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1  |  INTRODUC TION

Much of the striking beauty of the animal world— from the oft- cited 
peacock's tail (Darwin, 1860) to the artistic sculptures of a bower-
bird (Borgia, 1995; Uy et al., 2001)— evolved in response to sexual 
selection (Andersson & Iwasa, 1996; Andersson & Simmons, 2006; 
Shuker & Kvarnemo, 2021). A bewildering variety of ornaments 
cater to the aesthetic preferences of potential mating partners 
(Andersson, 1994; Prum, 2017; Rosenthal, 2017) despite the often 
considerable costs these ornaments impose on their bearers 

(Andersson, 1982; Basolo & Alcaraz, 2003; Siefferman & Hill, 2005; 
Verhulst et al., 1999). Female long- tailed widowbirds (Euplectes 
progne), for example, prefer mates with long tail feathers, which 
has led to the evolution of unwieldy exaggerated tails in males 
(Andersson, 1982; Andersson & Andersson, 1994). Explaining the 
evolution of such exaggerated traits is nontrivial. Multiple existing 
models, such as Fisherian runaway (also known as ‘sexy sons’), ‘good 
genes’ and ‘sensory exploitation’ (reviewed in Kuijper et al., 2012) 
provide apparently plausible explanations for exaggerated or-
naments. These mechanisms are not mutually exclusive (Kokko 
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Abstract
Exaggerated ornaments often evolve due to the mating preferences of the opposite 
sex. Genetic correlations between preferences and ornaments can lead both traits to 
elaborate dramatically in tandem, in a process known as ‘Fisherian runaway’. However, 
in most previous models of Fisherian runaway, elaborate ornaments are not expected 
to persist when preferences are consistently costly to the choosing sex. In contrast, 
we show here that exaggerated male ornaments can be maintained long term even 
when females must pay a cost to choose their mates. Preferences per se are not costly 
in our model, but females can only act on their preferences by investing resources 
in mate search. We predict that mate search effort should decrease with the cost 
of sampling additional mates and increase with the number of possible ornaments 
that females can choose from. The potential for multiple exaggerated ornaments to 
coexist depends on subtleties of their cost structure: strict trade- offs (additive costs) 
favour sequential ornament evolution, whereas looser trade- offs (multiplicative costs) 
allow for coexistence. Lastly, we show that pleiotropy affecting both ornaments and 
preferences makes it difficult for Fisherian runaway to initiate, increasing the evolu-
tionary time until ornamentation. Our model highlights the important but neglected 
role of mate search effort in sexual selection.

K E Y W O R D S
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et al., 2002, 2006), however, and their relative importance in the 
coevolution of preferences and ornaments remains highly conten-
tious (Fisher, 1930; Henshaw et al., 2022; Jones & Ratterman, 2009; 
Prum, 2017; Radwan, 2008; Rosenthal, 2017).

1.1  |  Fisherian runaway

One of the first attempts to explain how costly ornaments evolve 
was given by Ronald A. Fisher in his book The Genetical Theory of 
Natural Selection, where he outlined the process now known as 
‘Fisherian runaway’ (Fisher, 1930; see also Henshaw & Jones, 2020). 
Fisherian runaway is a self- reinforcing process, driven by the genetic 
association between a preference for a certain trait in a sexual part-
ner and the trait itself. The preference generates positive selection 
on the trait, which due to the genetic association, in turn generates 
positive selection on the preference. This can result in a positive 
feedback loop with ever- increasing traits and preferences over evo-
lutionary time (Henshaw & Jones, 2020; Lande, 1981; Lehtonen & 
Kokko, 2012). Early models demonstrated that Fisherian runaway 
can result in the persistence of elaborate ornaments, at least under 
idealized assumptions (Kirkpatrick, 1982; Lande, 1981).

1.2  |  Nothing comes for free: the 
costs of ornaments and preferences

Despite long- standing debates about the mechanisms of sexual se-
lection, it is widely accepted that exaggerated ornaments are costly. 
Demonstrating such costs empirically is often tricky (Kotiaho, 2001), 
but costs of ornamentation have nonetheless been shown, for 
example in widowbirds, domestic fowl, bluebirds and guppies 
(Andersson, 1982; Basolo & Alcaraz, 2003; Garcia et al., 1994; 
Siefferman & Hill, 2005; Verhulst et al., 1999).

In contrast, the costs of maintaining and expressing prefer-
ences for such ornaments are both conceptually less straightfor-
ward (Edward, 2015; Wagner, 1998) and empirically often small 
and hence difficult to measure. Two different kinds of costs can be 
distinguished here— preference costs and choice costs— which can 
both exert selection on mate choice behaviour (Cotton et al., 2006; 
Jennions & Petrie, 2000; Judge et al., 2014). Preference costs relate 
to the ability to perceive and evaluate the traits of potential mates. 
For instance, females might pay fixed costs for investing in sensory 
or cognitive abilities. On the other hand, choice costs result from 
the execution of such preferences (i.e. realized mate choice; Cotton 
et al., 2006; Edward, 2015; Heisler et al., 1987). For instance, females 
might only pay costs when they reject potential mates, in which case 
choosier females and those who prefer rarer male phenotypes are 
expected to pay higher costs (Andersson, 1994; Kokko et al., 2015). 
Similarly, females might differ in the effort they invest in seeking 
out mating partners (‘mate search effort’). Empirically, the precise 
circumstances under which females incur preference or choice costs 
are often difficult to pinpoint.

Despite empirical uncertainty, preference costs and mate 
search effort play a key role in the theoretical literature (Houle 
& Kondrashov, 2002; Kirkpatrick et al., 2006; Kokko et al., 2015; 
Pomiankowski, 1987). In many Fisherian models, stable equilib-
ria collapse under the weight of even miniscule preference costs 
(Kokko et al., 2015; Kuijper et al., 2012). In contrast, Pomiankowski 
et al. (1991) showed that costly female preferences could be main-
tained indefinitely if mutation pressure is biased towards smaller 
ornaments. More recently, Kokko et al. (2015) modelled preference 
evolution in the case where preference costs depend on the abun-
dance of the preferred male type (i.e. preferences for rarer male types 
are more costly). Under this assumption, the cost of preferring a par-
ticular male type vanishes as that type goes to fixation in a popula-
tion, allowing initially costly preferences to persist long- term.

1.3  |  Pleiotropy effect

As well as considering distinct causal mechanisms of sexual selec-
tion, the theoretical literature makes use of a wide range of genetic 
architectures and assumptions (Eshel et al., 2002; Fisher, 1930; 
Henshaw, 2018; Kirkpatrick, 1982; Kokko et al., 2002, 2015; Kuijper 
et al., 2012; Lande, 1981; Pomiankowski et al., 1991). Particularly 
interesting in this context is the potential for pleiotropy— i.e. genes 
that affect both preferences and ornaments (Shaw et al., 2011; 
Singh & Shaw, 2012). Such pleiotropy is best- studied in the context 
of ‘magic traits’ in the speciation literature (Servedio et al., 2011). 
If ornaments and preferences are determined in part by common 
genes, then changes in such genes can potentially lead to rapid re-
productive isolation of previously intermating populations or even 
to sympatric speciation (Servedio & Bürger, 2018). However, the 
implications of pleiotropy for the within- population coevolution of 
ornaments and preferences are less well- understood.

The bowerbird family (Ptilonorhynchidae) provides an intuitive 
example of the potential for pleiotropy. The mating success of male 
bowerbirds depends on females' evaluations of their bower. Since 
the bower is an external structure, however, not only the female but 
also the male himself can evaluate the bower and alter it according to 
his own preferences. A similar taste in bower construction is crucial 
for a successful mating (Borgia, 1995; Endler, 2012; Uy et al., 2001). 
Such tastes may be determined at least partially by common under-
lying mechanisms in both sexes, including sensory and cognitive 
processes. As a result, we might expect some degree of pleiotropy, 
in which common genes affect both bower construction in males 
and bower preferences in females. The stalk- eyed fly (Cyrtodiopsis 
dalmanni) provides another interesting example. Female stalk- eyed 
flies prefer males with wider eye span and females with wider eye 
span show stronger preferences, potentially because they are better 
able to distinguish differences in male eye span (Hingle et al., 2001). 
This would indicate a pleiotropic association between the female 
preference and the morphological ornament. Although pleiotropy 
is potentially widespread, its impact on Fisherian runaway remains 
unknown.
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    |  47WAFFENDER and HENSHAW

Here, we develop an individual- based simulation model of 
Fisherian sexual selection that differs from previous models in sev-
eral key assumptions. First, we assume that female preferences per 
se are not costly, but that females must invest resources to sample 
additional mates. Second, we investigate two different cost struc-
tures for exaggerated male ornaments (additive and multiplicative), 
representing a stricter or looser trade- off between investments in 
multiple ornaments. Third, we consider the possibility that orna-
ments and preferences can be determined pleiotropically. Fourth, 
we analyse the effects of variation in the number of potential orna-
ments on ornament- preference coevolution. Our aim was to explore 
how ornaments and preferences coevolve under Fisherian runaway, 
with a particular focus on the evolution and consequences of female 
mate search.

2  |  METHODS

We simulated a population of N individuals with an even sex ratio. 
We assumed discrete, non- overlapping generations, each consisting 
of a single breeding season. We simulated the evolution of the fol-
lowing traits:

t distinct male ornaments O =
(
O1, … ,Ot

)

Female preferences P =
(
P1, … ,Pt

)
 for each of these ornaments

Female mate search effort M
We first summarize the structure of this model, before con-

sidering each component in more detail. Breeding females choose 
their mates from among a set of ‘suitors’, whereby a female's num-
ber of suitors increases with her individual mate search effort. The 
expected number of times a female breeds is proportional to her 
fecundity, which is a decreasing function of mate search effort. 
This means that females must pay a cost in order to choose from 
multiple males. Suitors are chosen from the male population in 
proportion to each male's viability, which decreases with his orna-
ment expression. We considered two different models for how the 
viability costs of multiple ornaments combine (additive and mul-
tiplicative). Among a set of suitors, male mating success is deter-
mined by female choice, which in turn depends on male ornament 
expression and the strength and direction of female preferences 
for each ornament. Each breeding event produces one offspring. 
Note that in contrast to many existing models of Fisherian sexual 
selection (Kokko et al., 2015; Pomiankowski, 1987; Pomiankowski 
et al., 1991), female preferences are not costly per se in our model. 
However, females can only exercise their preferences if they sam-
ple more than one suitor, which is costly. Male ornaments are not 
correlated with any other aspect of fitness or quality in our model, 
aside from their effects on viability and (potentially) male attrac-
tiveness (cf. Fromhage & Henshaw, 2022; Garcia et al., 1994; Iwasa 
et al., 1991; Zahavi, 1975).

In addition to this base model of multi- ornament Fisherian sex-
ual selection, we considered the possibility that ornaments and 
preferences are determined pleiotropically (Fitzpatrick, 2004; 

Shaw et al., 2011). The degree of pleiotropy (x) controls the extent 
to which ornaments and preferences are determined by common 
genes. When x > 0, the genes determining ornaments and prefer-
ences overlap, such that the degree of overlap increases with x. In 
contrast, when x = 0, ornaments and preferences are determined by 
disjunct sets of genes.

2.1  |  Genetics and pleiotropy

For simplicity, we assume a haploid genetic system with fair meiosis 
and perfect recombination. All individuals carry genes for all traits, 
even when expression is sex- limited.

The genetic system consists of 2t + 1 loci, with a continuum of 
possible alleles at each locus. We write individuals' allelic values 
as 

(
g1, g2, … , g2t+1

)
, where each gi is a real number. The alleles g1 

through g2t determine ornament and preference expression under 
varying degrees of pleiotropy (x). The allele g2t+1 determines fe-
male mate search effort. The size of a male's i th ornament is given 
by:

Negative values of Oi are rounded up to zero. Similarly, the size of a 
female's ith preference is given by:

Note that Pi is not rounded and hence can potentially be nega-
tive. If x = 0 then ornaments are determined entirely by the alleles (
g1, … , gt

)
 and preferences by the alleles 

(
gt+1, … , g2t

)
; these gene 

sets do not overlap and hence there is no pleiotropy. At the other 
extreme, if x = 1 , then all of the alleles 

(
g1, … , g2t

)
 affect ornaments 

and preferences equally. Intermediate values of x represent partial 
pleiotropy.

The strength of a female's preference for a particular male is 
determined by the size of his ornaments and the strength of her 
preferences (see below). Positive preference values Pi correspond to 
preferences for larger ornaments, whereas negative values indicate 
preferences for smaller ornaments. If Pi = 0 then the female is indif-
ferent to the value of the i th ornament.

2.2  |  Mate choice

Each generation, N females are chosen with replacement to breed, 
such that the probability a female is chosen is proportion to her fe-
cundity. Each of these N breeding events will result in a single off-
spring, so that population size remains constant across generations. 
Each female chooses her partner from among 1 +M∗ suitor males, 
where M∗ is a Poisson distributed random variable with mean equal 
to her mate search effort, M:

(1)Oi =

(
1 −

x

2

)
gi +

x

2
gi+t .

(2)Pi =
x

2
gi +

(
1 −

x

2

)
gi+t

(3)M∗ ∼ Pois(M)
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48  |    WAFFENDER and HENSHAW

Note that all females seek at least one mate, regardless of their mate 
search effort (i.e. there is no ‘wallflower effect’ in this model; De 
Jong & Sabelis, 1991; Kokko & Mappes, 2005). The suitors are se-
lected randomly from the pool of males, weighted according to their 
viability.

A female's choice of mate from among her suitors is determined 
by her preferences P (see above). Writing O for the ornament vector 
of a male and P for the preference vector of a female, the female's 
overall ‘rating’ R for a male is given by:

where ⋅ is the dot product. A female chooses her partner from the 
1 +M∗ suitors with probabilities proportional to her overall ‘rating’ R. 
The preference coefficient s can vary between s = 0 (all males are pre-
ferred equally, regardless of P) and s = ∞ (females invariably choose 
the suitor with the highest rating).

The allelic values at the beginning of the simulation are drawn 
from a normal distribution with trait- specific initial means (� = 0 for 
ornaments and preferences and � = 5 for female mate search effort) 
and standard deviations of one, unless otherwise stated. Negative 
values for ornaments and mate search effort (but not preferences) 
are rounded up to zero.

2.3  |  Costs of male ornaments and female 
mate search

In each generation, a male's viability (v) is determined by his orna-
ment expression and a fixed cost parameter (c). The larger a male's 
ornaments, the higher his costs and the lower his viability. Males 
with v = 0 are considered dead and do not mate. We consider two 
different models for the viability costs of ornaments— an additive 
and a multiplicative model. In the additive model, the marginal cost 
of enlarging an ornament depends only on the total size of all orna-
ments and not directly on the size of the ornament being enlarged. 
This means that, for a given male, the marginal cost of increasing 
ornament size is the same for all ornaments. In the multiplicative 
model, small ornaments are always cheap to enlarge, regardless of 
the size of the other ornaments, whereas the marginal cost of in-
creasing large ornaments is high. These cost models are given re-
spectively by:

and

Female preferences are not directly costly. Rather, choice costs 
arise because a female's mate search effort (i.e. searching for more 
suitors) decreases her fecundity. A female's fecundity is given by:

where k is a coefficient that influences the cost of mate search.

2.4  |  Inheritance and mutations

At each locus, an offspring inherits the allele of either its mother or 
father with equal probability. Inheritance is independent at each locus 
(i.e. recombination is perfect). Random mutations may cause further 
changes in the offspring's genome. Mutations occur with trait- specific 
probabilities (�) per allele per generation. Mutational effects have 
means of zero and trait- specific standard deviations (�). This results in 
six mutation parameters: �O, �P, �M, �O, �P, �M. Mutational effects are 
added to the existing allelic values. The offspring then become the 
parents of the next generation. 50% of the offspring are assigned at 
random to be females and the other 50% are assigned as males.

In our model negative values for ornament size and mate search 
effort are possible only at the genetic level. At the phenotypic level, 
negative genetic values for these traits are rounded up to zero. 
Females with mate search effort of zero are assumed to mate with 
the first male they encounter, whereas an ornament of size zero is 
assumed not to exist. This is different from other models that as-
sume a naturally selected optimum from which ornaments can in-
crease or decrease (Tazzyman et al., 2014).

2.5  |  Model output

Model outputs (e.g. the average values of each trait in a given gen-
eration) were saved every tenth generation for simulations run over 
105 generations and every thousandth generation for simulations 
run over 107 generations. Average values of each trait were then 
calculated over the duration of each simulation run.

The following outputs of our model require some further 
explanation:

• ‘Average total ornament size’: the mean of the sum of all orna-
ments' sizes, taken over all individuals and all recorded genera-
tions of a simulation run.

• ‘Average individual ornament size’: the mean size of individual or-
naments (i.e. the average total ornament size divided by the num-
ber of possible ornaments).

We refer to an ornament as ‘exaggerated’ if it exceeds a thresh-
old of 0.2 in mean size during a simulation run. This threshold is 
largely arbitrary but was chosen to be sufficiently high to block out 
ornaments which are only fleetingly present (cf. Figures 1 and 4). We 
thus also present:

• ‘Average number of exaggerated ornaments’: for each generation, 
we calculated the number of ornaments that exceeded the size 
threshold. We then took the average of these numbers over all 
recorded generations in a simulation run.

(4)R = s O ⋅ P,

(5a)vadditive = max

⎡
⎢⎢⎣
0, 1 − c

�
t�

i=1

Oi

�2⎤
⎥⎥⎦

(5b)vmultiplicative =

t∏
i=1

max
[
0, 1 − cO2

i

]

(6)f = 1 − kM2,
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    |  49WAFFENDER and HENSHAW

• ‘Average size of exaggerated ornaments’: for every generation, we 
calculated the average size of those ornaments that exceeded the 
size threshold. We then took the average of these averages over 
all generations with at least one exaggerated ornament in a simu-
lation run.

We analysed the model outputs visually (trait sizes plotted over 
the predetermined number of generations) and statistically (using 
generalized additive models and t- tests), based on 100 replicates for 
simulations run over 105 generations and 10 replicates for simula-
tions run over 107 generations. All additive models were fitted using 
the ‘gam’ function in the R package mgcv with default parameter 
settings and assuming normally distributed errors (Wood, 2017).

The code for the model was written in Julia, Version 1.6.2 (2021- 
07- 14; Bezanson et al., 2017; see Supporting information) and per-
formed in Atom (Table 1).

3  |  RESULTS

Our results show that Fisherian sexual selection can lead to the long- 
term persistence of exaggerated male traits, even when both male 
ornamentation and female mate search are costly.

3.1  |  Multiplicative cost structure supports the 
coexistence of multiple ornaments

We modelled two different cost structures associated with male 
investment in multiple ornaments. The long- term coexistence of 

multiple exaggerated ornaments was common under the multiplica-
tive cost structure but rare under the additive structure (Figure 1). 
In the additive model (equation 5a), the marginal cost of enlarging 
an ornament does not depend directly on that ornament's size, 
but rather on an individual's total investment in all ornaments. The 
marginal costs of increasing large and small ornaments are conse-
quently equal. Given equal marginal costs, selection for exaggera-
tion acts most strongly on the ornament with the highest marginal 
benefit (i.e. the ornament most strongly preferred by females). As a 
result, typically only one exaggerated ornament was expressed at 
any given point in time under the additive model, and ornaments 
replaced one another sequentially (Figure 1a,c). In contrast, under 
the multiplicative model (equation 5b), all ornaments were initially 
cheap to produce, regardless of a male's investments in other or-
naments. This facilitated the evolution of multiple coexisting orna-
ments (Figure 1b,c). The average number of exaggerated ornaments 
was consequently significantly higher when ornament costs were 
multiplicative (Welch's t- test: T107.14 = −11.58, p < 10−15) (Figure 1c). 
On the other hand, the average sizes of individual exaggerated or-
naments were indistinguishable between cost structures (Welch's 
t- test: T182.98 = 0.93, p = 0.36) (Figure 1d). Since the multiplicative 
model led to a greater number of exaggerated ornaments but no 
difference in mean ornament size, the average total ornament size 
was significantly larger in the multiplicative model (Welch's t- test: 
T108.88 = −10.47, p < 10−15) (Figure 1e).

3.2  |  Higher mate search costs decrease female 
mate search effort and male ornament expression

A female's fecundity decreases with her individual mate search ef-
fort, with the costliness of such mate search controlled by the cost 
parameter k (equation 6). When mate search was highly costly, fe-
males reduced their investment in finding partners and consequently 
chose from a smaller pool of suitors (Figure 2a; additive model with 
log- transformed mate search costs, p < 10−15). Since the benefits of 
ornament exaggeration are smaller when males face fewer direct 
competitors, males responded to such reductions in mate search ef-
fort by producing smaller ornaments (Figure 2b). The average total 
ornament size consequently decreased significantly as the cost of 
mate search increased (additive model with log- transformed mate 
search costs, p < 10−15). It is nonetheless notable that exaggerated 
ornaments can persist in our model despite non- zero costs of mate 
search to females.

3.3  |  Mate search effort increased with the 
number of potential ornaments to choose from

As the number of potential ornaments (t) increased, female mate 
search effort increased under both the additive and the multipli-
cative cost structures (for both cost structures: additive models, 
p < 10−15) (Figure 3a,d). This indicates that the benefit of being choosy 

TA B L E  1  Parameters and variables used in the model.

Parameters

N Population size

t Number of ornaments

x Degree of pleiotropy affecting ornaments and 
preferences

s Preference strength coefficient

k Mate search cost

�O, �P, �M Mutation probabilities per allele per 
generation for each trait

�O , �P,�M Standard deviations of mutational effects

Variables

O =
(
O1, … ,Ot

)
Male ornaments

P =
(
P1, … ,Pt

)
Female preferences

M Female mate search effort

v Male viability

1 +M
∗ Female's number of suitors

f Female fecundity

g1, g2, … , g2t+1 Allelic values at each locus. Loci 1,…,2t 
determine ornaments and preferences; 
locus 2t + 1 determines mate search effort
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50  |    WAFFENDER and HENSHAW

increases when there is wider variety of ornaments to choose from. 
As a consequence, the average total ornament size also increased 
significantly with the number of potential ornaments (for both cost 
structures: additive models, p < 10−12) (Figure 3b,e). Similarly, for 
fixed values of t, females invested more in mate search when the 
viability costs of ornaments were multiplicative (Figure 3a,d). This is 
because the tendency for multiple ornaments to coexist under mul-
tiplicative costs led to greater ornament diversity.

The coexistence of multiple ornaments under multiplicative 
costs resulted in a roughly linear increase in the total size of orna-
ments as the number of potential ornaments increased (Figure 3e). 
On the other hand, under the additive model, the average total or-
nament size increased only modestly with the number of ornaments 
(Figure 3b). As a consequence, average individual ornament size de-
creased significantly under the additive model but increased with 
the number of ornaments under the multiplicative model (additive 
models, p < 10−15) (Figure 3c,f). This is unsurprising, given that typi-
cally exactly one exaggerated ornament is present at any given time 
point in the additive model. As the number of potential ornaments 

t increases, the average size of individual ornaments must conse-
quently decrease. We note that, since the initial total cost of orna-
ments scales linearly with their number in the additive model, it was 
necessary to reduce the initial standard deviation of ornament size 
for this model when t > 20 (see Figure 3 legend), as otherwise males 
were not viable at the beginning of the simulations. Results gener-
ated with the different initial stand deviations with t = 20 showed 
no significant differences in the average mate search effort, the av-
erage total ornament size or the average individual ornament size 
(Welch's t- tests: all p > 0.05; results not shown).

3.4  |  The higher the degrees of pleiotropy, the 
longer it takes for ornaments to evolve

Exploratory runs of the model indicated that exaggerated orna-
ments emerge infrequently in the presence of pleiotropy. We con-
sequently supplemented the original runs (over 105 generations) 
with additional runs over 107 generations (due to the computational 

F I G U R E  1  Ornament evolution with additive and multiplicative cost structures. Exemplary model outputs when the viability costs 
of male ornaments were additive (a) and multiplicative (b), showing the evolution of ten ornaments over 105 generations. Each colour 
represents one positive ornament. The additive cost model resulted in ornaments evolving sequentially, whereas the coexistence of multiple 
exaggerated ornaments was possible in the multiplicative cost model. Under the multiplicative cost structure, the average number of 
exaggerated ornaments exceeded the ones of the additive model (c). The average size of exaggerated ornaments was similar for both models 
(d), whereas the average total ornament size was higher under the multiplicative cost structure (e). Parameter values for all panels: N = 1000, 
t = 10, x = 0, s = 0.05, k = 10

−5, �O = �P = �M = 0.01, �O = �P = �M = 1. Panels c, d, e are based on 100 runs per cost structure
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requirements, we replicated the latter simulations only 10 times per 
parameter choice). Exemplary model outputs over 107 generations 
show that the higher the degree of pleiotropy (x), the longer it takes 
for exaggerated ornaments to initially evolve (Figure 4a– c). For x = 0 
(Figure 4a) exaggerated ornaments typically evolved within the first 
few hundred generations, whereas for x = 0.5 the initial emergence 

of exaggerated ornaments often took millions of generations 
(Figure 4c). Average total ornament size consequently decreased 
significantly with increasing degree of pleiotropy over both 105 and 
107 generations (additive models, p < 10−15) (Figure 5a; Figure S1a). 
Similarly, mate search effort decreased significantly with increasing 
pleiotropy over both simulation lengths (additive models, p < 10−15) 

F I G U R E  2  Influence of mate search costs on female mate search effort and male ornamentation. Higher mate search costs (k) led to lower 
mate search effort (a) and lower average total ornament size (b). For k > 10

−4, there was negligible mate search effort, meaning that females 
mated with the first male they encountered. Parameter values for both panels with the multiplicative cost structure and 100 runs each: 
N = 1000, t = 10, x = 0, s = 0.05, �O = �P = �M = 0.01, �O = �P = �M = 1.

(a) (b)

F I G U R E  3  Influence of the number 
of ornaments on male ornamentation 
and female mate search effort. Average 
mate search effort increased with the 
number of potential ornaments (t) under 
both the additive (a) and multiplicative 
(d) cost structure. Average total 
ornament size increased accordingly 
(b, e). Average individual ornament size 
increased under the multiplicative cost 
structure (f) but decreased under the 
additive cost structure (c). Parameter 
values for all panels with 100 runs each: 
N = 1000, x = 0, s = 0.05, k = 10

−5 , 
�O = �P = �M = 0.01, �O = �P = �M = 1. 
The ornaments' initial standard deviation 
for t > 20 was reduced to 0.25 to ensure 
that males were viable at the beginning of 
the simulation.
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(Figure 5c; Figure S1c). In contrast, the average size of exaggerated 
ornaments declined only modestly with increasing pleiotropy, espe-
cially in the longer simulation runs (Figure 5b; Figure S1b). Overall, 
these results suggest that pleiotropy makes it more difficult for ex-
aggerated ornaments to emerge, without substantially influencing 
the size of exaggerated ornaments once they evolve.

4  |  DISCUSSION

Our model shows that Fisherian sexual selection can lead to the 
long- term persistence of exaggerated male traits, even when mate 
search is costly to females. Our results also highlight the importance 
of choice costs, in particular mate search costs, as a key determinant 
of exaggerated ornamentation.

4.1  |  Female costs in sexual selection models: Pay 
to play?

Although preferences per se are not costly in our model, females 
can only act on their preferences if they invest in mate search, which 
carries a fecundity cost. Our predictions contrast markedly with 
those of classical models, in which preferences themselves are as-
sumed costly (Pomiankowski, 1987; Pomiankowski et al., 1991). Such 
models predict that ornament exaggeration is unstable in the pres-
ence of any preference cost, except when mutations on the orna-
ment are negatively biased. On the other hand, the model of Kokko 
et al. (2015), with frequency- dependent costs of choice, predicts 
the long- term persistence of exaggerated ornaments. In the latter 

model, the costs of choice are negligible once a favoured ornament 
has gone to fixation. In contrast, females in our model continue to 
pay for mate search even after an ornament has stabilized.

Mate search costs nonetheless had a strongly inhibitory effect 
on male ornamentation in our model. Even relatively modest mate 
search costs (e.g., k = 10−3, corresponding to a 0.1% reduction in fe-
cundity to seek one additional mate) sufficed to completely suppress 
female mate search and thereby male ornamentation (Figure 2). 
Thus, as soon as mate search costs exceeded the indirect benefits 
of mate choice, females minimized their mate search effort, which 
eliminated selection pressure on males to evolve exaggerated orna-
ments. Our Fisherian model consequently only predicts exaggerated 
ornaments when mate search is cheap and therefore does not ex-
plain such ornaments in systems with higher costs to females. Our 
model might therefore be most applicable to species that form leks.

The costs of mate search are assumed to depend only on a fe-
male's mate search trait in our model and not on the strengths of her 
preferences. Thus, we might imagine females expending a certain 
fixed amount of time or energy on mate search, before returning 
to the most preferred male. This is similar to a ‘best- of- n’ strategy, 
whereby a choosing female samples n males before choosing her 
most preferred mate from among them (Dombrovsky & Perrin, 1994; 
Janetos, 1980). Since such strategies require the ability to remember 
and then relocate previously encountered males (Janetos, 1980), 
they might be most applicable to species with leks or fixed territories, 
in which males can be reencountered reliably. Alternatively, females 
may mate with multiple males and subsequently use cryptic choice 
to determine the sire of their offspring. For instance, some insects 
can allocate sperm from different males to separate sperm storage 
organs, allowing mate choice to be temporally separated from the 

F I G U R E  4  Emergence of 
ornamentation under different degrees of 
pleiotropy. Exemplary model outputs with 
increasing degree of pleiotropy (x) from 
x = 0 (a), x = 0. 1 (b) to x = 0. 5 (c), showing 
the evolution of 10 ornaments over 107 
generations. Each colour represents one 
positive ornament. The higher the degree 
of pleiotropy, the longer it takes for 
positive ornaments to evolve. Parameter 
values for all panels with the multiplicative 
cost structure: N = 1000 , t = 10, 
s = 0.05, k = 10

−5, �O = �P = �M = 0.01, 
�O = �P = �M = 1 .(b) (c)

(a)
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act of mating (Ala- Honkola & Manier, 2016; Eberhard, 1996; Firman 
et al., 2017). Our mate search model is less applicable to species in 
which females must accept or reject each potential mate they en-
counter and can never return to rejected males.

Mate search costs are difficult to quantify in empirical set-
tings (Dougherty & Shuker, 2015; Wagner, 1998). Nonetheless, 
multiple studies have demonstrated their existence and showed 
that both preference costs and mate search effort fundamen-
tally depend on a species' biology, environment and mate search 
strategy (Byers et al., 2005, 2006; Dougherty & Shuker, 2015; 

Gibson & Bachman, 1992; Wickman & Jansson, 1997). In prong-
horn (Antilocapra americana), most females actively sample mates 
(Byers et al., 2005, 2006). Byers et al. (2005) showed that although 
choosiness is usually favoured, it is abandoned when conditions are 
unfavourable, indicating that choosiness carries costs which can 
become untenable under rough conditions. A different mate search 
strategy is found in lekking species such as the small heath butterfly 
(Coenonympha pamphilus) and the greater sage- grouse (Centrocercus 
urophasianus). Here, studies suggest that costs of mate search, such 
as avoiding males on their way to a lek or increased predation, are 
most likely outweighed by the possibility of indirect benefits of 
mating with preferred males on leks (Gibson & Bachman, 1992; 
Wickman & Jansson, 1997). These empirical studies indicate that 
mate search effort and its associated costs play a non- negligible role 
in sexual selection. However, they also indicate that it is difficult to 
draw general conclusions without closely considering the species' 
mate search system.

Indirect benefits of mate choice are often classified as either 
‘Fisherian’ (also known as ‘sexy sons’) or as ‘good genes’ (reviewed 
in Kuijper et al., 2012). Our results are based on a Fisherian model, 
meaning that the only possible benefit of mate choice to females is 
the potential to produce attractive sons (Fisher, 1930). In our model, 
male ornaments alone are not correlated with any other aspect of 
fitness (e.g. viability or survival). In contrast, a ‘good genes’ model 
might predict mate search even in the presence of higher costs, 
because the indirect benefits are potentially larger (Zahavi, 1975). 
Although the distinction between ‘Fisherian runaway’ and ‘good 
genes’ models has a long history (Baumgartner et al., 2011; Eshel 
et al., 2002; Iwasa et al., 1991; Kuijper et al., 2012; Pomiankowski & 
Iwasa, 1993), these models are perhaps better thought of as points 
along a continuum than mutually exclusive alternatives (Kokko 
et al., 2002).

4.2  |  The coexistence of multiple ornaments

In this study, we use the term ‘ornament’ broadly to include all traits 
that mainly function as signals to potential mates during court-
ship. The bowerbird family provides many fine examples of multi-
ple coexisting ornaments, which include plumage and other visual 
features, songs and the external structures comprising the bower 
(Borgia, 1995; Uy et al., 2001). The types of resources required to 
produce such ornaments are presumably very variable. It is conceiv-
able that the expression of, for example a novel colour for which 
the dietary components have already been accumulated (García- de 
Blas et al., 2015) would be less costly than exaggerating an exist-
ing colour for which all readily available resources have been ex-
hausted. If individual ornaments are initially cheap, then their costs 
might be approximately multiplicative, and our model predicts the 
coexistence of multiple ornaments in such cases. On the other hand, 
elaborate structures and other ornaments that consume substantial 
resources might be more consistent with an additive cost struc-
ture, restricting the coexistence of multiple ornaments. It would 

F I G U R E  5  Influence of the degree of pleiotropy on male 
ornamentation. Changes in average total ornament size (a), the 
average size of exaggerated ornaments (b) and average mate search 
effort (c) with increasing degree of pleiotropy (x) for simulations 
over 105 generations. Parameter values for all panels with the 
multiplicative cost structure: N = 1000, t = 10, s = 0.05, k = 10

−5, 
�O = �P = �M = 0.01 , �O = �P = �M = 1. The panels are based on 
100 runs per degree of pleiotropy.
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be interesting to compare the numbers of coexisting structural and 
non- structural ornaments across multiple species to test whether 
such predictions are borne out empirically. The coexistence of mul-
tiple ornaments is also predicted by the model of Pomiankowski and 
Iwasa (1993), who similarly assumed multiplicative viability costs. 
They additionally predict that coexistence will collapse if the costs 
to females of preferring multiple ornaments become too extreme. 
In contrast to the additive cost structure, the multiplicative cost 
structure therefore relates to previous cost assumptions (e.g. Iwasa 
& Pomiankowski, 1994; Pomiankowski & Iwasa, 1993). However, in 
our model, these costs solely apply to evolution of ornaments, while 
preferences themselves are cost free, allowing for easier preference 
evolution.

4.3  |  The evolutionary consequences of pleiotropy

By allowing for partial pleiotropy, we investigated how shared loci 
might influence the coevolution of ornaments and preferences. Our 
results show that the higher the degree of pleiotropy, the longer 
it takes for ornaments to evolve, without necessarily reducing the 
size of individual ornaments (Figures 4 and 5). To understand this 
result, it is helpful to consider the initiation of Fisherian runaway in 
more detail. In the absence of pleiotropy, female preferences initially 
evolve mainly by genetic drift. This can allow strong preferences 
to evolve even before a corresponding ornament emerges. For in-
stance, the genus Xiphophorus consists of ‘platyfish’ and ‘sword-
tails’ (Basolo, 1995), with males of the latter species developing a 
sword- shaped ornament. Interestingly, preferences for the sword 
are present not only in swordtail females but also in females of the 
swordless platyfish species, whose males entirely lack this ornament 
(Basolo, 1995). This suggests that preferences may often emerge 
prior to corresponding ornaments (Rosenthal et al., 2001; Ryan 
et al., 2010) and sometimes reach the threshold needed for Fisherian 
runaway to take off once the preferred ornament eventually arises 
(Kirkpatrick, 1982; Lande, 1981).

Pleiotropy might inhibit this process by coupling the emergence 
of ornament and preference closely in time. When pleiotropy is 
strong, positive preferences may lead to the immediate expression 
of the corresponding ornament in males. However, such preferences 
may not yet be strong enough to kick- start Fisherian runaway. If 
the viability costs of the emerging ornament outweigh the initially 
weak sexual selection, the result is negative net selection on the 
ornament and, by extension, the preference. The tight genetic as-
sociation between ornaments and preferences under pleiotropy can 
consequently suppress Fisherian runway, impairing the evolution of 
ornaments, which, in turn, selects against female mate search ef-
fort due to a lack of ornament diversity. Weak pleiotropy is most 
likely the norm for male ornaments that do not involve the bearer's 
cognitive and sensory processes, such as colours or morphological 
structures. Pleiotropy could, however, be substantial for ornaments 
that are not only evaluated by a female but also actively altered by 
the male. However, the rapid coevolution of presumably pleiotropic 

male ornaments and female choice— as seen for example in the spot-
ted bowerbird (Chlamydera maculata) (Borgia, 1995)— cannot be ex-
plained by our model, which instead predicts that pleiotropy should 
hinder Fisherian runaway.

In our model, the potential for pleiotropy implicitly links the 
scales on which ornaments and preferences are expressed. For ex-
ample, a one- unit change in an ‘ornament gene’ will lead to a change 
of x in the corresponding preference and vice versa, where x is the 
degree of pleiotropy. Future models could include an additional 
parameter allowing a difference in the scaling between ornaments 
and preferences. For example, a one- unit change in an ‘ornament 
gene’ could lead to a change of Ax in preference, whereas a one- unit 
change in a preference gene would lead to a change of 1

A
x in the 

ornament. For large values of A, this could allow preferences to drift 
to high values more easily, as the costs of pleiotropic ornament ex-
pression would be smaller. It is not clear what would determine the 
value of A empirically, however.

Our model assumes that ornaments are expressed only in males. 
However, since most of the genome is shared between males and 
females, most newly evolving ornaments are likely expressed— at 
least initially— in both sexes (Kraaijeveld, 2019). The club- winged 
manakin (Machaeropterus deliciosus) serves as an astonishing example 
(Prum, 2017). Males of this species attract females by stridulating their 
wings, which is made possible by their unique club- shaped wing bones. 
Unsurprisingly, this unusual morphology interferes with flight perfor-
mance and presumably imposes significant costs. Since wing formation 
takes place during early embryonal development before major differ-
entiation between the sexes, both males and females are born with 
club- shaped wings. Despite this, females apparently do not obtain any 
advantages from their unusual wings (Prum, 2017). It is conceivable that 
the emergence of novel ornaments is often inhibited by their expres-
sion in females, where they carry similar costs but presumably provide 
fewer benefits. Future models could explicitly account for the second-
ary evolution of sex- based differential expression in both Fisherian or-
naments and corresponding preferences (Connallon et al., 2010).

5  |  CONCLUDING REMARKS

Our model highlights the fundamental importance of mate search 
effort in the evolution of sexual ornamentation. Strong preferences 
can only be acted on if their bearers sample multiple potential mates. 
The extent of such sampling depends in turn on the costs of mate 
search. Mate search costs are likely more amenable to empirical 
estimation than the preference costs that underlie many previous 
models. For instance, one of the main predictions of our model— 
that males should be more highly ornamented when mate search is 
cheap— could be tested by comparing ornaments among related spe-
cies that differ in the density of advertising males. Moreover, we see 
no reason to assume that the importance of mate search effort is 
restricted to Fisherian models. Much could be gained by incorporat-
ing mate search effort into ‘good genes’ and ‘direct benefits’ models 
of sexual selection.
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