster at a similar resource
patch diameter used in this experiment, they also found that
at higher densities, defense was abandoned and flies reverted
to scramble competition. Our findings may suggest that for
trait exaggeration to initiate, populations may require gener-
ally low density to avoid interactions where resource defense
is not a viable option due to pressures from multiple com-
petitors at once. If we limited the census size, however, it
would necessarily reduce genetic variation in our experiment
and possibly diminish the likelihood of selecting on alleles
of interest. The other possible experimental impact is also
due to uncontrolled density creating possible limits on food
for larvae. Although we provided both high-quality food as
well as a low-quality food resource for adults, larvae in the
high-quality food appeared to be growing under high-density
conditions in the food. This high larval density may have cre-
ated additional countervailing selection pressure on size due
to larval competition. Although we did not test fecundity, the
observation that density was high may suggest that fecundity
selection and larval viability selection predominated, rather
than sexual selection on males. With very high-quality food
provided and a high adult density, there may have been a
strong enough selection pressure on females to lay as many
eggs as early as possible to “beat the rush.” This could counter
impacts of sexual selection on males in the treatments. In
a previous study in our laboratory using similar spatial-
environment treatments to assess selective dynamics of the
purging of deleterious alleles, we observed that the impact of
the spatial-environment varied among deleterious mutations
influencing a variety of traits (Wilson et al., 2021). Third,
we caveat that this experiment was done in a simplified lab
environment, using mesh cages with prepared food in vials
and bottles, and does not directly reflect the natural life his-
tory of species that have evolved exaggerated traits. Although
experimental evolution is a useful tool to explore theory and
test hypotheses, we acknowledge these potential limitations.
However, we point out that such simplified models used in
experimental evolution are an important and highly success-
ful approach for identifying causal relationships between tar-
gets and agents of selection (Kassen, 2024; Kawecki et al.,
2012; Reznick & Travis, 2019).

A large portion of the literature has been dedicated to
the idea that weapons or traits used for resource (or mate)
defense develop positive allometries (allometric coeffi-
cient > 1; Eberhard et al., 2018; Kodric-Brown et al., 2006).
This has been shown in a number of species including beetle
species (Kawano, 1995), cervids (Lemaitre et al., 2014), stalk-
eyed flies (Baker & Wilkinson, 2001), and many others (Voje,
2016). While weapons are often associated with positive
allometries, it is by no means always the case (McCullough
& O’Brien, 2022; Voje, 2016). In our study, the allometry of
leg traits is generally the greatest in magnitude (although with
slopes still less than 1), in comparison to other traits. Femur
length, while phenotypically plastic, scales approximately

Audet et al.

isometrically with overall size in response to changes in den-
sity or food availability (Pesevski, 2021; Shingleton et al.,
2009). Although we saw a general trend towards smaller
size and lower allometric coefficients in the legs, confidence
intervals often overlapped substantially across treatments and
both sexes, with generally small magnitudes across evolution-
ary treatments (slope changes). This may simply reflect the
constraints to sexually dimorphic evolution due to genetic
correlation (r,,,) between the sexes (Lande, 1980). Previous
studies applying strong, sexually discordant, mass artificial
selection on male and female body size, found it took more
than 100 generations to observe sex-specific responses, while
sex-concordant responses were much faster (Audet et al.,
2024; Stewart & Rice, 2018). This suggests that 75 genera-
tions of what is likely modest selective pressure (in terms of
changes to sexual selection per se, as a result of the spatial
environments employed), may have been insufficient number
of generations for a sex-specific response (Stewart & Rice,
2018). In plants, it has been shown that the breakdown of 7,
can result in rapid changes in SD (Delph et al., 2011), but this
reduced constraint was imposed by strong family-based selec-
tion. In general, homologous traits between the sexes have a
very high genetic correlation, providing some constraints on
the potential to evolve dimorphically (Poissant et al., 2010).
The legs in D. melanogaster, although used in intra-sexual
competition even under all the predicted circumstances pro-
posed by Emlen, are still constrained by the shared genome,
and the biomechanical function of legs in locomotion. Hence,
the time required to adapt morphological changes with a
shared genome with experimental evolution may be signifi-
cantly longer than what is experimentally feasible. This is of
course opposed by the fact that there was at least a small
change in SSD in both head and wing, but not the focal trait
of leg. r,,, is trait-specific, and response to sexually discordant
selection occurs in a trait-specific manner, which has been pre-
viously suggested (Audet et al., 2024; Poissant et al., 2010).

The one trait that we observed to respond in a consistently
sex-specific way was the tarsus of males (Figure 5B). It appears
as though after 75 generations of evolution, male tarsi have
become more hypo-allometric and less condition-dependent.
This may be due to the sex-limited structure on the tarsi of
males, the sex comb. The presence of sex combs in D. melan-
ogaster is important for mating success (Ng & Kopp, 2008),
and the length of the tarsus is directly related to sex comb
number (Combs, 1937). For this reason, the presence and
necessity of sex combs may be creating a physical barrier to
decreased size evolution and condition-dependent response in
males.

The results here, although not aligned with either Emlen’s
hypotheses for weapon evolution or the condition depen-
dence hypothesis, are consistent with other experimental
evolution studies. These experiments show results inconsis-
tent with previous hypotheses for responses to experimental
evolution when sexual selection dynamics are altered via
manipulating sex ratio (Bath et al., 2021, 2023; Edmunds
et al., 2021; Sepil et al., 2022). By manipulating census
sex ratio, Bath et al. (2021, 2023) and Sepil et al. (2022)
attempted to modulate the intensity of sexual selection in
a long-term experimental population to explore the poten-
tial consequences of heightened sexual selection. Consistent
with our observations (Figure 7), these experiments found
modest increases in male aggression with increased sex-
ual competition and a more substantial increase in female
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post-mating aggression (Bath et al., 2021). They also
observed no change in male condition dependence but
increased female condition dependence. Despite a very dif-
ferent experimental approach, their results, similar to ours,
show that in the context of heightened sexual selection,
male condition dependence does not increase, while female
condition dependence does (Bath et al., 2023). In male-
biased sex ratio populations (a proxy for increased sexual
competition), it appeared that males decreased investment
in pre-copulatory investment, but also did not increase mat-
ing duration, which would be suggestive of post-copulatory
investments (Sepil et al., 2022). These results combined with
ours may suggest that the condition-dependence model of
sexually dimorphic evolution may rely on assumptions of
a relatively simple genetic architecture and that quantita-
tive traits may require very strong and consistent directional
selection to show a response. This has been suggested pre-
viously, and even modeled. Johnstone et al. (2009) suggest
that strong sexual selection for an increase in trait size does
not require the evolution of condition dependence, and if it
does, this may be a brief increase in condition dependence
that reduces over time. Our results, as well as Bath et al.
(2023), suggest that the evolution of condition dependence
is not a necessary mechanism to maintain genetic variation
for traits under persistent sexual selection.

Here, we used the hypothesis established in Emlen (2008,
2014) to explore the question, why do exaggerated weapons
evolve? We did not find support for this hypothesis being
sufficient to explain the initiation of weapon exaggeration
in D. melanogaster. So then, why do exaggerated weapons
evolve? We do find evidence for increasing aggression when
the opportunities for territoriality are present (Figure 7), but
not for trait exaggeration. One potential missing factor may
be intra-sexual signaling. In stalk-eyed flies, large intimidating
eyestalks are used to “size-up” opponents, with the male with
the shorter eyestalks often backing down, rarely escalating to
contact. In instances where the males are similarly matched
in size and altercations escalate, the eyestalks are not used for
offensive purposes, instead they fight with their legs (Panhuis
& Wilkinson, 1999). It has been hypothesized that the largest
traits relative to body size are often used more as a signal of
size to potential opponents rather than for a function in fight-
ing, and “pure weapons” may tend to be smaller relative to
body size (McCullough & O’Brien, 2022). This may suggest
that it is not simply “Why do exaggerated weapons evolve?’,
but the question of what the specific pressures on that weapon
may be key. In D. melanogaster, there may not be a pressure
to exaggerate if the size of the legs does not mediate intra-
sexual signaling. A second potential amendment that may
be of consideration for the hypothesis of weapon evolution
is local density. In Hoffmann and Cacoyianni (1989), D.
melanogaster reduced their propensity to defend territories
when density was increased. This may suggest that territo-
rial structure may lay the foundation for weapon evolution,
but the dynamics of the competition may be an important
consideration for predicting exaggerated weapon evolution.
For this reason, for the evolution of specifically exaggerated
weaponry, the interaction of intra-sexual signaling with other
ecological factors must be included in the Emlen hypothesis.
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