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Competition for mates can drive the evolution of exaggerated weaponry and male dimorphism associated with alternative re-
productive tactics. In terrestrial arthropods, male dimorphism is often detected as non-linear allometries, where the scaling re-
lationship between weapon size and body size differs in intercept and/or slope between morphs. Understanding the patterns of
non-linear allometries is important as it can provide insights into threshold evolution and the strength of selection experienced
by each morph. Numerous studies in male-dimorphic arthropods have reported that allometric slopes of weapons are shallower in
large “major” males compared to small “minor” males. Because this pattern is common among beetles that undergo complete meta-
morphosis (holometabolous), researchers have hypothesized that the slope change reflects resource depletion during pupal devel-
opment. However, no comprehensive survey has examined the generality of this trend. We systematically searched the literature for
reports of weapon allometries in male dimorphic species and conducted a phylogenetically controlled meta-analysis to explore the
factors influencing the difference in slopes between morphs. Our search identified 59 effect sizes from 19 studies, 50 species, and 5
orders of terrestrial arthropods. We found strong evidence that metamorphosis type influences the patterns of weapon allometries.
Slopes were significantly steeper in minor males compared to major males in holometabolous species, but there was no difference
in slopes between morphs in hemimetabolous species (i.e. those that undergo incomplete or no metamorphosis). These results sup-
port the hypothesis that holometabolous species face a resource ceiling during pupal development that limits the exaggeration of
weapon size.
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Introduction morphism), in which males develop into distinct morphs and use
alternative mating tactics based on their weapon size (Knell 2009).
For example, in male dimorphic species, there is typically a large-
bodied “major” morph with exaggerated weapons and a small-
bodied “minor” morph with small weapons or no weapons at all
(Oliveira et al. 2008). Major males use their weapons to compete
aggressively for mating opportunities, while minor males typic-
ally avoid fights and rely on sneaking or satellite behaviors to gain
access to mates (Eberhard 1982; Emlen 1997). In some species,
there are 3 or even 4 distinct male morphs (Rowland and Emlen
2009; Painting et al. 2015; Matsumoto and Knell 2017; Powell et
al. 2020), but the mating tactics associated with these complex
polymorphisms are largely unknown.

Despite the common assumption that larger males have dis-
proportionately larger weapons, a recurring pattern in allometric
studies of male dimorphic species is a decline in the allometric
slopes of weapons between minor and major males. For example,
in rhinoceros beetles (McCullough et al. 2015; Goczat et al. 2019),
stag beetles (Knell et al. 2004; Chen et al. 2020), and giraffe wee-
vils (Painting and Holwell 2013), weapons scale steeply with body
size among the smallest males of a given species, but then the
scaling relationship becomes shallower with continued increases

Sexually selected weapons, which are the structures used by
males in physical battles over mating opportunities, are among
the most exaggerated and diverse traits in the animal kingdom
(Emlen 2008; Rico-Guevara and Hurme 2019). Within a given spe-
cies, these structures are also among the most variable: large
males produce disproportionately large weapons and small males
produce disproportionately small ones (Emlen 2008; McCullough
et al. 2016). In other words, sexually selected weapons often ex-
hibit positive static allometry, meaning that the log-log regression
between weapon size and body size among conspecific adults has
a slope greater than 1 (Kodric-Brown et al. 2006; O’'Brien et al.
2018; McCullough and O’Brien 2022). Studying the allometries of
sexually selected weapons is important for understanding mor-
phological diversity because it can provide insight into the se-
lective pressures driving and constraining the evolution of these
diverse structures (Bonduriansky and Day 2003; Tomkins et al.
2005a; Knell 2009).

Although most sexually selected weapons exhibit allometries
that can be described as a single straight line, weapons can also
exhibit complex, non-linear allometries (Knell 2009). Non-linear
allometries are often associated with male dimorphism (or poly-
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in body size. The leading hypothesis for this decrease in slope is
that large males face a resource ceiling that limits further ex-
aggeration of weapon size (Nijhout and Wheeler 1996; Knell et
al. 2004; Tomkins et al. 2005b). This hypothesis predicts that the
greatest allometric declines will be found in holometabolous (i.e.
complete metamorphosis) species and/or those with especially
large weapons because these conditions are the most likely to ex-
haust available resources during weapon development (Tomkins
et al. 2005a). Unlike other animals, holometabolous insects are
expected to face particularly acute resource limitations because
of their unique development in which adult weapons grow from
a finite resource pool after the larva has stopped feeding (Nijhout
and Wheeler 1996). However, other studies have found examples
of the opposite pattern, in which major males have steeper
weapon allometries than minor males (Tomkins and Simmons
1996), or no difference in slopes at all between morphs (Buzatto
et al. 2011; Emberts et al. 2017). Unfortunately, these patterns
in weapon allometries have largely been studied in individual
species or groups of closely related species, so it is still unclear
whether there are general trends across diverse taxa.

Here, we present the results of a phylogenetically controlled,
formal meta-analysis examining the allometric slopes of sexually
selected weapons in male dimorphic species across the animal
kingdom. We systematically searched the literature to collect
as many effect sizes as possible and then formally tested for
biological and methodological factors that might influence the
difference in slopes between morphs. The broad range of taxa
included in our dataset allowed us to test whether a decline in
allometric slopes is unique to holometabolous species, or if other
factors, such as the degree of weapon exaggeration or the stat-
istical method used in previous research to distinguish between
male morphs, are better predictors of the variation in weapon
allometries.

Materials and methods

We searched for relevant articles using the “Article title, Abstract,
Keywords” search field across all years in the online database
Scopus. We conducted our search on 17 January 2024, using the
following keyword combinations. Numbers in parentheses indi-
cate the number of journal articles found from each search:

e allomet® AND {sexual selection} AND dimorphism (278)
{male dimorphism} AND allomet* (27)
{male dimorphism} AND weapon (13)
e {male dimorphism} AND horn (20)
{male dimorphism} AND mandible (9)
{intrasexual selection} AND allomet* (13)
e allomet® AND major AND minor (130)
e allomet* AND alpha AND beta (71)
e allomet” AND intrasexual (64)
e allomet® AND {sexual selection} AND weapon (70)
e scaling AND {sexual selection} AND weapon (29)
e {male horn dimorphism} (8)
e [weapon morphs} (1)

Articles were included in our meta-analysis if the study
met all the following criteria: (1) reported allometric data for
a sexually selected weapon, (2) reported allometric data for
adult males, (3) categorized the focal species as male dimorphic
(or trimorphic), for example by describing males as “major”
or “minor,” “alpha” or “beta,” or engaging in alternative repro-
ductive tactics, (4) calculated separate slopes for the 2 male
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Fig. 1. PRISMA diagram showing the literature search and selection
process.

morphs, and (5) provided sufficient statistical information to
calculate an effect size. We summarize the literature screening
process in Figure 1 and report the full list of included and ex-
cluded studies in Table S1, following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (O'Dea et al. 2021).

To compare the difference in allometric slope between major
and minor males for each observation, we calculated Hedges’
g, which is a standardized measure of effect size that is com-
monly used to compare the difference between two groups and
includes a correction for small sample sizes (Nakagawa and
Santos 2012; Koricheva et al. 2013). We calculated Hedges’ g
using the mes (means to effect size) function in the compute.es
package in R (Del Re 2013). Our calculations were based on the
allometric slopes, variances, and sample sizes for majors and
minors reported in each study. If sample sizes or errors were
not directly reported, we used the online tool WebPlotDigitizer
(Rohatgi 2019) to manually extract the information from the fig-
ures (5 cases) or obtained the missing information by contacting
the study authors or from its supplemental data (5 cases).
Hedges’ g was calculated as the difference between major and
minor slopes, with positive values indicating the allometric
slope is steeper in minor males than major males, and nega-
tive values indicating the allometric slope is steeper in major
males than minor males. Allometric slope estimates were based
on log-transformed data for all observations.

We extracted all possible effect sizes from each study. In sev-
eral cases, we were able to extract multiple effect sizes from
the same study, either because multiple species were analyzed,
or because weapon size was measured in multiple ways (e.g.
weapon length and width). For 2 species (Forficula auricularia
and Oryctes nasicornis), we obtained effect sizes from 2 separate
studies. Two species (Pantopsalis cheliferoides and Forsteropsalis
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pureora) were described as male trimorphic, with one morph
(‘gamma” males) comprised of small males with reduced weap-
onry and 2 morphs (“alpha” and “beta” males) comprised of large
males with exaggerated weaponry (Painting et al. 2015; Powell
et al. 2020). In these cases, we calculated 2 separate effect sizes
per weapon measurement per species: one to compare the allo-
metric slopes between alpha and gamma males and the other
to compare the allometric slopes between beta and gamma
males. To control for potential non-independence arising from
using multiple effect sizes from the same study or species, we
included the study and species as random effects in our statis-
tical analyses.

We created a phylogenetic tree containing all 50 species in our
dataset to control for the non-independence of effect sizes due
to shared evolutionary history (Koricheva et al. 2013). Because
no single phylogenetic tree is available that contains all species,
we constructed a supertree from phylogenetic and taxonomic in-
formation using the Open Tree of Life (OTL) database (Hinchliff
et al. 2015) and the rotl package in R (Michonneau et al. 2016).
For species not included in the latest synthetic tree (OTL version
14.9), we found a substitution that was in the OTL database from
the same genus (4 cases) or family (6 cases). Species substitutions
are reported in Table S2. Accurate branch lengths could not be
obtained from the supertree, so all branch lengths were initially
set to 1 and then made ultrametric using Grafen's method (Grafen
1989) using the ape package in R (Paradis et al. 2004). The tree was
then converted into a variance-covariance matrix for inclusion in
the meta-analysis models (Nakagawa and Santos 2012). The final
ultrametric tree used in our analyses is shown in Figure 2.

We conducted moderator analyses to test whether the differ-
ence between major and minor male slopes was influenced by 3
potential moderator (or explanatory) variables. First, we predicted
that the difference in allometric slopes would depend on the de-
gree of weapon exaggeration. We calculated the residuals from a
least squares regression of log average weapon size on log average
body size for major males in each species as an index of weapon
exaggeration (Knell et al. 2004; McCullough et al. 2015). A positive
residual indicates the species has a relatively large weapon for
its body size, while a negative residual indicates the species has
a relatively small weapon for its body size. If average weapon and
body sizes for major males were not directly reported in the study,
we calculated the averages ourselves from raw data obtained
from the authors or WebPlotDigitizer. Second, we predicted that
the difference in allometric slopes would be greater in species that
undergo complete metamorphosis (holometabolous) compared
to those that undergo incomplete metamorphosis or no meta-
morphosis (hereafter referred to as hemimetabolous). For brevity,
we use the term hemimetabolous for all non-holometabolous
species, including both hemimetabolous (e.g. earwigs) and
ametabolous (e.g. harvestmen) taxa. Third, we tested whether
the method used to separate male morphs influenced the differ-
ence in allometric slopes. Observations were therefore classified
by their morph discrimination method: (1) a body size breakpoint
in which morphs were separated based on a threshold body size
(Eberhard and Gutierrez 1991); (2) a weapon size breakpoint in
which morphs were separated based on a threshold weapon
size (Kotiaho and Tomkins 2001); (3) a ratio breakpoint in which
morphs were separated by inspecting the frequency histogram of
weapon to body size ratios and identifying a threshold ratio (Cook
and Bean 2006); or (4) a mixture model in which morphs were
not separated according to a breakpoint “rule,” but rather through
cluster analysis or finite mixture models (Rowland and Qualls
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2005; Knell 2009). Our complete dataset, including the moderator
variables, is available in Table S2.

We fit multi-level meta-regression models using the rma.mv
function in the R package metafor (Viechtbauer 2010). To deter-
mine the overall mean effect size of the dataset, we first ran a
multi-level random-effects model with study, species, phylogeny
(using the variance-covariance matrix described above), and ob-
servation ID as random effects (Nakagawa and Santos 2012).
Meta-analysis models require observation ID to be included as a
random effect to estimate residual error (Dougherty et al. 2022).
We calculated the level of heterogeneity across all effect sizes
using the I” statistic (Higgins et al. 2003) and also partitioned total
heterogeneity with respect to each of the 4 random factors using
the method of Nakagawa and Santos (2012). I values of 25, 50,
and 75% are considered low, moderate, and high, respectively
(Higgins et al. 2003).

We tested for the effect of the 3 moderator variables by adding
them to the multi-level random-effects model described above.
Each model still included study, species, phylogeny, and obser-
vation ID as random effects, but now also included one of the
moderator variables as a categorical fixed effect (metamorphosis
type and morph discrimination method) or continuous fixed ef-
fect (relative weapon size). We used the Q,, statistic to determine
whether the mean effect size differed significantly between the
moderator categories (Koricheva et al. 2013). For the analysis on
the effect of metamorphosis type, we also ran a mixed-effect
model with the intercept removed to estimate the mean effect
size for each moderator category (i.e. holometabolous or hemi-
metabolous). The mean effect size was considered significant if
the 95% confidence intervals did not overlap zero. For the ana-
lysis on the effect of weapon exaggeration, we lacked weapon and
body size data for several species, so we used a slightly restricted
dataset (51 effect sizes) and a pruned tree that excluded the spe-
cies with missing data.

Finally, we searched for 2 signs of publication bias. First, we
tested for a change in effect size over time, which could arise if
studies with weak or non-significant results are less likely to be
published when a research field is young (Koricheva et al. 2013).
To test for a temporal trend, we ran a meta-regression with study
year as a fixed effect and study, species, phylogeny, and obser-
vation ID as random effects. Second, we searched for signs of
publication bias against non-significant results that could arise
if effect sizes are “missing” from studies with small sample sizes
or weak results (Koricheva et al. 2013). We tested for this type of
publication bias using a meta-regression with inverse standard
error (also known as study precision) as a fixed effect and study,
species, phylogeny, and observation ID as random effects. A sig-
nificant relationship between effect size and study precision was
considered evidence of publication bias.

Results

Our final dataset included 59 effect sizes from 50 species, 5 orders,
and 19 studies (Fig. 3). Although we did not restrict our litera-
ture search to any taxonomic group, we only identified male di-
morphic weaponry and non-linear allometries among terrestrial
arthropods. We are not aware of any male dimorphic weapons in
a vertebrate.

Most of the effect sizes (63%) came from beetles (Coleoptera),
but we also obtained multiple effect sizes for earwigs (Dermaptera)
and harvestmen (Opiliones), and one effect size for a true bug
(Hemiptera) and a bee (Hymenoptera). Of the 50 study species,
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Fig. 2. Phylogenetic supertree used in the meta-analyses. Note that the branch lengths are not time calibrated. All branch lengths were set to 1 and

then made ultrametric using Grafen’s method.

those that belong to the orders Coleoptera and Hymenoptera
are holometabolous (64% of effect sizes), and the remainder are
hemimetabolous (36% of effect sizes). The full dataset was char-
acterized by high total heterogeneity (total I = 91.9%), with 58.4%
of the variance attributable to differences in species, 31.6% to dif-
ferences in studies, 1.9% to differences in phylogenetic history,
and < 0.1% to observation-level differences.

Across all observations, there was no consistent difference
in allometric slopes between major and minor males (mean
effect size = 0.31, 95% CI = [-0.007, 0.64]; Fig. 3). However, the

difference in allometric slopes was significantly influenced by
metamorphosis type (Q,, = 10.6; P = 0.001; marginal R? = 0.23). In
holometabolous species, minor males had significantly steeper
allometries than major males (Hedges' g>0), but in hemi-
metabolous species, there was no significant difference between
major and minor allometric slopes (Fig. 4). The difference in allo-
metric slopes was not influenced by the method used to separate
male morphs (Q,,=0.70; P=0.87). The most commonly used
method was a ratio breakpoint model (k = 26 or 44% of observa-
tions). Body size breakpoint models (k = 10 or 17%), weapon size
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Species Order Family Weapon Study Hedges’ g [95% CI]
Hoherius meinertzhagent Coleoptera Anthribidae Mandible 1 | 0.64 [0.08, 1.21]
Systaltocerus platyrhinus Coleoptera Anthribidae Rostrum 2 ‘tod 0.48 [0.16, 0.80]
Dicronocephalus wallichii Coleoptera Cetoniinae Horn 3 | 1.42 [1.08, 1.75]
Augosoma centaurus Coleoptera Dynastinae Horn 4 e 1.39 [0.81, 1.97]
Chalcosoma atlas Coleoptera Dynastinae Horn 4 [ | 1.06 [0.40, 1.71]
Coelosts bicornis Coleoptera Dynastinae Horn 4 (i 0.84 [0.23, 1.46]
Diloboderus abderus Coleoptera Dynastinae Horn 4 i 1.08 [0.62, 1.54]
Dynastes granti Coleoptera Dynastinae Horn 4 e 0.21 [-0.10, 0.53]
Dynastes hercules Coleoptera Dynastinae Horn 4 | 1.08 [0.55, 1.61]
Dynastes tityus Coleoptera Dynastinae Horn 4 o —0.41 [-0.88, 0.07]
Enema pan Coleoptera Dynastinae Horn 4 o —0.35 [-0.88, 0.19]
Golofa costaricensis Coleoptera Dynastinae Horn 4 o 0.58 [0.08, 1.08]
Golofa eacus Coleoptera Dynastinae Horn 4 e 0.62 [0.10, 1.15]
Golofa imperialis Coleoptera Dynastinae Horn 4 —— =0.11 [-0.92, 0.69]
Golofa pelagon Coleoptera Dynastinae Horn 4 F—— —0.55 [-1.28,0.19]
Golofa pizarro Coleoptera Dynastinae Horn 4 e 1.42 [0.88, 1.95]
Golofa tersander Coleoptera Dynastinae Horn 4 i 1.00 [0.15, 1.84]
Heterogomphus chevrolati Coleoptera Dynastinae Horn 4 C e 0.90 [0.47, 1.32]
Heterogomphus schoenherri Coleoptera Dynastinae Horn 4 o 0.29 [-0.18, 0.76]
Megasoma elephas Coleoptera Dynastinac Horn 4 F—— —0.43 [—-1.30, 0.43]
Megasoma pachecor Coleoptera Dynastinae Horn 4 e 0.55 [0.21, 0.88]
Megasoma thersites Coleoptera Dynastinae Horn 4 ——t -0.93 [-1.81, —O 05]
Orycles boas Coleoptera Dynastinae Horn 4 | 1.18 [0. 35 1.80]
Oryctes nasicornis Coleoptera Dynastinae Horn 5 e 0.81 [0.43, 1.18]
Oryeles nasicornis Coleoptera Dynastinae Horn 4 foe 1.26 [0.70, 1.82]
Orycles rhinoceros Coleoptera Dynastinae Horn 4 o 0.45 [-0.02, 0.92]
Spodistes mniszecht Coleoptera Dynastinae Horn 4 - —0.27 [ 0.90, 0.35]
Trypoxylus dichotomus Coleoptera Dynastinae Horn 4 N 1.04 [0.42, 1.67]
Xyloryctes ensifer Coleoptera Dynastinae Horn 4 = —0.31 [-1.12,0.51]
Xyloryctes jamaicensis Coleoptera Dynastinae Horn 4 e 0.03 [-0.45, 0.51]
Xylotrupes gideon Coleoptera Dynastinae Horn 4 o} 0.09 [-0.09, 0.27]
Xylotrupes pubescens Coleoptera Dynastinae Horn 4 I 1.57 [0.83, 2.31]
Cyclommatus mniszech Coleoptera Lucaninae Mandible 6 : o 1.34 [1.05, 1.62]
Lucanus cervus Coleoptera Lucaninae Mandible 7 e —0.78 [-1.16, —0.39]
Onthophagus babirussa Coleoptera Scarabacinae Horn 8 ] 1.57 [1.30, 1.85]
Onthophagus binods Coleoptera Scarabacinae Horn 9 lof : —0.63 [—0.88, —0.38]
Sulcophanaeus velutinus Coleoptera Scarabaeinae Horn 10 N | 1.66 [0.95, 2.37]
Macrotera portalis' Hymenoptera Andrenidae Mandible 11 Lo 1.01 [0.59, 1.43]
Proreus ludekingi Dermaptera Chelisochidae Forceps 12 F—— —0.56 [—1.20, 0.07]
Elaunon bipartitus Dermaptera Forficulidae Forceps 12 p—o— —0.44 [—1.15, 0.26]
Forficula auricularia Dermaptera Forficulidae Forceps 12 ko —0.75 [~1.03, —0.47]
Forficula auricularia Dermaptera Torficulidae Forceps 9 e —0.53 [-0.91, —0.15]
Oreasiobia stoliczkae Dermaptera Torficulidae Forceps 12 F—— 0.01 [-0.74, 0.76]
Timomenus aerts Dermaptera Forficulidae Forceps 12 o 0.29 [-0.39, 0.96]
Spongovostox assiniensis Dermaptera Spongiphoridae Forceps 12 e —0.31 [-0.90, 0.28]
Mictis longicornis Hemiptera Coreidae Abdominal tubercle 13 F—— —0.49 [-1.14, 0.15]
Paccilaemula lavarrei Opiliones Cosmetidae Chelicera width 14 o —0.11 [-0.51, 0.29]
Paccilaemula lavarrei Opiliones Cosmetidae Chelicera length 14 fo —0.04 [—0.44, 0.36]
Paecilaemula lavarrei Opiliones Cosmetidae Chelicera fixed finger 14 o —0.19 [-0.59, 0.21]
Phareicranaus manauara Opiliones Cranaidae Tusk 15 Cobed 1.01 [0.64, 1.38]
Longiperna concolor Opiliones Gonyleptidae Femur TV 16 o : =0.68 [=0.90, —0.46]
Serracutisoma proximum Opiliones Gonyleptidae Second leg 17 tof —0.08 [—0.34, 0.18]
Forsteropsalis pureora Opiliones Neopilionidae Chelicera length (alpha)® 18 e 0.41 [—0407, 0.90]
Forsteropsalis pureora Opiliones Neopilionidae Chelicera length (beta)® 18 o 0.24 [-0.10, 0.57]
Forsteropsalis pureora Opiliones Neopilionidae Chelicera width (alpha)> 18 o —0.11 [-0.59, 0.37]
Forsteropsalis pureora Opiliones Neopilionidae Chelicera width (beta)? 18 gl —0.14 [-0.47, 0.20]
Pantopsalis cheliferoides Opiliones Neopilionidae Chelicera length 19 o —0.22 [-0.66, 0.23]
Pantopsalis cheliferoides Opiliones Neopilionidae Chelicera width (alpha)> 19 |—..—| 0.15 [-0.53, 0.83]
Pantopsalis cheliferoides Opiliones Neopilionidae Chelicera width (beta)® 19 —0.12 [-0.90, 0.65]

—2 -1 0

Slope steeper in majors <—— Hedges's —— Slope steeper in minors

Fig. 3. Hedges’ g values and 95% confidence intervals comparing the weapon allometries between major and minor males. Larger circles denote
studies with larger sample sizes. The horizonal line separates holometabolous (top) and hemimetabolous (bottom) species. For the beetle family
Scarabaeidae, we classified species into Subfamily to provide additional taxonomic information among this large clade. Silhouettes illustrate

the organismal diversity included in our dataset (from top to bottom): fungus weevil (Anthribidae), flower beetle (Cetoniinae), rhinoceros beetle
(Dynastinae), stag beetle (Lucaninae), dung beetle (Scarabaeinae), bee (Hymenoptera), earwig (Dermaptera), leaf-footed bug (Hemiptera), and
harvestman (Opiliones). Study ID indicates data from the same study: 1 = Painting (2022), 2 = Mattos et al. (2014), 3 = Kojima & Lin (2017),

4 = McCullough et al. (2015), 5 = Goczat et al. (2019), 6 = Chen et al. (2020), 7 = Romiti et al. (2015), 8 = Toh et al. (2022), 9 = Tomkins et al. (2005a),

10 = Cummings et al. (2018), 11 = Danforth (1991), 12 = Tomkins and Simmons (1996), 13 = Emberts et al. (2017), 14 = Solano-Brenes et al. (2018),

15 = Palaoro et al. (2022), 16 = Zatz et al. (2011), 17 = Buzatto et al. (2011), 18 = Powell et al. (2020), 19 = Painting et al. (2015). Notes: 1 = formerly known

as Perdita portalis; 2 = alpha vs gamma males; 3 = beta vs gamma males.

breakpoint models (k =10 or 17%), and mixture models (k =13
or 22%) were used at similar frequencies among the remaining
observations. The difference in allometric slopes between major
and minor males also was not influenced by relative weapon size
(Q,=1.1; P=0.29), even if we restricted the analyses to holo-
metabolous species (Q,, =1.43; P =0.23). The restricted dataset
(51 effect sizes) used in this analysis was characterized by high

total heterogeneity (total I?=91.3%), with 77.8% of the vari-
ance attributable to species-level differences, 13.4% to phylo-
genetic history, < 0.1% to study-level differences, and <0.1% to
observation-level differences.

There was a significant relationship between study year and
effect size (Q,=4.9; P=0.03, marginal R? = 0.09), but it was in
the opposite direction than what would be expected if weak or

202 1990)00 Z| U0 usbMaN AQ L0GES/./6909BIE/9/SE/BI0IIE/008YSG /W00 dNO"DIWaPED.//:SANY WO} PAPEO|UMOQ



6 | Kochensparger et al.

1.0
Z k=38
3
g
g
g
g
= 0.5 — §
o >
(5}
)
s
(53
anj k=21
(5}
N
g
E 00— - . ‘ e
—0.5
I I
Hemimetabolous Holometabolous

Fig. 4. Difference in weapon allometries between major and minor
males (Hedges’ g) for hemimetabolous and holometabolous species.
Black points represent the meta-analytic mean, and black bars
represent the 95% confidence intervals. k = number of effect sizes in
each category.

non-significant results are less likely to be published when a re-
search field is young. Instead, we found a significant positive re-
lationship between effect size and publication year (8 = 0.03, 95%
CI=1[0.003, 0.05]; Fig. 5). Despite the significant temporal trend,
there was no evidence that studies with small samples and weak
effect sizes were “missing” because there was no relationship be-
tween effect size and study precision (Q,, = 1.1; P = 0.31).

Discussion

Our literature search only identified male dimorphic weaponry
and non-linear allometries in terrestrial arthropods, and our
meta-analysis found that metamorphosis type has a significant
effect on the patterns of weapon allometries in these male di-
morphic species. Specifically, we found that allometric slopes
were significantly steeper in minor males than in major males for
holometabolous species, but there was no difference in allometric
slopes between morphs for hemimetabolous species. These re-
sults are consistent with the hypothesis that resource depletion
during weapon development causes a decline in allometric slope
among the largest individuals because holometabolous species
face stronger resource limitation than hemimetabolous species
(Nijhout and Wheeler 1996; Tomkins et al. 2005b). We note that
nearly all holometabolous species in our dataset are beetles, and
the hemimetabolous species are mostly earwigs and harvestmen.
Our results should therefore be interpreted cautiously because of
taxonomic biases within the available literature.

In holometabolous species, sexually selected weapons develop
from a finite resource pool after the larva has stopped feeding, so
the growth of large weapons can locally deplete developmental
resources during metamorphosis and ultimately limit weapon
size (Knell et al. 2004; McCullough et al. 2015). By contrast, hemi-
metabolous species undergo minimal developmental reprogram-
ming and no metamorphosis before the adult stage, so resource

o
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Precision O 4 O 6 O 8 () 10
1990 2000 2010 2020

Publication year

Fig. 5. Bubble plot showing the relationship between effect size
(Hedges’ g) and publication year. The points are scaled by the precision
(inverse standard error) of each estimate. The solid line represents the
predicted relationship from a meta-regression and the dashed lines
represent the 95% confidence intervals.

depletion is less likely to occur (Tomkins et al. 2005b). Numerous
authors have suggested that the decrease in allometric slope
from minor to major males is the result of resource limitation in
a closed developmental system (e.g. McCullough et al. 2015; Chen
et al. 2020; Painting 2022), and our meta-analysis found that this
pattern is indeed a general trend among holometabolous spe-
cies. The tapered allometries of stag beetle mandibles (Knell et
al. 2004) and giraffe weevil rostra (Painting and Holwell 2013) also
support the hypothesis of declining allometries due to resource
exhaustion, even though these species were not included in our
meta-analysis because they are not distinctly male dimorphic.
Contrary to our predictions, we did not find a significant effect
of weapon exaggeration on the allometric patterns between minor
and major morphs. This result contrasts with a previous study
on rhinoceros beetles (Coleoptera: Dynastinae) that found that
species with the most exaggerated weapons exhibit the greatest
decline in allometric slopes (McCullough et al. 2015). Even if we
restricted our analyses to holometabolous species (which experi-
ence the most acute resource limitation), we still found no evi-
dence that species with relatively larger weapons faced stronger
constraints on continued allometric growth. The discrepancy
likely arises because of the wider range of taxa included in our
current study. Unlike the McCullough et al. (2015) study that had
uniform measurements across all species (i.e. prothorax width
for body size and head horn length for weapon size), our study
included a diversity of weapon types (e.g. horns, mouthparts, legs)
and body size proxies (e.g. prothorax width, elytra length, body
length). A relationship between weapon exaggeration and a de-
cline allometric slopes between male morphs may only be ap-
parent in smaller clades with similar body shapes and the same
type of weapon (e.g. Knell et al. 2004; McCullough et al. 2015).
Allometric patterns also were not influenced by the method
used to separate minor and major morphs. This result was re-
assuring because the allometries of male dimorphic species are
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highly variable, and no single method for distinguishing morphs
performs bestin all contexts (Knell 2009). A ratio breakpoint model
was the most common method for separating male morphs in
our dataset, which suggests that most species are characterized
by having relatively “cryptic” male morphs that overlap in both
weapon size and body size (Cook and Bean 2006; Knell 2009). We
note that the mechanisms underlying threshold development re-
main to be tested in most species (Emlen et al. 2005; Tomkins and
Moczek 2009; Buzatto et al. 2014). Future work is also needed to
compare the fitness functions for weapon and body size that may
favor different non-linear allometries, including sigmoidal, curvi-
linear, or various breakpoint allometries (Pomfret and Knell 2006).

Although the effect was statistically significant, metamor-
phosis type explained only 23% of the variance in effect sizes
across observations. This result suggests that there are additional
factors that influence allometric patterns that have yet to be iden-
tified. For example, differences in how weapons are used, or the
strength of resource allocation tradeoffs may influence the op-
timal allometric slope in each male morph. Aggressive signaling
is expected to favor weapons with steep allometries by facilitating
assessment between opponents during the early stages of a fight
(Eberhard et al. 2018; O’Brien et al. 2018; McCullough and O’Brien
2022). As a result, differences in the relative importance of
signaling between major and minor males may contribute to vari-
ation in allometric slopes. Because minor males generally avoid
male-male contests, aggressive signaling is expected to be more
important for major males compared to minor males. It is there-
fore intriguing that major males exhibit shallower allometries
than minor males in many holometabolous species. We hypothe-
size that the observed slopes in holometabolous species reflect
opposing selection from resource limitation and weapon function
(Eberhard et al. 2018; McCullough and O’Brien 2022). Weapons
can also limit the growth of other body structures, such as wings,
eyes, and testes, so differences in resource acquisition and alloca-
tion may influence allometric patterns between morphs (Emlen
2001; Simmons and Emlen 2006; Yamane et al. 2010; Painting and
Holwell 2013).

We found evidence of publication bias in the form of a sig-
nificant positive relationship between effect size and publication
year. Social trends in research interests can generate a bandwagon
effect where corroborative results are readily published, and the
magnitude of research findings increases over time (Jennions and
Mgller 2002). The temporal trend observed in our dataset may
therefore reflect increased interest in allometric studies, particu-
larly in the in the ecological and evolutionary implications of bio-
logical scaling (Sherratt et al. 2022).

Finally, we note that the major and minor males compared in
our dataset reflect discrete morphological morphs, which may
or may not correspond to discrete behavioral morphs (Knell
2009). For example, in the Asian rhinoceros beetle Trypoxylus
dichotomus, there is no evidence that major and minor males
use alternative reproductive tactics: both morphs use their
horns to fight with rival males, and both use sneaking behav-
lors to gain access to females (Hongo 2003, 2007). Similarly, in
the New Zealand giraffe weevil Lasiorhynchus barbicornis, alter-
native reproductive tactics are flexible and not fixed to different
morphs: small males perform sneaking behaviors but also fight
with other males depending on the relative size of their op-
ponent (Painting and Holwell 2014). Unfortunately, the repro-
ductive behaviors of major and minor males have not been
well studied in most species. Our meta-analysis reveals that
metamorphosis type has a significant effect on the patterns of
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weapon allometry in male dimorphic species, but more empir-
ical work is needed to understand how behavioral differences
may also contribute to the variation in scaling relationships be-
tween morphs.
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