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We investigate the evolutionary dynamics of sexually selected traits using 
both a mathematical model and comparative analyses, focusing on the rela- 
tive rates of evolution between male ornaments and weapons. In our frame- 
work, ornaments evolve jointly with female preferences, whereas weapons 
evolve under direct male–male competition. Our theoretical model predicts 
that coevolution with mate preference is the key driver of the accelerated 

evolution of ornaments. Stochastic drift in female preferences causes fluctu- 
ating selection on male ornaments, resulting in rapid evolutionary change 
in ornament size. In contrast, weapons evolve more slowly due to the more 
stable selection generated by male–male competition. In the empirical part 
of the study, we used Brownian motion and Ornstein–Uhlenbeck models 
to measure the rate of trait evolution across various taxa and found that 
ornaments generally evolve at faster rates than weapons, consistent with 
the predictions of our theoretical modelling. Together, these results demon- 
strate how preference-driven dynamics can accelerate ornament evolution, 
revealing a key asymmetry between the inter- and intrasexual mechanisms 
of sexual selection. Our findings contribute to a deeper understanding of 
how different forms of sexual selection shape trait evolution on macroevo- 
lutionary timescales. 
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. Introduction 

exual selection theory explains the evolution of a diverse array of traits that in-
rease fitness without increasing survival [1 –3 ]. Two widespread mechanisms
f sexual selection are intrasexual selection (via mating competition) and in-
ersexual selection (via mate choice) [4 ,5 ]. Intrasexual selection can result in
he evolution of weapons in one sex, typically males, to compete with other
embers of the same sex for mating opportunities [6 ]. Individuals with bet-

er weapons are more likely to win encounters with rivals, through either di-
ect fighting or competitive intrasexual signalling, thereby securing more mat- 
ng opportunities and passing on genes for better weapons to their offspring
7 ]. Similarly, intersexual selection can result in the evolution of ornaments in
ne sex, typically males, in response to the opposite sex’s mating preferences.
oth types of sexual selection can result in large and elaborate structures, sub-
ect to the constraints of production, maintenance and (especially for weapons)
unctional performance [8 –10 ]. While weapons and ornaments exist on a con-
inuum, with many examples functioning in both male–male competition and 

emale choice, here we focus on the distinct mechanisms shaping the evolution
f each type of trait [6 ,11 ]. 
Sexually selected traits often evolve faster than non-sexually selected traits 

12 ], and theoretical models have sought to understand the evolution and elab-
rate diversity of these traits. The arms-race dynamics of weapon evolution,
eaturing adaptation and counter adaptation by competitors, are thought to 
©2026 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License 
http://creativecommons.org/licenses/by/4.0/ , which permits unrestricted use, provided the original author and 
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b rnaments, Fisherian models [16 –18 ] propose that 
f ament and preference due to non-random mating. 
I e offspring, then genes for both the exaggerated 

o  ]. This results in a positive feedback loop that can 
l 1 ]. Despite its textbook status, empirical evidence 
a  diversification is mixed [22 –25 ]. 

 more rapidly than weapons. First, weapons must 
b , ornaments may be less constrained by functional 
p . Second, mating preferences may often be under 
w uctuating selection on ornaments [27 ,28 ]. Lastly, 
t  evolution of ornaments. Although an analogous 
r  this hypothesis has also been challenged [30 ]. 

rsexual selection using both a theoretical and an 
e olution of two sexually selected male traits—an 
o ment. We derive the variances in the population 
m e rates at which ornaments and weapons evolve. 
S ups that have evolved sexually selected weapons 
o eeded the rate of weapon evolution. 

2
W lly selected male traits—an ornament ( z ) and a 
w  previous models of ornament–preference coevo- 
l  success depends on the mean female preference 
p pendent of female preference. All three traits are 
a t deviations from these optima are costly. 

exes carry genes for all three traits. In any given 
g tion with means z̄ , w̄ and p̄ and additive genetic 
v riance between ornaments and preferences, which 
c  generate genetic covariance between the weapon 
a tary material for a relaxation of this assumption). 
W ematical tractability, however, we treat additive 
g

(
M able and stochastic processes. Predictable changes 
i e genetic variance–covariance matrix G and the 
s en trait values and lifetime reproductive success 
( typic level translates into genetic change between 
g ur model, the G -matrix is given by 

(2.1) 

a

(2.2) 

w nt, weapon and preference traits, respectively (see 
b  The expected evolutionary response to selection 
b

(2.3) 

w  the mean values of the ornament, weapon and 

p en ornament and preference, selection can act on 
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e one reason underlying their rapid evolution [13 –15 ]. For sexually selected o
emale preference for an ornament can lead to a genetic correlation between orn
f the preference causes males with more exaggerated ornaments to have mor
rnament and the corresponding preference are passed on to their offspring [19
ead to a rapid ‘runaway’ coevolution of ornaments and preferences [2 ,17 ,18 ,20 ,2
ssessing the importance of Fisherian selection as a general driver of ornament
Three lines of argument suggest that sexually selected ornaments may evolve

e effective in combat, constraining the possible forms they can take. In contrast
erformance and have access to a larger ‘trait space’ in which to diversify [26 ]
eak direct selection. This allows them to drift strongly, leading to rapidly fl

he positive feedback process of Fisherian selection can lead to especially rapid
unaway process has been suggested to drive rapid evolution of weapons [29 ],
Here, we compare the evolutionary dynamics of traits under intra- and inte

mpirical approach. First, we develop a mathematical model to predict the ev
rnament and a weapon—along with a female mating preference for the orna
ean values of these three traits across generations and use these to compare th
econd, we undertake a comparative analysis of 531 species from 10 animal gro
r ornaments, testing whether the rate of ornament evolution has generally exc

. Material and methods 
e developed a quantitative genetic model of the coevolution of two sexua
eapon ( w )—with a female preference trait ( p ) (see table 1 ), based on similar

ution [18 ,20 ,31 ]. The relationship between a male’s ornament and his mating
̄
 in the population. In contrast, the weapon’s effect on mating success is inde
ssumed to have ‘ecological’ optima in the absence of sexual selection, such tha
Although trait expression is sex-specific in our model, individuals of both s

eneration, these traits are assumed to follow a multivariate normal distribu
ariances Gz , Gw and Gp , respectively. We write Bzp for the additive genetic cova
an arise due to non-random mating. In the absence of an obvious mechanism to
nd the other traits, we assume that such covariance is zero (but see supplemen
e allow the trait means to vary in response to selection and drift. For math
enetic variances and covariances as fixed parameters [32 ]. 

a) Determinants of evolutionary changes in trait values 
ean trait values can change from one generation to the next due to both predict

n trait values arise from selection and are shaped by two factors: the additiv
election gradients 𝛽. The selection gradients measure the relationship betwe
hereafter ‘fitness’), whereas the G - matrix determines how selection at the pheno
enerations. Together, they predict the evolutionary response to selection. For o

G =
⎛ ⎜ ⎜ ⎝ 
Gz 0 Bzp 
0 Gw 0 
Bzp 0 Gp 

⎞ ⎟ ⎟ ⎠ , 
nd the selection gradients are given by 

𝛽 = 1 
2 

⎛ ⎜ ⎜ ⎝ 
𝛽z 
𝛽w 
𝛽p 

⎞ ⎟ ⎟ ⎠ , 
here 𝛽z , 𝛽w and 𝛽p represent the sex-specific selection gradients for the orname
elow) [18 ,33 ]. The factor 1 ∕2 accounts for the sex-limited expression of traits.
etween generations is then given by 

⎛ ⎜ ⎜ ⎝ 
Δz̄ 
Δw̄ 

Δp̄ 

⎞ ⎟ ⎟ ⎠ = G 𝛽, 

here Δz̄ , Δw̄ and Δp̄ represent the expected changes between generations in
reference, respectively [34 ]. Due to the additive genetic covariance Bzp betwe
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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t  can lead to an increase in mean preference values 
a

hanges in mean trait values that do not result from 

s

(2.4) 

–covariance matrix 1 
2Ne 

G , where Ne is the effective 
p

Table 1. Summary of variables and parameters in the mathematical model. 

variable or parameter description default value 

z male ornament size __ 

w male weapon size __ 

p female preference strength __ 

az effectiveness of ornament (for fixed preference strength) 0.5 

aw effectiveness of weapon 0.5 

cz costliness of ornament 1 

cw costliness of weapon 1 

cp costliness of preference 0.1 

Gz additive genetic variance for ornament 1 

Gw additive genetic variance for weapon 1 

Gp additive genetic variance for preference 1 

Bzp additive genetic covariance between ornament and preference 0.1 

𝜃z ecological optimum for ornament 0 

𝜃w ecological optimum for weapon 0 

𝜃p ecological optimum for preference 0 

Ne effective population size 1000 

(
E  trait values z and w in a population with mean 
p

2 + az zp̄ 
⏟⏟⏟
ornament 
benefit 

+ aw w 

⏟⏟⏟
weapon 
benefit 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
. (2.5) 

 natural selection acting on the ornament and the 
w ecologically optimal values 𝜃 = ( 𝜃z , 𝜃w ) and width 
p s with the highest fitness in the absence of sexual 

Downloaded fro
by University Fr
on 16 Septembe
hese traits both directly and indirectly (e.g. positive selection on the ornament
cross generations). 
By adding genetic drift to equation (2.3) , we can also account for stochastic c

election: 

⎛ ⎜ ⎜ ⎝ 
Δz̄ 
Δw̄ 

Δp̄ 

⎞ ⎟ ⎟ ⎠ = G 𝛽 + D . 

Here D follows a multivariate normal distribution with mean 0 and variance
opulation size [31 ,35 ]. 

b) Male and female fitness functions 
xpanding on the model of Lande [18 ], we model the fitness of a male with
reference p̄ as 

𝕨m 

(
z , w ; p̄ 

)
= exp 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 
−1 
2 
cz 
(
z − 𝜃z 

)2 
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

ornament 
cost 

−1 
2 
cw 

(
w − 𝜃w 

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

weapon 
cost 

The first two terms, ‘ornament cost’ and ‘weapon cost’, represent stabilizing
eapon, respectively. This selection is assumed to take a Gaussian form with 
arameters cz and cw . The ecologically optimal values represent the trait value
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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s the ecological optima, for example, by producing 
l

ences his mating success. If mean preference p̄ is 
p ive p̄ reverses this relationship. The coefficient az 
d  size for a fixed mean preference. The last term, 
‘ . Larger weapons are assumed to always increase 
m ip is controlled by the parameter aw . 

election is modelled as a Gaussian function with 
a olutionary response than on ornamentation when 
e ss of preference [20 ]. Consequently, the expected 

fi

 

. (2.6) 

(
F n be approximated assuming weak selection (see 
[

𝜃z 
)
+ az ̄p , 

 − 𝜃w 
)
+ aw , 

𝜃p 

)
. 

(2.7) 

 (2.3) ), we can set the selection gradients equal to 
z

(2.8) 

h as benefits from mate attraction or competition 
a  in trait values. 

oint equilibrium for the mean trait values. Instead, 
m ver evolutionary time. These fluctuations can be 
d tion’) of mean trait values over time. The mean 
o e variance–covariance matrix Σ∗ is derived in the 
e

(
W apon and ornament traits. The initial search was 
b  weapons [6 ] and ornaments [37 ], which catalogue 
e s and ornaments are distinct in terms of function, 
m m, with many intrasexually selected weapons also 
u f male fiddler crabs ( Uca ) is used both in sparring 
b  clades where prior work had demonstrated that 
t elected weapon or ornament rather than by dual 
f  or behavioural traits (1) with demonstrated use 
i 2) that can impose direct physical costs on rivals 
a ences of the opposite sex. We defined ornament 
d een demonstrated to influence mating decisions 
i ss rivals, to have sufficient data for analysis, we 
c olved to signal to males, or when the trait could 

i uired that all traits be measured on a continuous 
l t a time-calibrated phylogeny was available that 
r ize’ [40 ] was used to update species names in the 
t
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election. The parameters cz and cw determine how costly it is to deviate from 

arger ornaments or weapons (see table 1 ). 
The third term, ‘ornament benefit’, describes how a male’s ornament influ

ositive, then larger ornaments lead to greater mating success, whereas negat
etermines how quickly a male’s mating success changes with his ornament
weapon benefit’, describes how a male’s weapon influences his mating success
ating success, regardless of female preference, and the slope of this relationsh
Similarly, stabilizing natural selection also acts on female preference. This s

n ecological optimum at 𝜃p (selection on female preference exerts a stronger ev
cological optima shift) and a width parameter cp , which reflects the costline
tness of a female individual with preference p is 

𝕨f 

(
p
)
= exp 

( 

−1 
2 
cp 
(
p − 𝜃p 

)2 
)

c) Stationary trait distributions 
or the fitness functions in equations (2.5) and (2.6) , the selection gradients ca
35 ,36 ]) as 

𝛽z =
𝜕 

𝜕z 
ln 
(
𝕨m 

(
z , w ; p̄ 

))|||z =z̄ , w =w̄ = −cz 
(
z̄ −

𝛽w =
𝜕 

𝜕w 
ln 
(
𝕨m 

(
z , w ; p̄ 

))|||z =z̄ , w =w̄ = −cw 
(
w̄

𝛽p =
𝜕 

𝜕p 
ln 
(
𝕨f 

(
p
))||||p =p̄ = −cp 

(
p̄ −

In the absence of drift (i.e. with the evolutionary dynamics given by equation
ero to find the equilibrium mean trait values: 

z̄∗ = 𝜃z +
az 
cz 
𝜃p , 

w̄∗ = 𝜃w +
aw 
cw 
, 

p̄∗ = 𝜃p . 

The equilibrium values indicate the point where evolutionary pressures, suc
nd costs of trait expression, balance out, preventing further directional change
When drift is included (following equation (2.4) ), there is no longer a single-p
ean trait values fluctuate around the point equilibrium from equation (2.8) o
escribed as an equilibrium distribution (also known as a ‘stationary distribu
f this distribution is given by the point equilibria from equation (2.8) , and th
lectronic supplementary material. 

d) Trait data and phylogenies 
e searched the literature for comparative datasets of the morphology of we
ased on recent reviews of macroevolutionary diversity in intrasexually selected
xamples of lineages possessing these sexually selected traits. Although weapon
odern frameworks consider weapons and ornaments as existing on a continuu
ndergoing intersexual selection as ornaments [11 ,38 ]. For example, the claw o
etween rival males and to signal to females [39 ]. We thus restricted datasets to
he trait has principally been driven by its functionality as either a sexually s
unctionality [37 ]. We defined weapon datasets as comprising morphological
n competition between members of the same sex for mating opportunities, (
nd (3) that have not been demonstrated to directly influence mating prefer
atasets as those measuring morphological or behavioural traits that have b
n the opposite sex. As many ornamental traits are also used by males to asse
onsidered these, except when evidence suggested the trait had principally ev
mpose direct physical costs on the members of the same sex. Further, we req
inear scale to facilitate comparison of evolutionary rates. We also ensured tha
esulted in a comparative dataset of at least fifteen species. The R package ‘tax
rait databases and phylogenies to the latest taxonomy. 
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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Table 2. Comparative datasets of weapon and ornament traits. 

group taxa trait description weapon/ornament n species tree age trait source tree source 

1 leaf-footed bugs (Coreidae) leg spine length weapon 17 28.49 Emberts et al. [43 ] Emberts et al. 
[43 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 stalk-eyed flies (Diopsidae) eye span ornament 30 34.91 Voje & Hansen [44 ]; 
Lupold et al. [45 ] 

Lüpold et al. [46 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 Anolis lizards (Dactyloidae) bite force weapon 27 52.78 De Meyer et al. [47 ] Tonini et al. [48 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 agamid lizards (Agamidae) ceratiobranchial length ornament 42 148.5 Ord et al. [49 ] Tonini et al. [48 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 gallinaceous birds (Galliformes) spur length weapon 103 46.52 Sullivan [50 ] Jetz et al. [51 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 gallinaceous birds (Galliformes) nape colour ornament 62 68.24 Bitton [52 ] Jetz et al. [51 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 ar tiodactyls (Ar tiodactyla) tusk length weapon 62 56.37 Cabrera & 
Stankowich [53 ] 

Upham et al. [54 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 carnivorans (Carnivora) vocalization fundamental 
frequency (F0) 

ornament 61 87.07 Bowling et al. [55 ] Upham et al. [54 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 primates (Primates) canine length weapon 100 71.54 Lupold et al. [46 ]; 
Lupold et al. [56 ] 

Upham et al. [54 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 primates (Primates) vocalization fundamental 
frequency (F0) 

ornament 91 63.64 Bowling et al. [55 ] Upham et al. [54 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ditional factors not directly included in our anal- 
y nding effects of phylogenetic relatedness, we im- 
p an ornament-trait clade that shared a more recent 
c nce times from timetree.org [42 ]. Clades for which 
a lysis. Additionally, to examine potential effects of 
b llected body size measurements from the original 
d ulted in ten datasets forming five matched clade 
p

(
A ce across datasets, we calculated z-scores for each 
t iation across species. This standardization ensures 
t ing biasing evolutionary rate estimates for traits 
m

ally selected trait and body size by using phylo- 
g 60 ], under both Brownian motion (BM) [61 ] and 

O lizard ceratobranchial length and galliform nape 
c l, only lizard ceratobranchial length lacked a sig- 
n l. 

 taken from these PGLS models. We also estimated 

σ  trait evolution best fitted the data was determined 

u
pare the rates of evolution of weapons and orna- 

m or OU evolutionary model in which the weapon 
a l where weapon and ornament trait datasets have 
d t evolution, we used the standardized (z-scored) 
r ing the evolutionary rates of weapons and orna- 
m nly used, it may introduce biases in downstream 

a ebytree analyses were repeated using uncorrected 

s nction in the ‘phytools’ package [66 ]. 

Downloaded fro
by University Fr
on 16 Septembe
The rates of weapon and ornament trait evolution may be influenced by ad
sis, such as life-history traits or generation time [41 ]. To minimize the confou
lemented a sister-group approach: for each weapon-trait clade, we identified 

ommon ancestor with it than with any other weapon-trait clade, using diverge
n appropriate match could not be identified were excluded from further ana
ody size on trait evolution—for example, for traits like canine length—we co
ata sources for both weapon and ornament traits. Overall, this procedure res
airs ( table 2 ). 

e) Comparative analysis of the rate of weapon and ornament evolution 
s traits were measured on different scales, to establish an equivalent trait spa
rait within each dataset, subtracting the mean and dividing by the standard dev
hat all traits have a mean of zero and a standard deviation of one [57 ], avoid
easured on different scales [58 ]. 
We tested whether there was a relationship between the standardized sexu

enetic generalized least squares (PGLS) [59 ] with the R package ‘phylolm’ [
rnstein–Uhlenbeck (OU) [62 ] models. Under a BM model, all traits except 
olour had a significant relationship with body size, while under an OU mode
ificant relationship with body size; see table S1 in the supplementary materia
The rate of trait evolution σ2 for each trait under the BM and OU models was

2 in PGLS models that did not include body size. Whether a BM or OU model of
sing the sample size corrected Akaike information criteria [63 ,64 ]. 
The function ratebytree in the R package ‘phytools’ [65 ,66 ] was used to com
ents. The function uses a likelihood-ratio test to compare support for a BM 

nd ornament datasets share a common rate of trait evolution to that of a mode
ifferent rates of trait evolution. To remove the influence of body size on trai
esiduals from the PGLS regressions in the ratebytree analyses, thereby analys
ents independently of body size. We note that while this approach is commo
nalyses [67 ], and results should be interpreted with this caveat in mind. The rat
tandardized trait data. To visualize trait evolution, we used the phylogram fu
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
eiburg user
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Figure 1. Stabilizing selection and drift shape trait evolution, with ornaments and preferences exhibiting greater variability. Simulated evolutionary trajectories of three 
traits over 1000 generations: (A) weapon (black), (B) ornament (blue) and (C) preference (red). Solid lines represent simulated trait values, while dashed lines indicate 
the mean of the stationary distribution. Shaded regions correspond to the mean trait value ± two standard deviations under the stationary distribution. The weapon 
trait remains relatively stable over evolutionary time, whereas the ornament and preference traits show greater variability. Because the system is ergodic, the variation of 
mean trait values over time for a single population is equivalent to the variation across replicate populations at a given time. As a result, replicate populations approach 
the stationary distribution (figure S1, electronic supplementary material). All parameters take their default values from table 1 . 

3
( eapons 
O pons and female preferences under selection and 

d uctuate around their long-term means, forming 
a gue of an OU process. The variance–covariance 

Downloaded fro
by University Fr
on 16 Septembe
. Results 
a) Mathematical modelling predicts that ornaments evolve faster than w
ur mathematical model predicts the coevolution of male ornaments, male wea
rift. Due to the interaction between selection and genetic drift, trait values fl
 stationary distribution over evolutionary time ( figure 1 ) in a discrete analo
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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m of stochastic fluctuations in the population mean 
t  variance–covariance G , which measures standing 
g e of evolutionary change in a trait is proportional 
t tribution (see electronic supplementary material). 
S g-term evolutionary rates tend towards zero after 
r

e electronic supplementary material), ornaments 
e s, which leads to temporal fluctuation in selection 
o ces, leading to more stable evolutionary dynamics 
a netic covariance between weapons and the other 
t  all traits are shaped by genetic drift, the rates of 
e aterial, figure S2). 

Figure 2. Evolutionary rates of ornaments and preferences are sensitive to parameters affecting either one of these traits, whereas weapons evolve independently of 
preferences and ornaments. All panels show variances in the population mean values of female preferences ( Σ∗ 

pp ; red), male ornaments ( Σ
∗ 
zz ; blue) and male weapons 

( Σ∗ 
ww ; black) over evolutionary time, shown against variation in (A) the costliness of female preferences, (B) the effectiveness of ornaments in obtaining mates and (C) 

the additive genetic covariance between ornaments and preferences within a population. All other parameters take their default values from table 1 . 

(
D l parameters relating to either of these traits shape 
t ences are small, preferences fluctuate widely over 
e  temporal fluctuation in the optimal ornament size 
a cond, if ornamentation is highly effective relative 
t aments and, to a lesser extent, preferences, while 
l ditive genetic covariance between ornaments and 

p to faster evolution of preferences and, to a lesser 
e ces indirect selection on preference and thereby 
a tionary feedback dominating the stabilizing effect 
o

Downloaded fro
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on 16 Septembe
atrix of the stationary distribution describes the magnitude and correlation 
rait values over time (note that this matrix is distinct from the additive genetic
enetic variation at a single point in time). For any fixed time interval, the rat
o the standard deviation in the trait mean over time under the stationary dis
ince traits tend to return to their long-term means over evolutionary time, lon
eaching stationarity, as in any OU process. 
Within this framework, we show that under fairly general conditions (se

volve faster than weapons. This is driven by a strong drift in preference value
n ornaments ( figure 1 ). In contrast, weapons evolve independently of preferen
nd slower evolutionary rates. This result was robust to the introduction of ge
wo traits (supplementary material, figure S4). Since temporal fluctuations in
volution decrease as the effective population size increases (supplementary m

b) Coevolutionary dynamics of ornament and preference 
ue to the coevolution between male ornaments and female preferences, mode
he evolutionary rates of both traits. First, when the fitness costs of strong prefer
volutionary time due to genetic drift (red line in figure 2A). This leads to strong
nd hence also to rapid evolution of ornamentation (blue line in figure 2A). Se
o weaponry in obtaining mates, this amplifies temporal variance in both orn
eaving the rate of weapon evolution unaffected ( figure 2B ). Lastly, increased ad
references accelerates coevolutionary feedback between these traits, leading 
xtent, ornaments ( figure 2C ). This occurs because stronger covariance enhan
mplifies the transmission of fluctuations from the ornament, with the coevolu

f indirect selection. 

m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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Figure 3. The rate of trait evolution of five pairs of weapon and ornament traits, and the overall rate estimate for weapon and ornament traits from the ratebytree 
analysis. Whiskers show 95% confidence intervals. 

( nd cost 
O ons. However, this prediction can reverse under 
s ents is very high, the evolution of preferences is 
c  so ornaments evolve more slowly. Further, if the 
c ents, weapons can evolve with fewer constraints, 
l plementary material). 

(
W ogenetically matched pairs of taxonomic groups 
( ed between 0.01 and 0.06 under a BM model, and 

b figure 3 ). Support for BM and OU models of trait 
e red for one dataset (lizard bite force), and an OU 

m tree results under an OU model of trait evolution 
b

 than for weapon traits under both OU and BM 

m  model of trait evolution showed strong support 
f rnaments = 0.129; σ2 weapons = 0.064, figure 3 ), 
r ate (common rate model log-likelihood = − 626.64; 
m tly differ between ornaments and weapons ( post 
h e ‘pull’ towards a trait optimum: larger α values 
i optimum after perturbations. Under a BM model 
o ent and weapon evolution (common rate model 

Downloaded fro
by University Fr
on 16 Septembe
c) When weapons evolve faster than ornaments: the role of preference a
ur model predicts that ornaments should typically evolve faster than weap
pecific conditions. In particular, when the cost of female preferences for ornam
onstrained. As a result, there is weak selection for ornament exaggeration, and
ost of developing or maintaining weapons is low relative to the cost of ornam
eading to a faster evolutionary rate than ornaments (for further details, see sup

d) Comparative analysis of the rate of weapon and ornament evolution 
e compared the evolutionary rates of weapons and ornaments in five phyl

supplementary material, figure S3). The rate of evolution σ2 for each trait rang
etween 0.02 and 0.19 under an OU model (supplementary material, table S2; 
volution was similar ( ΔAICc < 3) for four of the ten datasets; a BM was favou
odel was favoured for the remaining five datasets. We thus focus on the rateby
ut also report the BM results. 
For four out of the five taxonomic pairs, σ2 for ornament traits was higher
odels (supplementary material, table S2). The ratebytree analysis under an OU

or a multiple rate model with ornaments evolving faster than weapons ( σ2 o
elative to a common rate model in which both trait types evolved at the same r
ultiple rate model log-likelihood = − 621.47, p = 0.005). α did not significan
oct = 1.11, d.f. = 34.50, p = 0.275). Biologically, α represents the strength of th
ndicate stronger stabilizing selection, leading to faster reversion towards the 
f trait evolution, there was no significant difference in the overall rate of ornam
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
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l 4). Ratebytree analyses of standardized trait data 
u eapons and ornaments under OU (common rate 
m p = 0.242) and BM models (common rate model 
l ). 

4
O an weapons under sexual selection. This pattern 
w port for a higher evolutionary rate in ornaments 
t  findings were corroborated by our mathematical 
m  to drift in female preferences. Notably, the model 
h naments, which evolve in a selective environment 
s ressures, largely shaped by their own functional 
d volutionary rates for weapons, even though both 
t

herian runaway processes. While traditional mod- 
e en ornaments and preferences [27 ,28 ], our model 
i nder weak selection—such as when female pref- 
e ion of ornaments due to a dynamic and shifting 
s n evolving mate preference, which introduces an 
a bject only to direct intrasexual selection. Indeed, 
w nary dynamics as the weapon in our model (with 
t ms that the elevated variance and faster apparent 
r ith evolving mate preference. These results align 
w  is generally weaker than on male traits [68 –70 ]. 

 sons (sexy sons) is still present in our framework, 
r ions. Genetic correlations can amplify this process 
( redictions of classical models, our findings under- 
s way—as the main driver of accelerated ornament 
e

enetically uncorrelated with weapons, in nature, 
s ments are influenced by common hormonal path- 
w due to selection on preferences or ornaments, and 

v under independent evolution. However, because 
p nce would need to be relatively large to equalize 
t  cases in which weapons covary genetically with 
o ved faster than weapons, even in the presence of 
m

it values represents the equilibrium outcome of 
s  The variance of this stationary distribution quan- 
t poral variance determines the short-term evolu- 
t rger expected displacements of trait means over a 
g ounded by stabilizing selection, short-term rates 
o ortional to the stochastic fluctuations captured by 
t aments and preferences in our model corresponds 
t

ection interact to produce short-term fluctuations 
a s. They are, however, quite distinct from BM, in 
w m mean. Given that the OU model generally fits 
t ate of weapon and ornament evolution was only 
f ly consistent with our empirical results. One key 
d n explicitly, whereas in the comparative analysis 
p ation in the optimal ornament size will be lumped 

i  in trait size. This could partly explain why σ2 was 
h ion α did not differ significantly. A more sophisti- 
c  movement in a latent preference trait, but this is 
b

ts due to finite population size. However, it still 
a e chosen from the entire population. In contrast, 
p ilable to any one individual [73 ]. Similarly, Nichols 
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og-likelihood = − 661.7; multiple rate model log-likelihood = − 660.7, p = 0.15
ncorrected for body size found no difference in overall evolutionary rates of w
odel log-likelihood = − 618.6; multiple rate model log-likelihood = − 618.3, 

og-likelihood = − 659.5; multiple rate model log-likelihood = − 658.8, p = 0.243

. Discussion 

ur analyses support the conclusion that ornaments evolve at faster rates th
as observed in four of five taxonomic comparisons, with overall strong sup

han in weapons under the best-supported OU model of trait evolution. These
odel, which predicted rapid and unpredictable divergence in ornaments due
ighlights a potential explanation for the slower evolution of weapons: unlike or
haped by drifting preferences, weapons are subject to more stable selection p
emands and competitive dynamics. This stability results in slower average e
rait types can be under strong selection. 

Our mathematical model offers a complementary perspective to classical Fis
ls rely on strong genetic correlations and deterministic feedback loops betwe
nstead emphasizes the role of stochastic forces. Specifically, we show that u
rences impose low costs—genetic drift in preference can drive rapid evolut
elective landscape. Ornaments evolve in a coevolutionary relationship with a
dditional layer of stochastic variation compared with weapons, which are su
hen preferences are held fixed, the ornament trait follows the same evolutio

he constant az ̄p playing an analogous role to aw ; see equation (2.5) ). This confir
ate of ornament evolution arise directly from the coevolutionary feedback w
ith theoretical work highlighting that selection on female mating preferences
Although Fisherian selection via the indirect benefits of producing attractive

apid ornament evolution does not require strong ornament–preference correlat
 figure 2C ), but are not essential for it. Thus, while consistent with the broad p
core fluctuating selection due to drifting preferences—not deterministic runa
volution. 
Although our main model assumes that ornaments and preferences are g

ome degree of shared genetic architecture may exist (e.g. if weapons and orna
ays). Positive genetic covariances would allow weapons to evolve indirectly 
ice versa, potentially reducing the disparity in evolutionary rates predicted 

references act directly on ornaments but only indirectly on weapons, covaria
heir evolutionary tempos [18 ,71 ]. In supplementary simulations, we examined
rnaments, preferences, or both. The results showed that ornaments still evol
oderate positive covariances (supplementary material, figure S4). 
In our quantitative genetic model, the stationary distribution of mean tra

tochastic evolutionary dynamics under stabilizing selection and genetic drift.
ifies the expected temporal fluctuations in the population mean trait. This tem
ionary ‘tempo’, in the sense that greater stationary variance corresponds to la
iven time interval [62 ,72 ]. Importantly, while long-term divergence remains b
f change—such as those estimated by phylogenetic rate parameters—are prop
he stationary standard deviations. Hence, the higher stationary variance of orn
o higher rates of evolution. 

The evolutionary dynamics of our model—in which drift and stabilizing sel
round stable long-term trait means—are closely analogous to an OU proces
hich trait means fluctuate without any force pulling them back to a long-ter

he empirical data better than the BM model, and an overall difference in the r
ound under an OU model, the framework of our mathematical model is broad
ifference, however, is that our mathematical model tracks preference evolutio
references are an unmodelled latent trait. As a consequence, any temporal vari
nto the σ2 parameter, which estimates the magnitude of stochastic fluctuations
igher for ornaments than weapons, whereas the strength of stabilizing select
ated empirical analysis could allow the optimal ornament size to vary due to
eyond the scope of our study. 
Unlike many other models, our model explicitly considers stochastic effec

ssumes a well-mixed population with no substructure, such that mates can b
opulation substructure or low density could cause limitations in the mates ava
m royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2026.​1143/​6158916/​rspb.​2026.​1143.​pdf
eiburg user
r 2026



10

royalsocietypublishing.org/rspb
Proc.R.Soc.B

293:
20261143

................................................................................

& ler populations because females have fewer males 
t it evolution. 

es of weapons and ornaments were not addressed 

b n ornaments. Effective weapon morphologies are 
l d range of forms [7 ] (‘don’t bring a spoon to a knife 
fi s as integrated systems shaped by developmental, 
m ntrast, while still subject to structural limitations 
( nts, allowing for greater morphological diversity 
[ n on weapons compared to ornaments, as the OU 

α ion optimum [18 ,31 ]—did not differ significantly 
b ger selection against low-performance trait values 
t

r rapid weapon evolution. Emlen [7 ,14 ] proposed 

t mpetition over mates, (2) economically defensible 
r s are either uncommon or that they drive slower 
d

ay influence their evolutionary trajectories. For 
i edator defence, while ornaments may act as social 
o  to be relatively ‘pure’ weapons and ornaments to 
m ly selected traits that sit in intermediate positions 
o ay not have intermediate evolutionary rates. 

portant limitations. First, by considering only a 
s terplay of multiple sexually selected traits found 

i main constant, whereas in real populations these 
p unctional representation of weapon performance 
p  shape weapon evolution. Together, these simpli- 
fi ological complexity. 

-independence by pairing weapon and ornament 
d nomic groups (Galliformes and Primates), and a 
t 1 ]). The remaining two pairs—Agamidae versus 
D dae (diverged ca 351 Ma [80 ])—show greater phy- 
l  length evolved faster than stalk-eyed fly eyespan, 
a  (cf. modelling results in supplementary material, 
fi ate estimates over macroevolutionary timescales. 
F ait loss and rate shifts over time [2 ,82 ,83 ] and use 
i  of ornaments and weapons across diverse taxa. 

iduals of trait values on body size to account for 
a ious work has shown that this approach can bias 
p n-based analyses of trait evolution [67 ]. Although 
d  focal traits is beyond the scope of this study, we 
r  and interpret our results with this limitation in 
m d ornaments in analyses that did not correct for 
a  rate of body size evolution in taxa with weapons 
a  theoretical analyses support the conclusion that 
o  because ornaments are shaped by coevolving and 

d ntrast, weapons are more strongly constrained by 
s  evolutionary divergence despite strong selection 
a

E  committee. 
D with all supporting data and analysis files, are publicly 
a o repository [85 ]. 

D rovements to word choice and sentence structure. All 
c ignment with the manuscript’s intent. The authors take 
f
A , software, validation, visualization, writing—original 
d onceptualization, formal analysis, funding acquisition, 
m g; W.L.A.: conceptualization, data curation, formal anal- 
y ng—original draft, writing—review and editing. 

the work performed therein. 
C
F rmany (project number 456626331). 
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 Butlin [74 ] showed that intersexual selection can become less effective in smal
o choose from, reducing the opportunity for sexual selection to drive rapid tra

Several factors that may further influence differences in the evolutionary rat
y our model. First, weapons may face more stringent functional constraints tha
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