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SUMMARY
What limits the size of nature’s most extreme structures? For weapons like beetle horns, one possibility is a
tradeoff associated with mechanical levers: as the output arm of the lever system—the beetle horn—gets
longer, it also gets weaker. This ‘‘paradox of the weakening combatant’’ could offset reproductive advan-
tages of additional increases in weapon size. However, in contemporary populations of most heavily weap-
oned species, males with the longest weapons also tend to be the strongest, presumably because selection
drove the evolution of compensatory changes to these lever systems that ameliorated the force reductions of
increased weapon size. Therefore, we test for biomechanical limits by reconstructing the stages of weapon
evolution, exploring whether initial increases in weapon length first led to reductions in weapon force gener-
ation that were later ameliorated through the evolution of mechanisms of mechanical compensation. We
describe phylogeographic relationships among populations of a rhinoceros beetle and show that the ‘‘pitch-
fork’’ shaped head horn likely increased in length independently in the northern and southern radiations of
beetles. Both increases in horn length were associated with dramatic reductions to horn lifting strength—
compelling evidence for the paradox of the weakening combatant—and these initial reductions to horn
strength were later ameliorated in some populations through reductions to horn length or through increases
in head height (the input arm for the horn lever system). Our results reveal an exciting geographic mosaic of
weapon size, weapon force, and mechanical compensation, shedding light on larger questions pertaining to
the evolution of extreme structures.
INTRODUCTION

Competition for access to reproduction (sexual selection) can

lead to rapid increases in male weapon size.1,2 Because these

weapons are deployed against the weapons of conspecific ri-

vals, an aspect of the social environment that is itself evolving,

male competition can generate consistent and intense direc-

tional selection for elaborations to weapon form that improve
contest outcome.3–6 For many weapons, this means increases

in length or overall weapon size.2,7–11

Longer weapons permit a male to touch, strike, grab, or flip an

opponent before that rival can do the same.12–16 Longer

weapons may also function as agonistic signals—deterrents—

settling contests before they escalate into dangerous bat-

tles.12,14,17–29 When opponents are evenly matched, however,

even these contests escalate, and this means that weapons
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Figure 1. Force-producing lever mechanics of the rhinoceros beetle

head horn

Horn lever system of Trypoxylus dichotomus. Males attempt to insert their horn

underneath an opponent and lift them off the sides of trees. Lifting forces (blue

arrow) are generated by a lever system, comprising an output lever (horn

length), an input lever (head height), and muscles housed in the thorax that

rotate the head (input force, orange arrow) to lift the horn. The fulcrum (orange

triangle) is located in the head between the input and output levers.

ll

Please cite this article in press as: Weber et al., Evolution of horn length and lifting strength in the Japanese rhinoceros beetle Trypoxylus dichotomus,
Current Biology (2023), https://doi.org/10.1016/j.cub.2023.08.066

Article
cannot solely serve as signals, theymust also function as tools of

battle.30–33

Although longer weapons may be advantageous for their

added reach and as deterrent signals, longer is not necessarily

better for generating force.32,34–36 Weapons that lift, pry, or

squeeze function as lever systems and include an ‘‘output’’ lever

(e.g., a horn), an ‘‘input’’ lever (e.g., a rigid head), and muscles

attached to the input lever that, when contracted, rotate both le-

vers about a fulcrum (Figure 1).37

The force generated by the weapon can be predicted from the

relative lengths of the two levers and the size of the associated

muscles:

Forceoutput lever =
�
Forceinput lever � Lengthinput lever

��
Lengthoutput lever:

(Equation 1)

For most animal weapons, the output levers (i.e., horns, tusks,

antlers) are not physically constrained from expanding, protrud-

ing as they do from the body. The input levers and associated

musculature, in contrast, are housed inside the body where lim-

itations of space may constrain their size.35 Strong sexual selec-

tion driving rapid increases in weapon length can create an

imbalance with the rest of the lever system, yielding tools that

lift, pry, or squeeze with reduced force.32,35,38–40

Inprinciple, this ‘‘paradoxof theweakening combatant’’34 could

limit the elaboration of sexually selected weapons if increases in

weapon length reduced force enough to offset signaling or other

benefits. However, studies of the biomechanical force generation
2 Current Biology 33, 1–13, October 23, 2023
of animal weapons generally find that forces are maintained, even

in the longest-weaponed individuals, due to the presence of

compensatory changes to the lever system. In crabs, frog-legged

beetles, stag beetles, and leaf-footed bugs, increases in relative

muscle sizemaintain weapon performance as weapon lengths in-

crease,35,38,41,42 and in stag beetles and frog-legged beetles the

relative length of input levers increases as well.38

To date, most biomechanical studies focus on individual vari-

ation within populations (e.g., static allometry of input and output

levers and relative muscle size), clearly demonstrating a variety

of means to mechanical compensation.32,34,35,38,39,43–47 A few

studies extend to multiple populations or species,39,40,48–51 but

none so far include sufficient information about the historical re-

lationships of populations to permit a full reconstruction of the

dynamic stages of weapon evolution and the accompanying

origin and spread of mechanical compensation.

Here, we present results from a comprehensive phylogeo-

graphic study of a large-weaponed species, the Asian rhinoc-

eros beetle Trypoxylus dichotomus52 (Coleoptera, Scarabaei-

dae). We collected samples from 23 locations across the range

of this species and used high-throughput DNA sequencing ap-

proaches to consolidate these into nine genetically and morpho-

logically distinguishable populations. Using the closest sister

species (Xyloscaptes davidis) as an outgroup, we reconstruct

the historical relatedness among these populations and use

this tree to examine the evolution of both weapon size and

weapon lifting strength.

We show that the most parsimonious model of horn evolution

involves initial increases in weapon size associated with signifi-

cant reductions to lifting strength, but this mechanical disadvan-

tage was later ameliorated, to some extent and in some loca-

tions, either by subsequent reductions to horn length or by an

increase in input lever length (head height). In addition, some

populations differ in the amount of muscle powering the horn lift-

ing system, suggesting another mode of compensation. Our re-

sults reveal an exciting geographic mosaic of differences in

weapon size, weapon force, and in the extent and nature of me-

chanical compensation, highlighting the utility of leveraging

extant variation among populations and their historical related-

ness to characterize biomechanical tradeoffs associated with

extreme weapon evolution.

T. dichotomus is a univoltine scarab whose larvae feed in the

soil on decaying wood, emerging as adults in early June to

mid-July, depending on the location.53–58 Adult behavior has

been studied most extensively on Honshu Island, Japan, where

beetles fly to wounds on the sides of mature oak, ash, andmaple

trees (e.g., Quercus mongolica, Q. acutissima, Q. serrata, Fraxi-

nus griffithii, Acer plantanoides)55 and feed on oozing

sap.13,55,58,59 Females fly to these territories to feed and mate,

before leaving to lay eggs in decomposing litter up to a kilometer

or more away.60,61

Males battle with rival males for ownership of feeding terri-

tories, and the largest males with the longest horns are most

likely to win.13,55,57,58,62,63 Territorial males turn to face rival

males as they approach, sweeping their horn until it touches

the opponent. Both males then push with their horns in brief,

shoving lunges that usually result in the smaller male aborting

the confrontation and being chased away by the larger male.13

Sensory hairs on the surface of the horns are densest in regions
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that touch during contests,64 and horns appear to function as

tactile signals of resource-holding potential during these early

‘‘shoving’’ stages of battles.13

When these pushes fail to resolve the contest, then fights

escalate. Males insert the tip of their horn beneath the body of

the other male and attempt to pry him off the tree. The pitch-

fork-shaped head horn functions as a simple lifting lever, with

the junction of the head and thorax serving as a fulcrum (Figure 1).

The head acts as the input lever and is attached to large muscles

housed in the thorax, which rotate the head to raise the horn.50

Males strain visibly during these ritualized contests of strength,47

and fights end when one of the males gives up and runs away, or

when a male loses his footing and is flung to the ground.13,57

Both lifting/prying and clinging (resisting) forces have been

measured in the field,47,50,65 and exerted forces are large enough

that escalated contests sometimes lead to mechanical failure of

the horn. In one study, 17% of the males showed visible injuries

consistent with this escalated ‘‘prying’’ stage of fighting and 4%

of males had broken and lost their horn.47

Horns in T. dichotomus thus appear to function as both

agonistic deterrent signals and as mechanical tools, and

males in at least some populations experience strong direc-

tional selection for increases in horn length (e.g., Kyoto,

Japan13,55; Kameoka, Japan57), suggesting this weapon may

have been susceptible to the paradox of the weakening

combatant. Rapid evolutionary increases in output lever

(horn) length could have outpaced the rest of this lever sys-

tem, resulting in a reduction to the lifting force generated by

the horns. If true, then T. dichotomus horns may have experi-

enced selection for mechanisms that ameliorate the mechan-

ical disadvantage of long horns.34 Preliminary studies demon-

strate that within populations, large males compensate for

their long horns with relatively larger thoracic lifting muscles

than smaller males.50 But populations of this species are

known to differ in horn length57,66 and in horn lifting strength,50

motivating the present study. We reconstruct the historical

and phylogeographic relationships among T. dichotomus pop-

ulations and use these relationships to test whether initial in-

creases in male horn length resulted in reductions to horn lift-

ing force that were later ameliorated through the evolution of

compensatory traits.

RESULTS

Genetic structure of T. dichotomus populations
After filtering, our population structure dataset contained 198 in-

dividuals genotyped across 13,547 loci. See STARMethods and

key resources table for subspecies and sample locations.

Admixture analyses suggest that the genetic variation in

T. dichotomus is best explained (CV error = 0.22752) by grouping

individuals into the following six general subpopulations: Japan

central; Japan south, including Goto island; Kuchinoerabu-

Yakushima-Tanegashima islands; Okinawa-Kumejima islands;

Taiwan; and mainland China (Figure 2). k = 5 populations also

provided a good fit (CV error = 0.22828), with the main difference

being that the small islands of Kuchinoerabu, Yakushima, and

Tanegashima, which lie off the southern coast of the larger island

of Fukuoka, Japan, cluster with one of the Japanese main island

populations.
Beetles from T. kanamorii and T. d. politus each showed a

mixture of genetic backgrounds; however, it is unclear whether

this pattern results from vicariance followed by incomplete line-

age sorting or from recent gene flow between divergent line-

ages. Because these subspecies are clearly distinguishable

morphologically, and both are rare and confined to the far

western part of the range (Myanmar and Thailand, respec-

tively), we treated them as separate populations in this study.

Beetles on Goto island cluster with the southern Japanese

main island population and were not distinguishable in our

admixture analysis. However, males on Goto island are

morphologically distinct from mainland beetles (relatively

shorter horn lengths; Figure 3), so we treated Goto as a sepa-

rate population for horn length and horn strength analyses.

Consequently, we assigned beetles into nine genetically and/

or morphologically recognizable populations (Figure 2) and

used these groupings of individuals for the subsequent horn

length and horn strength analyses.

Historical phylogeography of T. dichotomus

Both the combined analysis with X. davidis as an outgroup and

the separate northern and southern clade analyses, each with

a representative of the other clade as outgroup, yielded the

same tree topology, and all but one node had posterior probabil-

ities of 1.0 (Figure 2). Our results clearly support a deep early split

between northern and southern populations of beetles, and this

split appears to pre-date the branching of T. kanamorii and T. d.

politus.

The northern lineage includes two clusters on the Japanese

main islands (Trypoxylus dichotomus septentrionalis) and a clus-

ter that includes three of the tiny offshore islands, Kuchinoerabu

(T. d. tsuchiyai) and Yakushima and Tanegashima (T. d. shizuae)

(Figure 2). The southern lineage includes T. kanamorii and T. d.

politus (sampled from Myanmar and Thailand, respectively), as

well as Okinawa-Kumejima (T. d. takarai/T. d. inchachina), main-

land China (T. d. dichotomus), and Taiwan (T. d. tsunobosonus).

T. kanamorii and T. d. politus were predicted to be the most

basal lineages in our study, based both on geographic location

and onmorphological taxonomy,67,68 and our population genetic

results suggest they each contain mixtures of alleles from both

northern and southern populations. However, our coalescent an-

alyses strongly support placement of these populations within

the southern lineage rather than at the base of the combined

T. dichotomus tree. If true, then this would indicate that long

horns likely evolved independently in the northern and southern

lineages (see below).

The islands Okinawa and Kumejima also share alleles with

both northern and southern populations, yet they too clearly

branch from the southern lineage. In the case of T. kanamorii

and T. d. politus, we suspect that the shared alleles may reflect

genetic variation present in an ancestral population predating

the north-south split. This may also be true for Okinawa-

Kumejima. However, their location roughly equidistant between

Japan and Taiwan suggests that secondary colonization and

gene flow could also account for the mixture of north-south al-

leles that they contain. Additional studies will be needed to

resolve these issues more fully. Regardless, our results provide

a well-supported tree sufficient for reconstructing historical pat-

terns of evolution of horn length and horn strength.
Current Biology 33, 1–13, October 23, 2023 3



Figure 2. Sample locations, genetic structure, and phylogeny of the populations examined

Top: sample locations and head horns of Trypoxylus dichotomus (insert, bottom), its closest sister species Xyloscaptes davidis (middle), and the nextmost closely

related species, Allomyrina pfeifferi (top), for comparison. Bottom: ancestral relationships among populations of T. dichotomus. Genetic structure analyses show

that individuals cluster into 6 primary populations: Japan central (light gray), Japan south (dark gray), Kuchinoerabu/Yakushima/Tanegashima islands (light blue),

Okinawa/Kumejima (dark blue), mainland China (red), and Taiwan (maroon). T. kanamorii (purple) and T. d. politus (yellow) were also considered to be separate

populations, based on morphology and geographic location. Goto island beetles, although placed within the Japan south cluster, were also morphologically

distinct and thus were treated as a separate population for horn length and horn strength comparisons. Clade support values represent Bayesian posterior

probabilities. Branch lengths represent substitutions per site.
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Figure 3. Male horns get long and weak, then shorter and stronger in the northern clade of rhinoceros beetles

Inferred transitions in horn length, head height (input lever length), muscle area, and estimated horn lifting force in the northern lineage of T. dichotomus. Horns of

X. davidis (green) were considered to represent the ancestral morphology of this species. Significant population differences are indicated by insets. Analyses are

presented in Tables S1–S6. See also Figures S1 and S2.
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Evolution of male horn length
T. dichotomus males had relatively longer horns and their horn

length/body size allometry had a steeper slope than males of

the most closely related sister species, X. davidis (Figures 3, 4,

and S1; Table S1).

When Trypoxylus populations were mapped onto the phylo-

geographic tree and compared using parameter substitutions

to a sigmoid curve (Figures S1C and S1D; Tables S2 and S3),

horn evolution was reconstructed as follows. In the north (Fig-

ure 3), Trypoxylus experienced a dramatic early increase in rela-

tive horn length resulting from an increase in the slope of the horn

length/body size scaling relationship (transition A), leading to

long-horned beetles in the Japanese main islands. Then, pre-

sumably as beetles colonized the tiny offshore islands of Kuchi-

noerabu, Yakushima, and Tanegashima, horn sizes got smaller

as the allometry intercept shifted to a larger body size (transition

B). Finally, although our admixture analyses still cluster Goto is-

land beetles with the Japan south population, the horn lengths of

Goto males are significantly shorter than main island beetles, re-

sulting from a shift in the allometry intercept and an increase in

allometry steepness (transition C). Interestingly, although the

relative horn lengths (intercepts) of Goto and Kuchinoerabu-

Yakushima-Tanegashima beetles do not differ—males have
relatively short horns in all of these islands—the steepness of

the sigmoid scaling relationship does differ between Goto and

the other offshore island populations (Figure 3; Table S2), a

morphological difference consistent with our genetic evidence,

which suggests a separate colonization event and an indepen-

dent evolutionary reduction in relative horn length.

In the southern clade (Figure 4), male horns also increased in

length. Both T. kanamorii and T. d. politus are rare, and we

were only able to measure three male specimens of

T. kanamorii for this study. However, both subspecies are known

to have very short horns, and the three male T. kanamorii we

included fell along the same horn length/body size allometry as

the short-horned sister species X. davidis (Figure S1A). From

these short-horned ancestors, beetles appear to have evolved

several changes in horn length. Understanding the directions

and magnitude of change in horn length in this southern lineage

depends on knowing the state of the last common ancestor of

Okinawa-Kumejima and mainland China animals, which is diffi-

cult to interpret given that there are too few lineages to perform

a robust ancestral state calculation and recent studies show that

island ecologies favor shorter horns.57,69,70 At least one change

in horn length occurred in Okinawa-Kumejima males. For

simplicity, we describe this as an evolutionary increase leading
Current Biology 33, 1–13, October 23, 2023 5



Figure 4. Male horns get long and weak, then stay long but get stronger in the southern clade of rhinoceros beetles

Inferred transitions in horn length, head height (input lever length), muscle area, and estimated horn lifting force in the southern lineage of T. dichotomus. Horns of

X. davidis (green) were considered to represent the ancestral morphology of this species. Significant population differences are indicated by insets. Analyses are

presented in Tables S1–S6. See also Figures S1 and S2.
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to a slightly steeper allometry than X. davidis (transition D). A sec-

ond evolutionary change involved an increase in both allometry

steepness and intercept in the lineage of long-horned males of

the mainland China and Taiwan populations (transition E).

Evolution of the horn lever system: Head height,
thoracic muscle area, and estimates of horn lifting force
Population comparisons of head height (input lever length), rela-

tive muscle size, and horn lifting force are presented in Figure S2

and Tables S4–S6.

In the north, the initial increase in relative male horn length

(output lever length) resulted in a significant reduction in horn lift-

ing force (transition A in Figure 3 and Table S4). However,

when beetles colonized the offshore islands Kuchinoerabu-

Yakushima-Tanegashima and Goto, male horn lengths subse-

quently evolved to shorter lengths, leading to increases in horn

lifting strength (transitions B and C in Figure 3 and Table S5).

In the south, males in Okinawa-Kumejima evolved changes in

both horn length (transition D) and head height (input lever

length), so that they lift with the same relative horn strength as

X. davidis (Figure 4). However, as horn length increased in the

lineage leading to the long-horned males of the mainland China

population (transition E), head height did not change and these

beetles wield weaponswith significantly weaker forces than their
6 Current Biology 33, 1–13, October 23, 2023
shorter-horned ancestors (Table S6). Interestingly, males in

Taiwan have the same muscle mass and horn lengths relative

to body size as mainland China males but, due to a dramatic

evolutionary increase in head height, they lift with significantly

stronger forces than their mainland counterparts (transition F)

(Table S6).

DISCUSSION

Our phylogenetic and population structure results (Figure 2)

agree overall with a recent study using specific-locus amplified

fragment sequencing.71 For example, Yang et al.71 also find a

deep split between northern and southern populations; they

also place T. kanamorii and T. d. politus within the southern

clade, rather than basal to the Trypoxylus tree; and they also

find Okinawa-Kumejima beetles to be genetically very distant

from other populations (see also Nakada et al.72). However,

Yang et al.71 place Okinawa-Kumejima in a cluster with Taiwan

beetles, whereas we find Taiwan strongly and closely related

to beetles from mainland China.

The Ryukyu archipelago formed sometime between the Creta-

ceous and early Miocene (>12 million years ago [mya]) along the

eastern rim of a contiguous terrestrial continental shelf,72,73 and

many plants,74,75 mammals,76 termites,77 and stag beetles78



Figure 5. Proposed biogeographic history

of beetles in the Ryukyu archipelago

Hypothesis for the colonization history and

ancestral relationships among populations of

T. dichotomus.
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colonized the region at this time, before rising sea levels isolated

islands in the chain. A recent fossil-calibrated molecular clock

study estimated the divergence time for the split between

X. davidis and T. dichotomus at 29 mya (95%: 18–44 mya),79

so ancestral populations of Trypoxylus likely would have been

present when the Ryukyu islands were still connected to the

mainland continental shelf. We suspect that T. dichotomus first

colonized the islands at this time (Figure 5A) and were subse-

quently stranded when sea levels rose and cut off the Ryukyu is-

land chain.

Repeated drops in sea level during Pleistocene glaciation cy-

cles temporarily re-connected islands at the northern and south-

ern ends of the Ryukyu chain to the mainland (Figure 5B),

providing episodic opportunities for mainland beetles to re-colo-

nize some of the islands, hybridizing with or replacing existing

populations. In contrast, beetles living in the middle of the archi-

pelago (e.g., Okinawa, Kumejima) may have remained stranded

due to deep oceanic trenches separating them from islands to

the north and south (Tokara and Kerama gaps, respectively72).

This would account for both the ancestral horn morphology of

these beetles (see below) and their genetic distance from beetles

on islands to the north and south.80 The climatic and faunal re-

cords are also more consistent with our phylogenetic result,

placing the Okinawa-Kumejima cluster distinct from the one

containing Taiwan and China, the latter of which would have

had multiple opportunities to exchange migrants when the lands

were connected during Pleistocene ice ages.

Our genetic data also suggest that colonization of the tiny

islands adjacent to the Japanese main islands (Goto, Kuchinoer-

abu, Yakushima, Tanegashima) occurred at least twice and

much more recently than colonization of Okinawa-Kumejima,

either across the Pleistocene land bridges (Figure 5B) or through

dispersal events from the main islands (Figure 5C). Subsequent

studies of gene flow and demography will be needed to better

test these hypotheses.

Horns in T. dichotomus almost certainly started small. Both of

the sister species, X. davidis and Allomyrina pfeifferi, and the two

most basal populations of Trypoxylus, T. kanamorii, and T. d. po-

litus, have short horns, and beetles isolated on the mid-Ryukyu

islands of Okinawa and Kumejima have horns only slightly

longer. Then, based on our genetic and phylogeographic results,

male horn lengths increased dramatically 2 times, more than

doubling in length along both the northern and southern line-

ages, respectively.

Both increases in horn length resulted from the evolution of

steeper horn length/body size allometry slopes (Figures 3 and

4; Table S1). For decades, biologists have debated the extent

to which morphological trait allometries constrain the evolution
of animal morphology,81–87 and the slope in particular is

famously conserved.86–88 Numerous artificial selection experi-

ments have altered the slope of a static trait allometry (e.g.,

wing size in Drosophila melanogaster89,90 and the butterfly Bicy-

clus anynana91 and eyestalk length in the fly Cyrtodiopsis dal-

manni92), and developmental genetic studies now point toward

candidate genes and physiological pathways that could

contribute to static allometry slope evolution.93–102 Yet it is

also clear that changing a static allometry slope is not easy—re-

sponses to selection are erratic andmuch slower than responses

to selection applied to the intercept of these same allome-

tries.89,90 Indeed, a meta-analysis of more than 300 empirical

studies of static trait allometry evolution concluded that allom-

etry slopes likely change slowly over long timescales (>1 million

years) in contrast with allometry intercepts, which routinely differ

among local populations.86 It is noteworthy in this respect that

our results point to evolutionary increases in allometry slope

occurring in the deepest branches of our analysis, as the north-

ern and southern lineages of Trypoxylus diverged from their

shared common ancestor with X. davidis—a split estimated to

have occurred almost 30 mya79—while all of the evolutionary

changes to horn allometry that we observe among local popula-

tions of Trypoxylus involve shifts in allometry intercept rather

than slope (Figures 3 and 4).

In the context of animal communication, increases in static

allometry slope are predicted for strongly sexually selected

structures,103–108 particularly those that function as signals in

agonistic assessment or mate choice.109–113 Specifically, a

steeper static allometry slope increases the range of among-

male variation in trait size (hypervariability), amplifying other-

wise-subtle differences in underlying male condition so that

they are easier for receivers to perceive.114–119

The evolution of steep static allometry often results from in-

creases in the developmental plasticity or nutrition-sensitivity

of trait growth,94–96,100,120 and this ‘‘heightened,’’ condition-sen-

sitive expression is yet another characteristic common to con-

spicuous structures that function as reliable signals of male

body size or condition.96,120–124 Indeed, such heightened condi-

tional expression has already been demonstrated for the horns

of this species.96,125 Consequently, the dramatic increases in

static allometry slope observed in the northern and southern lin-

eages of T. dichotomus are consistent with animals beginning to

use this structure as a deterrent signal during contests.

Male-male interactions also suggest that horns function as

tactile signals of resource-holding potential (sensu Searcy and

Beecher126). The poking and shoving that males do13 aligns

with dense patches of sensory hairs on the surface of the

horns,64 andmost confrontations are settled at this initial shoving
Current Biology 33, 1–13, October 23, 2023 7
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stage of the contest.13,57,63 In this respect, male horns are similar

to other enlarged, cuticular weapons in insects that also function

as tactile signals in male contests (e.g., weevils,27,127 leaf-footed

bugs,128,129 tree wetas,24 frog-legged leaf beetles,130 flower

beetles,15 and stag beetles28).

However, as in these other species, evenly matched

T. dichotomusmales escalate contests beyond the initial stages

of assessment, and when this happens, the weapons must also

function as biomechanical levers. Males in all populations stud-

ied to date position their head horn underneath the body of an

opponent, straining to lift/pry that rival away from the tree, and

males with the largest body sizes and the longest horns consis-

tently win these contests.13,47,50,55,57–59 Although the relation-

ship between prying strength and mating success has yet to

be examined in the field, the details of male behavior suggest

that powerful prying forces are integral to male success during

the escalated stages of matched battles and therefore critically

relevant to a male’s ability to defend a feeding (and mating) ter-

ritory. The unusual, triangular cross-sectional shape of this horn

is also consistent with a history of selection for strong prying

forces because it specifically resists buckling when the horn is

lifted—even when horns are twisted during lifting, as occurs

often given the ‘‘pitchfork’’ widening at the tip of this horn.65,131

Consequently, any evolutionary increases in horn length that

weakened male horn lifting strength (the paradox of the weak-

ening combatant) could have negatively impacted male fight

success in ways that offset the signaling advantages of an ever

longer horn, potentially leading to the evolution of compensatory

traits that restored strength to these weapons.

We show that the two most dramatic increases in male horn

length in this species were each accompanied by significant re-

ductions to horn lifting strength (transitions A and E in Figures 3

and 4, respectively), consistent with the paradox of the weak-

ening combatant.34 Then, as beetles colonized the northern Ryu-

kyu islands of Kuchinoerabu-Yakushima-Tanegashima and

Goto, male horns subsequently evolved to be relatively shorter,

restoring (increasing) their lifting strength in each instance. This

may be the result of selection for horn strength offsetting the

benefits of long horns, shifting the balance of selection on this

structure. Alternatively, local changes to the breeding ecology

of the beetles may have relaxed the strength of selection on

horn length. Field observations of contemporary populations

on Yakushima island suggest that beetle densities are much

lower than on the mainland and that feeding territories are

more numerous, both of which could detract from the fitness

benefits of long horns57,66 (W.K., personal observation). On

Goto island, beetle densities are sometimes high and male fights

and fight-related injuries are prevalent (W.K., personal observa-

tion), so the recent reduction in horn length could be interpreted

as compensatory evolution to restore horn lifting strength.

In the southern lineage of Trypoxylus, we see compelling evi-

dence for compensatory evolution. When beetles colonized

Taiwan, they retained the long horn lengths of their mainland Chi-

nese neighbors, but these animals have ameliorated the associ-

ated reduction in horn lifting strength through an evolutionary in-

crease in the height of their heads. Taller heads increase the

length of the input lever (Figure 1), compensating for the long

head horn and restoring strength to this exaggerated male

weapon (Figure 4). Evolutionary elongation of stag beetle
8 Current Biology 33, 1–13, October 23, 2023
(Lucanidae) mandibles also appears to have been accompanied

by compensatory increases in the length of the input lever.39

The lever system of the stag beetle mandible rotates from

side-to-side, in contrast with the up-down lifting rotation of

T. dichotomus horns, so increases in stag beetle input lever

length resulted in wider, rather than taller, male heads, as well

as substantially stronger mandible-squeezing forces.39

Field studies of contemporary populations on Taiwan consis-

tently observe high densities of beetles—the highest yet re-

corded for this species—and male battles are both intense and

frequent (dozens per territorial male per night47,57,60,61), as would

be expected if selection for male fight performance were driving

the evolution of mechanical compensation at this location. How-

ever, the increase in input lever length of the Taiwanese beetles

should also decrease the amount of muscle needed to produce a

given force. Therefore, the increased mechanical advantage

seen in Taiwanese beetles could be an example of selection

for increased force, or for decreased energetic cost for produc-

ing a given force, both of which may be advantageous in a pop-

ulation with extensive and frequent battles.

Here, we assume that horn force production is important for

winning fights, and observations of both fighting behavior13,57

and beetle grip strength47 suggest that this is likely true. Howev-

er, there are alternative biomechanical interpretations of the vari-

ation in morphology that we see across populations. The func-

tion of the horn during male battles is complicated, especially

during the early shoving stages when males appear to use their

horns to assess each other.13 Horns poke, strike, or push oppo-

nents from several different orientations, and it is possible that

length (i.e., being able touch a rival before that beetle can touch

you) is more important than lifting strength in these early stages

of the interaction. Speed may be important too, and this also

could select for longer horn lengths because there should be a

force versus speed tradeoff associated with horn length, and a

longer horn relative to body size moves faster.34,37 Additional

field studies are underway, which should help elucidate the

various functions and forces associated with horn use in this

species.

Costs and mechanical tradeoffs are notoriously difficult to

measure, even for the exaggerated ornaments and weapons of

sexual selection.132–136 One reason may be the coevolution of

compensatory traits, which ameliorate past costs, making

them difficult to detect in contemporary populations (reviewed

in Oufiero and Garland137 and Swallow and Husak138). Here,

we show how population genomics approaches can be used

to reconstruct the stages of evolution of a sexually selected

male weapon and its associated suite of compensatory traits,

revealing strong initial tradeoffs as well as subsequent force-

compensation, shedding new light on an old question: what

limits the sizes of extreme structures?
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Adult Allomyrina pfeifferii (Philippines)

(n=14 individuals)

Wild caught for this study Ap

Adult Xyloscaptes davidis (Thailand) (n=9) Wild caught for this study Xd/davidus

Adult Trypoxylus dichotomus septentrionalis

(Kyoto, Japan) (n=14)

Wild caught for this study K

Adult Trypoxylus dichotomus septentrionalis

(Matsuzaka, Japan) (n=16)

Wild caught for this study M

Adult Trypoxylus dichotomus septentrionalis

(Okazaki, Japan) (n=18)

Wild caught for this study Oi

Adult Trypoxylus dichotomus septentrionalis

(Hamamatsu, Japan) (n=9)

Wild caught for this study Ham

Adult Trypoxylus dichotomus septentrionalis

(Kyushu, Japan) (n=12)

Wild caught for this study Fuk

Adult Trypoxylus dichotomus septentrionalis

(Goto island, Japan) (n=12)

Wild caught for this study Goto

Adult Trypoxylus dichotomus tsuchiyai

(Kuchinoerabu Island, Japan) (n=8)

Wild caught for this study Kuch

Adult Trypoxylus dichotomus shizue

(Tanegashima island, Japan) (n=19)

Wild caught for this study Tan

Adult Trypoxylus dichotomus shizue

(Yakushima island, Japan) (n=10)

Wild caught for this study Yak

Adult Trypoxylus kanamorii (Myanmar/Thailand)

(n=7)

Wild caught for this study Kan

Adult Trypoxylus dichotomus politus

(Chiang Mai, Thailand) (n=4)

Wild caught for this study Thai

Adult Trypoxylus dichotomus inchachina

(Kumejima, Japan) (n=6)

Wild caught for this study KUM

Adult Trypoxylus dichotomus takarei

(Okinawa Island, Japan) (n=13)

Wild caught for this study OK/Oki/Oa

Adult Trypoxylus dichotomus dichotomus

(Fuzhou city, China) (n=9)

Wild caught for this study FF

Adult Trypoxylus dichotomus dichotomus

(Jiulingshan, China) (n=9)

Wild caught for this study JJ

Adult Trypoxylus dichotomus dichotomus

(Lianhuashan, China) (n=10)

Wild caught for this study LG

Adult Trypoxylus dichotomus dichotomus

(Shantou city, China) (n=10)

Wild caught for this study SG

Adult Trypoxylus dichotomus dichotomus

(Wuyishan, China) (n=10)

Wild caught for this study WJ

Adult Trypoxylus dichotomus dichotomus

(Xiamen city, China) (n=10)

Wild caught for this study XF

Adult Trypoxylus dichotomus dichotomus

(Zhugangshan, China) (n=10)

Wild caught for this study ZH

Adult Trypoxylus dichotomus tsunobosonus

(Puli, Taiwan) (n=20)

Wild caught for this study Taiw2

Adult Trypoxylus dichotomus tsunobosonus

(Chiayi, Taiwan) (n=13)

Wild caught for this study Taiw1/CH

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Adult Trypoxylus dichotomus tsunobosonus

(Taiwan) (n=10)

Wild caught for this study Taiw3/TP

Chemicals, peptides, and recombinant proteins

Wizard SV Genomic DNA purification kit Promega Cat # A1120

PicoGreen dsDNA kit Thermo Fisher Scientific

(Life technologies)

Cat # P7589

NlaIII restriction enzyme New England BioLabs Cat # R0125S

MluCI restriction enzyme New England BioLabs Cat # R0538S

Cytiva Sera-Mag SpeedBeads Fisher scientific Cat # 09-981-123

Pippin Prep 2% Agarose Gel Cassette Sage Science Cat # HTC2010

Dynabeads M-270 Streptavidin Thermo Fisher Scientific Cat # 65305

Phusion High Fidelity PCR kit New England BioLabs Cat # E0553L

Deposited data

Illumina HiSeq ddRAD-seq Sequencing This paper NCBI SRA BioProject Accession:

PRJNA1003128

Morphological measurements This paper https://osf.io/dczfx/

Oligonucleotides

Ligation adapter P1 Peterson et al.139 SphI-compatible

Ligation adapter P2 Peterson et al.139 MluCI compatible with NNNNNIII barcode

for PCR duplicate removal

Software and algorithms

Stacks (version 1.13) Catchen et al.140; Rochette et al.141 https://catchenlab.life.illinois.edu/stacks/

PCR duplicates removal and R statistics script This paper https://osf.io/dczfx/

BWA MEM (0.7.12) Li142 https://bio-bwa.sourceforge.net/bwa.shtml

SAMtools (version 1.5) Li142,143; Li et al.144 http://www.htslib.org/doc/1.5/samtools.html

ADMIXTURE (1.3.0) Alexander et al.145 https://dalexander.github.io/admixture/

BEAST (version 2.4.5) Bouckaert et al.146 https://www.beast2.org/

Tracer (version 1.7) Rambaut et al.147 https://beast.community/tracer

Densitree (2.2.3) Bouckaert and Heled148 https://www.cs.auckland.ac.nz/�remco/

DensiTree/

TreeAnnotator (1.10) Drummond and Rambaut149 https://www.beast2.org/treeannotator/

FigTree (1.44) Rambaut150 http://tree.bio.ed.ac.uk/software/figtree/

R (version 4.1.1) R Core Team151 https://www.r-project.org/

emmeans (R package, version 1.8.7) Lenth152 https://cran.r-project.org/web/packages/

emmeans/index.html

nlme (R package, version 3.1-162) Pinheiro et al.153 https://CRAN.R-project.org/package=nlme.

aomisc (R package, version 0.650) Benjamini and Hochberg154 https://github.com/OnofriAndreaPG/aomisc
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RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will be fulfilled by doug.emlen@mso.umt.edu.

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The data that support the findings of this study are available from the corresponding author(s) upon reasonable request. DNA

sequence data are deposited in the NCBI Short Read Archive, BioProject SRA: PRJNA1003128.
Current Biology 33, 1–13.e1–e5, October 23, 2023 e2

mailto:doug.emlen@mso.umt.edu
https://osf.io/dczfx/
https://catchenlab.life.illinois.edu/stacks/
https://osf.io/dczfx/
https://bio-bwa.sourceforge.net/bwa.shtml
http://www.htslib.org/doc/1.5/samtools.html
https://dalexander.github.io/admixture/
https://www.beast2.org/
https://beast.community/tracer
https://www.cs.auckland.ac.nz/%7Eremco/DensiTree/
https://www.cs.auckland.ac.nz/%7Eremco/DensiTree/
https://www.cs.auckland.ac.nz/%7Eremco/DensiTree/
https://www.beast2.org/treeannotator/
http://tree.bio.ed.ac.uk/software/figtree/
https://www.r-project.org/
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://CRAN.R-project.org/package=nlme
https://github.com/OnofriAndreaPG/aomisc


ll

e3

Please cite this article in press as: Weber et al., Evolution of horn length and lifting strength in the Japanese rhinoceros beetle Trypoxylus dichotomus,
Current Biology (2023), https://doi.org/10.1016/j.cub.2023.08.066

Article
d This paper reports original codes available from the authors upon reasonable request or have been uploaded on OSF (https://

osf.io/dczfx/)

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Japanese rhinoceros beetles (‘Yamato kabutomushi’) are large, abundant, and often observed scarabs native to Eastern Asia,

including mainland China, Taiwan, Korea and Japan.155–158 Males have a short, curved horn extending from the dorsal prothorax

and a much longer, four-tined ‘‘pitchfork’’ shaped horn extending from the top of the head (Figure 2). Males of the two closest sister

species, Xyloscaptes davidis and Allomyrina pfeifferi,71,79,159,160 have a much smaller, two-tined forked horn extending from the cen-

ter of the head. Both X. davidis and A. pfeifferi are rare and very poorly understood outside of systematics.

Ten subspecies of T. dichotomus have been described based on geographic location andmorphology, including conspicuous and

consistent population differences in relative horn length (T. d. septentrionalis [Korean Peninsula, Japan69,161]; T. d. tsuchiyai [Kuchi-

noerabu Island69]; T. d. shizuae [Yakushima and Tanegashima Islands70]; T. d. dichotomus [Mainland China; Linnaeus 1771, Nagai

2007]; T. d. tsunobosonus [Taiwan69,161]; T. d. takarai [Okinawa162]; T. d. inchachina [Kumejima162]; T. d. politus [Myanmar, Thailand,

Vietnam67,69]; T. d. shennongjii [Shennongji, Hubei, China163]; and T. kanamorii [Myanmar68]).

METHOD DETAILS

Our approach comprised the following steps, each described in detail below: (1) samples of wild animals were collected from

23 locations across the range of the species and including 9 of the 10 described subspecies (Table S1); (2) genomic DNA was

extracted from approximately 10 animals per location (198 beetles total) and sequenced to identify approximately 13,500 infor-

mative SNPs distributed across the genome; (3) we assigned animals from the different locations to 9 genetically and morpho-

logically distinguishable populations; (4) two individuals from each of these populations and from the outgroup X. davidis were

then used to perform coalescent analyses of population ancestry, generating a well-supported phylogeny for the historical re-

lationships among the populations; animals from all of the sample localities were then pooled into their respective genetic pop-

ulations and these groupings were used for morphological comparisons of relative horn length (4) and for biomechanical cal-

culations of horn strength (5).

Once the genetic populations had been defined, we added additional samples (n = 1375) from these same regions to increase our

sample sizes for the horn length versus body size allometry estimation, and to improve our ability to test for differences in relative horn

length across populations. Because these additional animals were fromprivate collections we did not use them for the biomechanical

force estimation, which would have required destructive sampling of the specimens.

DNA extraction and ddRAD library preparation
For DNA extraction, we removed cuticle and isolated �20mg of muscle tissue from each individual sample, then performed

tissue lysis and DNA isolation using the Wizard SV Genomic DNA Purification kit (Promega). We fluorometrically quantified

DNA using the PicoGreen dsDNA kit (Life Technologies) and constructed double digest restriction-site associated DNA

sequencing libraries for Illumina Sequencing following Peterson et al.139 Briefly, after normalizing samples to 15, 30 or

90 ng, we performed double restriction digests using the enzymes NlaIII and MluCI (New England Biolabs). All enzymatic steps

were followed by cleanups with solid-phase reversible immobilization beads (Sera-mag Speedbeads, Fisher). Post digest, we

performed ligations with adapters P1 and P2, pooled samples (<48 samples per pool), and ran each pool on one lane of a

Pippin Prep 2% agarose MarkerB 100–600 bp Gel Cassette (Sage Science) to collect fragments between 426–462bp in length,

which includes additional adapter sequences. We then enriched for fragments ligated to P2 adapters using streptavidin-

coupled beads (Dynabeads M-270, Invitrogen). Finally, we amplified each pool using 4 separate PCRs, each with 12-cycles

(Phusion High Fidelity PCR kit, New England Biolabs).

Mapping and genotyping
All libraries were sequenced using 2x150bp reads on an Illumina HiSeq 4000machine. After sequencing, we demultiplexed raw reads

by individuals using the ‘‘process_radtags’’ function in Stacks version 1.13.140,141 We next removed PCR duplicates (facilitated by a

unique molecular index located on the i7 index read164 and a custom python script) and mapped reads to a draft T. dichotomus

genome165 using BWA-MEM.142 We calculated genotype probabilities using the mpileup algorithm (options: flags -C 50, -E, -S,

-D, -u, -I) and performed genotype calls using BCFtools, with both functions available in the SAMtools package (Version 1.5143,144).

After examining several measures of read depth and quality, we implemented an initial filter to retain only genotypes with a min-

imumper individual depth of 8 andminimumgenotype quality of 30, and only kept sites where themean depth was greater than 1.We

next removed any sites where less than 50% of individuals had genotype calls. We further removed 500bp windows (i.e., full RAD-

tags) containing more than six SNPs with high depth reads (>1000), as well as any regions containing SNPs with total depth >1300.

Additional filters specific to different analyses are noted when appropriate in the following sections.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Population genetic analyses
We used a cross validation approach implemented in the software package ADMIXTURE145 to estimate the number of population

clusters. Because high LD can lead to spurious signals, we first thinned our dataset by identifying any SNPs located within 50bp

of each other and having an R2 value > 0.1, and then only keeping the site with the highest minor allele frequency. For the

ADMIXTURE runs, we tested subpopulation (k) values ranging from four to nine, and determined the best model fit by identifying

the k value that minimized CV error.

Coalescent Analyses and Phylogeny Construction
We estimated phylogeny using beetles collected from 16 of our 23 sample locations, representing all of the genetically distinguish-

able populations identified by the ADMIXTURE analyses and all 9 of the formally described subspecies included in this study (key

resources table). Specifically, we compiled genotype data for two beetles from each of the 16 sample locations, keeping individuals

with themost complete genotype coverage in each population, aswell as one outgroup individual from the sister species Xyloscaptes

davidis. We then estimated population ancestry using a full coalescent analysis (SNAPP166) implemented in BEAST v2.4.5.146 For the

SNAPP analysis, we used a gamma rate prior, used the built-in function to estimate mutation rates U and V, and ran theMCMC for up

to 2 million cycles, storing data every 1,000 cycles. All other parameters were run with default settings. Runs were continued until the

estimated sample size (ESS) for the posterior probabilities exceeded a value of 200. ESS’s for other model parameters were also

evaluated with the Tracer v1.7 software.147

We first ran a full tree using all of the genetically distinguishable T. dichotomus populations (sixteen of the sample locations) and

X. davidis as an outgroup. This tree revealed a well-supported deep split between northern and southern Trypoxylus lineages, sug-

gesting the beetles colonized these regions independently with each clade having its own evolutionary trajectories. However, our

DNA from X. davidis was degraded relative to our other samples, reducing the number of usable SNPs. We therefore ran separate,

clade-specific analyses for these northern and southern trees, using a representative from the other clade as an outgroup instead of

X. davidis, increasing the number of usable SNPs from 747 to 2,093 and 4,091 respectively.

The northern analysis included a total of 6 locations (Kyushu, Kyoto, Matsuzaka, Hamamatsu, Yakushima Island and Tanegashima

Island) and Wuyishan, China, as an outgroup, while the southern analysis used 5 locations (T. kanamorii [Myanmar]; T. d. politus

[Thailand]; Okinawa, Fuzhou City, and Taiwan) and Matsuzaka, Japan, as an outgroup. Finally, we sampled from the resulting tree

files, after removing the first 10% of traces as a burn-in, to estimate branch lengths and generate posterior probabilities for all nodes.

Tree annotation and visualization was performed using the Densitree148 and TreeAnotator149 software supplied with BEAST2, as well

as FigTree.150

Weapon Size Comparisons
As in other insect taxa with highly plastic sexually selected structures (e.g., fly eyestalks92,121,122,167; earwig forceps168,169; dung bee-

tle horns170–172; flour beetle mandibles173,174; frog-legged leaf beetle hindlegs175), Trypoxylus horn length per se has little detectable

heritability in contemporary populations125,176 and horn length evolution likely arises through changes in the developmental mech-

anisms modulating horn growth in relation to the nutritional state and overall body size of an animal.96,98,165,177–179 Therefore, we

compare relative sizes of horns across populations by comparing the steepness, elevation, and/or shape of population-level patterns

of horn length / body size scaling.93,175,180–182

All statistical analyses were performed in R (version 4.1.1151). For all models assuming normally distributed and homoscedastic

errors, we systematically checked and confirmed this assumption by plotting the residuals against normal quantiles and residual

vs fitted values. We first compared the horn length / body size scaling relationships between the outgroup X. davidis and the northern

and southern T. dichotomus clades.We fitted a linear mixedmodel (function lme, R package ‘‘nlme153’’) including log10 horn length as

the response variable and log10 thorax width, lineage, and their interaction as fixed effects. The population of origin was included as a

random effect. Significance of the fixed effects was assessed using a type I (sequential) ANCOVA. This allowed us to test for differ-

ences between major clades in relative horn length, and to attribute any differences to changes in horn allometry slope and/or inter-

cept. Post-hoc pairwise intercept and slope comparisons were performed using estimated marginal means and Tukey contrasts

(functions emmeans or emtrends in R package ‘‘emmeans’’).152

Next, we compared T. dichotomus populations within the northern and southern clades separately. However, in contrast to

X. davidis, horn-length body size scaling relationships in T. dichotomus are not linear, even when log-transformed,55,57,131,183–185

so we also compared T. dichotomus populations by fitting the sigmoid equation:

Horn length � y0+
��

a � ðThorax widthÞb
�.��

ðThorax widthÞb
�
+ cb

��
(Equation 2)

Where y0 is theminimumhorn length, a is the horn length range, b is the curve steepness, and c is the body size (thoraxwidth) at the

inflection.186,187 For both the northern and southern clade, we went through a model selection procedure to identify which param-

eters were better considered to be population-specific. We started by fitting the full model with all four parameters defined as pop-

ulation-specific and compared with four nested models each fixing one of the parameters as shared across populations. The model

with the lowest Bayesian information criterion (BIC) was selected, and the procedure was repeated until no simpler model was found.
Current Biology 33, 1–13.e1–e5, October 23, 2023 e4



ll

Please cite this article in press as: Weber et al., Evolution of horn length and lifting strength in the Japanese rhinoceros beetle Trypoxylus dichotomus,
Current Biology (2023), https://doi.org/10.1016/j.cub.2023.08.066

Article
In contrast with the Akaike information criterion (AIC), BIC considers the sample size in addition to the goodness of fit and the number

of parameters, and thus penalizes more complicatedmodels when the sample size is large. It is therefore more conservative than AIC

and considered more appropriate for large sample sizes (as is the case for most of the Trypoxylus populations188–190). Using the best

selected model, we tested for pairwise population differences for the parameters fitted as population specific using the Bonferroni

(conservative) and false discovery rate (less stringent) methods154,191 to account for multiple testing arising from pairwise compar-

isons (function pairComp in package "aomisc192"). This permitted us to focus specific contrasts around the changes in horn length

inferred from the phylogeny (i.e., not simply compare all populations to each other but compare before and after populations that

bracket each inferred transition), and to describe more precisely how horn allometries evolved.

Evolution of the horn lever system: head height, thoracic muscle area, and estimates of horn lifting force
Morphological variables were recorded from beetle specimens collected in the field and frozen or dried prior to transport. Measure-

ments were made using digital calipers to the nearest 0.01 mm. Output lever of the horn system was the distance from the fulcrum

hinge point at the back of the head to the end of the longest tine of the horn. Input lever of the horn system was the distance from the

fulcrum to the insertion of the dorsal prothoracic muscle at the dorsal/caudal peak of the head. Prothorax width was measured at the

widest point of the prothorax. Because we were dealing with frozen or dried specimens, muscle cross sectional area was estimated

from the area of the sclerotized plate where the dorsal prothoracic muscle originates at the caudal end of the prothorax. Beetles were

dissected, digital images were recorded of this plate, and area was calculated with ImageJ.193

Muscle force per cross sectional area in this species was estimated in a previous study bymeasuring lifting forces from live beetles,

sacrificing them, then measuring lever and muscle morphology to calculate a force/cross sectional area.50 This estimate was then

used as a constant across all of the populations in this study to calculate horn lifting forces. Therefore, variation in our predictions

of horn lifting forces (reported here) reflect changes in mechanical advantage and muscle cross sectional area across individuals

and populations and does not include possible differences in muscle physiology.

Horn lifting forces were predicted using Equation 1 with the following measures:

Horn Lifting Force = ððMuscle Cross Sectional Area � Force =Cross Sectional AreaÞ � Head HeightÞ = ðHorn LengthÞ
(Equation 3)

Head height (input lever length), muscle cross-sectional area (input force), and horn lifting forces were first compared between the

outgroup X. davidis and the twomajor T. dichotomus clades (i.e., northern and southern). For each biomechanical variable, we fitted a

linear mixed model including log10-transformed head height, muscle cross-sectional area, or horn lifting forces as the response var-

iable and log10 thorax width, population, and their interaction as fixed effects (function lme, R package ‘‘nlme’’). The population of

origin was included as a random effect. Significance of the fixed effects was assessed using a type I (sequential) ANCOVA. Non-sig-

nificant interactions (p > 0.1) were removed from final analyses.194 Post-hoc pairwise intercept and slope comparisons were per-

formed using estimated marginal means and Tukey contrasts (functions emmeans or emtrends in R package ‘‘emmeans’’).152

We then compared T. dichotomus populations within the northern and southern clades separately. Log10-transformed head height,

muscle cross-sectional area, or horn lifting force was included as a response variable in a linear model, with log10-transformed pro-

thorax width and population, and their interaction (if significant, i.e., p<0.1) included as explanatory variables. Post-hoc pairwise

comparisons between populations (intercept and slope if the interaction was significant) were performed using estimated marginal

means and Tukey contrasts (functions emmeans or emtrends in R package ‘‘emmeans’’).
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