
ARTICLE IN PRESS
0022-5193/$ - se

doi:10.1016/j.jtb

$The autho

order.
�Correspond

fax: +33 467 14

E-mail addr
Journal of Theoretical Biology 235 (2005) 85–93

www.elsevier.com/locate/yjtbi
Maintenance of handedness polymorphism in humans:
a frequency-dependent selection model$

Sylvain Billiard, Charlotte Faurie�, Michel Raymond

Institute of Evolutionary Sciences, University of Montpellier II – CC 065, Place Eugène Bataillon, F-34095 Montpellier cedex 5, France

Received 21 September 2004; received in revised form 17 December 2004; accepted 17 December 2004

Communicated by Laurence Hurst

Available online 7 March 2005
Abstract

Frequency-dependent selection is an important process in the maintenance of genetic variation in fitness. In humans, it has been

proposed that the polymorphism of handedness is maintained by negative frequency-dependent selection, through a strategic

advantage of left-handers in fighting interactions. Using simple mathematical models, we explore: (1) whether it is possible to predict

the range of left-handedness frequencies observed in human populations by the frequency and the violence of fighting interactions;

(2) the consequences of the sex differences in the probability of transmission of hand preference to offspring. We show that a wide

range of values of the frequency of left-handers can be obtained with realistic changes of the parameters values. Our models

reinforce the idea that negative frequency-dependence may have played a role in maintaining left-handedness in human populations,

and provide further support for the importance of fighting interactions in the evolution of hand preference. Moreover, they suggest

an explanation for the occurrence of left-handedness among women in this context, namely an indirect selective advantage through

their male offspring.

r 2005 Elsevier Ltd. All rights reserved.
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0. Introduction

A polymorphism for a non-neutral trait can be
observed in a population when there is a balance of
selective forces. This can occur either if this trait is under
frequency-dependent selection, or if there is a spatial or
temporal heterogeneity of selective pressures (Maynard
Smith, 1989). If different values of the trait are
associated to a frequency-dependent selective cost, or
advantage, then stable coexistence will result. The most
widespread and dramatic genetic polymorphism, that of
sexual dimorphism, is certainly maintained by negative
frequency-dependent selection (Fisher, 1958). Negative
e front matter r 2005 Elsevier Ltd. All rights reserved.
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frequency-dependent selection is a potentially important
process in the maintenance of genetic variation in fitness
traits, as has been described for the maintenance of the
polymorphism of courtship in Drosophila (Ayala and
Campbell, 1974), colour morphs in lizards, fishes and
plants (Endler, 1988; Gigord et al., 2001; Sinervo and
Lively, 1996), mouth morphology in scale-eating fishes
(Hori, 1993), bill crossing morphs in crossbills (Benk-
man, 1996), cytoplasmic male-sterility factors in gyno-
dioecious plant (Städler and Delph, 2002), major
histocompatibility complex in mammals (Meyer and
Thomson, 2001), etc.

In humans, handedness is one of the traits for which
the maintenance of a polymorphism is probably due to
negative frequency-dependent selection (Vallortigara
and Rogers, 2005; Ghirlanda and Vallortigara, 2004).
Hand preference is heritable (see e.g. Francks et al.,
2002; McKeever, 2000; McManus, 1991; Sicotte et al.,
1999), and a handedness polymorphism is detected in
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early human populations (Faurie and Raymond, 2004a)
and observed in all contemporary populations as well
(Faurie et al., 2005; Raymond and Pontier, 2004).
However, left-handedness seems to be associated with
several fitness costs, such as a lower height or a reduced
longevity (e.g. Aggleton et al., 1993; Coren and Halpern,
1991; Gangestad and Yeo, 1997; McManus and Bryden,
1991). The costs reported in the literature are not likely
to be frequency-dependent. A frequency-dependent
advantage is therefore required to explain the main-
tenance of the polymorphism. Raymond et al. (1996)
have proposed a negative frequency-dependent selection
mechanism related to fighting interactions. As left-
handers are less frequent, one is more likely to be
confronted with a right-handed opponent in a physical
fight. Left-handers would thus be more accustomed to
right-handed competitors than vice versa. Therefore,
they might enjoy a negatively frequency-dependent
strategic advantage in fights when rare, relative to
right-handers. This frequency-dependent superiority of
left-handers in interactive contests would confer them
fitness advantages, directly and indirectly. It could have
historically influenced survival, but also social status
and reproductive success (see, e.g. Archer et al., 1995;
Chagnon, 1988; Hill, 1984).

The action of a negative frequency-dependent advan-
tage of left-handers in physical fights is strongly
suggested by the study of interactive sports, which can
be considered as a form of fighting interaction. Indeed,
left-handers are significantly more frequent among
competitors in these sports than in the general popula-
tion or among non-interactive sport competitors (Ag-
gleton and Wood, 1990; Raymond et al., 1996; Wood
and Aggleton, 1989). In sports where the interaction is
direct, the frequency of left-handers is almost reaching
one-half, and it is lower when the interaction is less
direct (Grouios et al., 1999). Game-theoretic modelling
of handedness in both batting and pitching in baseball
has found that models incorporating frequency-depen-
dence provide a good fit to historical data on handedness
(Goldstein and Young, 1996). Similarly, in cricket, left-
handed batsmen have a strategic advantage that
decreases as left-handers become more common in
competition, which is consistent with frequency-depen-
dent rather than uniform benefits of left-handedness in
interactive contests (Brooks et al., 2003). Another
empirical support of the fighting hypothesis is the cross-
cultural positive correlation found in traditional societies
between the rate of homicides and the frequency of left-
handedness (Faurie and Raymond, 2004b). This correla-
tion is predicted by the fighting hypothesis, as an
increased level of violence (and thus of dual fights)
provides a greater fitness advantage to left-handers,
which thus increase in frequency. Physical fights could
therefore be involved in the selection pressures acting on
the frequency of left-handers in human populations. This
hypothesis is essentially developed as a verbal argument,
and does not formally consider inheritance processes, sex
differences, and frequency-dependence.

The primary aim of the article was to determine the
range of parameters values to consider to be able to
predict the whole range of the left-handedness frequencies
observed in human populations. Furthermore, there is a
problematic issue in the context of this hypothesis. As
male/male aggression in humans is much more frequent
than aggression involving females (e.g. Manning and
Taylor, 2001; Mesquida and Wiener, 1999), the fighting
advantage should concern mostly left-handed men.
Considering that the costs apply to both sexes, the mere
existence of left-handed women is puzzling. Nevertheless,
the frequency of left-handers among women is close to
the frequency among men (although generally lower)
(Annett, 1985; Porac and Coren, 1981). We investigated
whether the probabilities of transmission of hand
preference to offspring could reflect the proximal
mechanism for this phenomenon. Indeed, the probability
for a child to be left-handed increases when one of his/her
parents is left-handed and, more remarkably, this
increase is higher when the mother is left-handed than
when the father is left-handed (e.g. McKeever, 2000;
McManus, 1991; Porac and Coren, 1981). There are thus
stronger maternal effects than paternal effects upon
offspring handedness. Such a finding could result from
a sex-related genetic effect, or from a greater social
influence on the child likely to be exerted by the mother.

In the first section of this article, a simple mathema-
tical model of frequency-dependent selection is pre-
sented; it serves as a basis for the models of the
following sections. In the second section, we investigate
whether the frequency of left-handers at equilibrium in a
population may be predicted by the frequency and the
violence of fighting interactions. We study the influence
of different parameters, representing the underlying
mechanisms of the frequency-dependent advantage in
fighting. These parameters are: probability of fighting
during an individual’s life, probability of death during a
fight, cost of being left-handed, and the frequency-
dependent advantage of left-handers in fights. We also
consider in this section the influence of the costs and
advantages associated to involvement in fights. In the
third section, we investigate the consequences of the sex
differences in the probability of transmission of hand
preference to offspring. All computations were per-
formed using Mathematica version 4 (Wolfram Re-
search, Inc., 1988–1999).
1. The basic negative frequency-dependent selection

model of the evolution of hand preference

In this section, we present the frequency-dependent
selection model that we will use throughout this paper.
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We suppose an infinite population, so that we neglect
stochastic changes of the phenotypes frequency, and we
study the fitness of individuals depending on their hand
preference. We, respectively, note fL(t) and fR(t) the
frequency of left- and right-handed individuals in the
population at generation t. At any time we have f LðtÞ ¼

1 � f RðtÞ: We assume that left-handers pay a cost of
fitness c and that they have a frequency-dependent
advantage D of the form D � dð1

2
� f LðtÞÞ=f LðtÞ (He-

drick, 1985). Under this assumption, D is positive while
left-handers are less than 1

2
: Moreover, D is very large

when left-handers are very rare, as it is expected to be in
natural populations. Finally, this form of frequency-
dependent selection is easily tractable in computations
and allows finding frequencies at equilibrium without
many approximations. The advantage is modulated by
d; a positive constant.

The aim of this model is to compute the frequency of
left-handers at equilibrium. Under our assumptions in
this section, the fitness of left-handers at generation t is
W LðtÞ ¼ ð1 þ DÞð1 � cÞ; while the fitness of right-han-
ders is W RðtÞ ¼ 1: The frequency of left-handed
individuals at generation t þ 1 is therefore

f Lðt þ 1Þ ¼
f LðtÞW LðtÞ

f LðtÞW LðtÞ þ f RðtÞW RðtÞ
: (1)

By solving the equation f Lðt þ 1Þ � f LðtÞ ¼ 0; we get
the frequency at equilibrium, noted f 0

L:

f 0
L ¼

ð1 � cÞd
2dþ 2cð1 � dÞ

: (2)

We see in Eq. (2) that the frequency of left-handers
tends towards 0 when c goes to 1 and that limd!1 f 0

L ¼
1
2
: As shown on Fig. 1, the frequency reaches high values

for a small d. The range of values found in the literature
for the frequency of left-handedness across human
populations is reported also in Fig. 1. No estimation
of the global cost of left-handers is available in the
literature, but whatever the value of c chosen here, the
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Fig. 1. Frequency of left-handers at equilibrium f 0
L as a function of

their advantage (see Eq. (2)), for various fitness costs of left-

handedness c. The area highlighted in grey represents the range of

values of the frequency of left-handers so far observed in human

populations.
model can predict the whole range of frequencies.
Moreover, under this kind of selection, relatively small
variations in the value of the advantage are sufficient to
explain the observed variations in the prevalence of left-
handedness. In other words, it is not necessary that the
advantage of left-handers be large to obtain high
frequencies at equilibrium.
2. Effects of fights on the frequency of left-handed males

at equilibrium

In this section, we use a specific mechanism to
describe the frequency-dependent advantage of left-
handed males in fights. Hence, we only consider males’
handedness. Fitness is assumed to be the probability of
survival until age of maturity, and depends on hand
preference. The survival probability is decomposed into
two components: the probability to be killed in fights
and the probability to die before reproduction because
of intrinsic reasons (this second component is intro-
duced to take into account the cost of left-handers).
Therefore, if we note k the probability to be killed in
fights, and c the probability for left-handers to die
before reproduction for intrinsic reasons, the total
survival probability of left-handers is (1�k)(1�c).

We suppose that each male has a probability Pfight to
be involved in a fight during his life. When a fight occurs
between two right-handed males, each male has a
probability Pdeath to be killed by the other. When a
fight occurs between a right-hander and a left-hander,
the right-hander has a probability Pdeathð1 þ DÞ and the
left-hander a probability Pdeathð1 � DÞ to be killed,
because of the fighting advantage of left-handers, who
are less frequent than right-handers are. The advantage
D is defined as in the first section.

All males who have survived until age of maturity are
assumed to have the same probability to reproduce and
the same amount of offspring: resources for reproduc-
tion, including females, are not limiting. All males die
after reproduction. As the population is considered
infinite, the occurrence of deaths during fights does not
change the frequency of right- and left-handed males
within a generation.

Under these assumptions, the probability for a left-
handed male to survive until reproduction at generation
t is

W LðtÞ ¼ Pfightðf RðtÞð1 � Pdeathð1 � DÞÞ þ f LðtÞ

	 ð1 � PdeathÞÞð1 � cÞ þ ð1 � PfightÞð1 � cÞ ð3Þ

and the probability of survival for a right-handed male
is

W RðtÞ ¼ Pfightðf LðtÞð1 � Pdeathð1 þ DÞÞ þ f RðtÞ

	 ð1 � PdeathÞÞ þ ð1 � PfightÞ: ð4Þ
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Using Eq. (1), we get the frequency of left-handers at
equilibrium:

f 0
L ¼

1

4

0
@3 �

2

c
�

2ð1 � V Þ

dV

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8
ð1 � cÞ

c
þ 3 �

2

c
�

2ð1 � V Þ

dV

� �2
s 1

A
with V � PfightPdeath: ð5Þ

The frequency of left-handers at equilibrium is 0 when
V ¼ 0 and 1

2
when c ¼ 0; as expected. When c and d are

small, say c and d are of the same order as a small
parameter �; we have

f 0
L ¼

1

2
�

cð1 � V Þ

2dV þ 2cð1 � V Þ
þ Oð�Þ

(where Oð�Þ represents a term of the same order as �),
which shows that the frequency at equilibrium increases
with violence. A remarkably large range of frequencies
of left-handers can be obtained with small variations of
the parameters (see Fig. 2). For example, with c ¼ 0:1;
i.e. the survival of left-handed males until age of
reproduction is decreased by a factor 10% (due to the
intrinsic cost of left-handedness), and d ¼ 0:05; which
leads to a very low advantage in fights, the frequency of
left-handers varies between f 0

L ¼ 0:01 for V 
 0:043 and
f 0

L ¼ 0:1 for V 
 0:355: It is important to note that the
form of the curve depends mostly on the value of the
modulator of the advantage d (see Fig. 2).

V, the product of the probabilities of fighting and of
dying during a fight, is a measure of the violence
prevailing in the population. It is the individual’s lifetime
probability to die in a fight. In the literature, one of the
most frequent index is the homicide rate of the popula-
tion, which is the number of homicides/1000 individuals/
year. Homicide rates estimates vary culturally from 0.1 to
10 (Kelly, 1993; Knauft, 1987). Assuming that life
expectancy in our model equals 60 years, the correspond-
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Fig. 2. Frequency of left-handers at equilibrium as a function of the

level of violence in the population (probability of death due to fighting

within a generation). For all curves c ¼ 0:1:
ing values for V are between 0.006 and 0.6. The
corresponding frequencies of left-handed males at equili-
brium would be between 0.0027 and 0.29 for d ¼ 0:1;
which is approximately comparable to the estimated
frequencies of left-handers in human populations, ranging
from 3% to 27% as shown on Fig. 1 (Faurie et al., 2005).

We now furthermore consider that fighting itself has
specific costs and advantages. Fighting has a cost for
every male, because it uses his resources at the expense
of reproduction. Therefore, when a male is involved in a
fight, his fitness will decrease by a factor cfight. However,
fighting may also have social advantages: to be involved
in a fight may confer a better status and imply an
increase in fitness. Moreover, winning a fight may give a
higher increase in fitness because mates may prefer
winners. Therefore, we assume in the model that males
involved in fights have a fitness increase sfight and
winners have an extra fitness increase sw. Left-handed
individuals still have an intrinsic cost c. When a left-
hander fights against a right-hander, he has a prob-
ability ð1 � Pdeathð1 � DÞÞPdeathð1 þ DÞ to survive and to
kill his opponent and then to get an fitness increase sw.
Using the same notation as before, the fitness of left-
handed males at generation t is

W LðtÞ ¼ Pfightðf RðtÞð1 � Pdeathð1 � DÞÞPdeathð1 þ DÞ

þ f LðtÞPdeathð1 � PdeathÞÞð1 � cfightÞð1 � cÞ

	 ð1 þ sfightÞð1 þ swÞ þ Pfightðf RðtÞ

	 ð1 � Pdeathð1 � DÞÞð1 � Pdeathð1 þ DÞÞ

þ f LðtÞð1 � PdeathÞð1 � PdeathÞÞð1 � cfightÞ

	 ð1 � cÞð1 þ sfightÞ þ ð1 � PfightÞð1 � cÞ ð6Þ

and for right-handed males

W RðtÞ ¼ Pfightðf LðtÞð1 � Pdeathð1 þ DÞÞPdeathð1 � DÞ

þ f RðtÞPdeathð1 � PdeathÞÞð1 � cfightÞð1 þ sfightÞ

	 ð1 þ swÞ þ Pfightðf LðtÞð1 � Pdeathð1 þ DÞÞ

	 ð1 � Pdeathð1 � DÞÞ þ f RðtÞð1 � PdeathÞ

	 ð1 � PdeathÞÞð1 � cfightÞð1 þ sfightÞ

þ ð1 � PfightÞ: ð7Þ

Using Eqs. (1), (6) and (7), we can compute the
change in frequency of left-handed males in a genera-
tion, assuming that d is of order e (for clarity we have
noted the left-handed frequency at generation t simply
fL in the right part of the following equation):

f Lðt þ 1Þ � f LðtÞ

¼
1 � f L

2ð1 � cf LÞ
2

� 2cf Lð1 � cf LÞ

	

þ
A1ð1 � 2f LÞð1 þ ð1 � cÞf LÞVd

ð1 þ f LÞð1 � A2PfightÞ



þ oð�Þ; ð8Þ

where

A1 � ð1 � cÞð1 � cfightÞð1 þ sfightÞð1 þ swÞ
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and

A2 � 1 � ð1 � cfightÞð1 þ sfightÞ

	 ð1 � Pdeathð1 � swð1 � PdeathÞÞÞ:

It is not possible to find exact equilibrium values of
left-handedness frequency using Eq. (8). We have
therefore determined equilibrium values in a numerical
way with recursive Eqs. (6) and (7); these are shown on
Fig. 3. We can see on this figure that a social advantage
associated to fighting significantly increases the fre-
quency of left-handers in the population at equilibrium.
We also observe (thick line) how the frequency of left-
handers decreases when the cost of fighting increases.
Right- and left-handers have the same social advantage
associated to fighting, sfight, and the same probability to
be engaged in fight, however we can see on Fig. 3 that
the frequency of left-handers increases with sfight, due to
their smaller overall probability of dying during a fight,
as compared to right-handers.
3. Why do left-handed females exist? An indirect

advantage hypothesis

In human populations, the frequency of left-handers
among women is generally slightly lower than among
men (e.g. Annett, 1985; Porac and Coren, 1981). In this
section, we try to understand how left-handedness can
be present in females despite the absence of any direct
advantage, in the context of the hypothesis of an
advantage in fights for males. We propose a model
taking into account the probability of transmission of
the hand-preference character, given the hand prefer-
ence of both parents. In this model, we will consider that
the sex ratio is fixed and equal to 1

2
; at any generation

and at each step of the lifecycle (populations are
infinite). There is no sexual preference for mate’s
handedness: reproduction occurs between randomly
chosen males and females. In this model, we do not
consider a specific mechanism for the advantage of left-
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Fig. 3. Frequency of left-handers at equilibrium as a function of their

advantage in fights. Effects of the social status advantage associated to

fighting. For all curves c ¼ cfight ¼ 0:1; except for the thick line for

which c ¼ 0:1 and cfight ¼ 0:5; V ¼ 0:1:
handed males. We simply assume that left-handed males
have a frequency-dependent advantage in fitness
(through their survival probability), as in the first
section: D � dð12 � f LðtÞÞ=f LðtÞ: Although this advan-
tage concerns only males, both sexes pay a cost for being
left-handed, respectively, cM and cF for males and
females.

We introduce now the following notation: MX(t) and
FX(t) are, respectively, the frequency of males and
females with hand preference X in the whole population
at generation t, X taking the value R for right-handers
and L for left-handers.

Note that ML þ MR þ FL þ FR ¼ 1; and since the
sex ratio is assumed 1

2
; ML þ MR ¼ F L þ F R ¼ 1

2
: Thus

the frequency of X males among males alone is 2MX.
We note pXY (respectively, qXY) the probability for a

male X and a female Y to have a left-handed offspring,
given that this offspring is a male (respectively, a
female). The lifecycle is composed of the following
steps: first, reproduction occurs between randomly
chosen males and females, the hand preference of their
offspring depending on pXY and qXY. We will refer to
this step as ‘‘transmission’’ and use the superscript ‘‘T’’
for the frequencies of the different phenotypes in the
population after this step. All adults die and selection on
the offspring occurs: left-handed individuals pay an
intrinsic cost cF and cM, but left-handed males have an
advantage D:

First step: Frequencies after transmission: The fre-
quency of XY couples is 4MXFY. The frequency of males
among their offspring is 1

2
: Frequencies after transmis-

sion can then be written in matrix form:

MT
L ðtÞ

MT
RðtÞ

FT
L ðtÞ

FT
RðtÞ

0
BBBBB@

1
CCCCCA ¼ 2

pLL pRL pLR pRR

1 � pLL 1 � pRL 1 � pLR 1 � pRR

qLL qRL qLR qRR

1 � qLL 1 � qRL 1 � qLR 1 � qRR

0
BBBBB@

1
CCCCCA

	

MLðtÞ FLðtÞ

MRðtÞ FLðtÞ

MLðtÞ FRðtÞ

MRðtÞ FRðtÞ

0
BBBBB@

1
CCCCCA: ð9Þ

In accordance with literature data on transmission of
hand preference (e.g. McKeever, 2000; Porac and
Coren, 1981), we assume that an individual offspring
has a higher probability to be left-handed if one of the
parents is left-handed, and even higher if both parents
are left-handed. To reduce the number of parameters in
the model, we use the following parameters: p and q are
the probabilities that two right-handed parents have a
left-handed offspring, given that the offspring is a male
or a female, respectively. If the father is left-handed then
a male (resp., a female) offspring has a probability to be
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also left-handed increased by a factor aM (resp., aF ). If
the mother is left-handed, the probability of being left-
handed for a male (resp., female) is increased by a factor
bM (resp., bF ). We can now express the elements in the
transmission matrix of Eq. (9) as follows:

pLL ¼ pð1 þ aMÞð1 þ aF Þ; pRL ¼ pð1 þ aF Þ;

pLR ¼ pð1 þ aM Þ; pRR ¼ p;

qLL ¼ qð1 þ bMÞð1 þ bF Þ; qRL ¼ qð1 þ bF Þ;

qLR ¼ qð1 þ bM Þ; qRR ¼ q: ð10Þ

Second step: Frequencies after selection: Using the
same kind of equations as in the first section to compute
the frequency changes for both phenotypes, we obtain

MLðt þ 1Þ

¼
ð1 � cM Þð1 þ dð1=2 � 2MT

L ðtÞÞ=ð2MLðtÞÞÞ

ð1 � cM Þð1 þ dð1=2 � 2MT
L ðtÞÞ=ð2MLðtÞÞÞ þ 2MRðtÞ

	 MLðtÞ;

MRðt þ 1Þ

¼
1

ð1 � cM Þð1 þ dð1=2 � 2MT
L ðtÞÞ=ð2MLðtÞÞÞ þ 2MRðtÞ

	 MRðtÞ;

FLðt þ 1Þ ¼
ð1 � cF Þ

ð1 � cF Þ2F T
L ðtÞ þ 2FT

RðtÞ
FT

L ðtÞ;

FRðt þ 1Þ ¼
1

ð1 � cF Þ2FT
L ðtÞ þ 2F T

RðtÞ
F T

RðtÞ: ð11Þ

Third step: Frequencies at equilibrium considering

transmission and selection: To compute the frequency
of left-handed males and females at equilibrium, we
have to solve

MLðt þ 1Þ � MLðtÞ ¼ 0;

FLðt þ 1Þ � FLðtÞ ¼ 0: ð12Þ

We assume that aF ; aM ; bF and bM are all small and
of the same order as �; that is to say that left-handers
have a slightly increased probability to produce left-
handed offspring relatively to right-handers. We can
then compute frequencies at equilibrium by solving

QMðtÞ ¼ 0 MLðt þ 1Þ � MLðtÞ ¼ QMðtÞ þ oð�Þ;

with

QF ðtÞ ¼ 0 FLðt þ 1Þ � F LðtÞ ¼ QF ðtÞ þ oð�Þ: (13)

On Fig. 4, we show the effect of the cost on the
frequency at equilibrium for both sexes. The intersection
between thin lines and y-axis gives the equilibrium
values without any selection (no cost and no advantage).
In absence of selection, left-handedness frequency at
equilibrium is the result of transmission only, and left-
handed males and females have the same frequency at
equilibrium. On this figure, we can see that under these
assumptions and parameters values, the advantage of
left-handed males has very little influence on the
frequency of left-handed females at equilibrium. How-
ever, as shown on Fig. 5, the frequency of left-handed
females increases more with the advantage when the
probability of transmission is higher for females.
Therefore, even if the advantage of being left-handed
is expressed in males only, left-handed females are
indirectly favoured if they have a higher probability to
have left-handed sons, as reported in the literature. It is
important to notice that in our model, we have not
specified how left-handedness is transmitted. Transmis-
sion may be either cultural, genetic or both. Hence, if a
part of the inheritance is due to cultural transmission,
we can explain why females have to express left-
handedness even if they do not have any direct
advantage.
4. Discussion

Polymorphic traits under frequency-dependent are
likely to be observed more frequently than polymorphic
traits under directional selection, because in the latter
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case one phenotype is rapidly fixed. Therefore, it is
expected that many of human heritable traits being
polymorphic in current populations are the result of
balancing selection, which is most often frequency-
dependent. The result is usually a 50% polymorphism,
when two phenotypes are involved and when frequency-
dependence alone is acting. Concerning handedness, the
fact that there is a sex-specific advantage, and a cost in
addition, yields to a more complex system. Our models
have highlighted the pertinence of frequency-dependent
selection as an explanation for the persistence of the
polymorphism of handedness.

In the first model, we have shown that a wide range of
values of the frequency of left-handers can be obtained
with reasonable changes of the parameters values. In
particular, a slight negative frequency-dependent ad-
vantage of left-handed individuals is sufficient to
countervail a fitness cost. These results reinforce the
hypothesis that negative frequency-dependence may
have played a role in maintaining left-handedness in
human populations.

In the second section, we have analysed possible
mechanisms for a frequency-dependent advantage of
left-handed males in fighting interactions and its fitness
consequences. Our results provide further support for
the importance of fighting interactions in the evolution
of hand preference. The frequency of left-handers is
highly variable between human populations (Faurie
et al., 2005; Raymond and Pontier, 2004). Fighting
interactions could be involved in this variability. The
frequency of left-handers is expected to be higher in
societies where physical fights are frequent and violent.
Indeed, the frequency of left-handers has been shown to
be positively correlated with the rate of homicides in
traditional societies (Faurie and Raymond, 2004b). The
frequency-dependent advantage of a rare phenotype in
aggressive interactions is not likely to be restricted to
humans. It has been described for example in preda-
tor–prey interactions (Vallortigara and Rogers, 2005). It
would be informative to investigate it in intraspecific
fights among non-human primates. In capuchin mon-
keys, the rate of killing is estimated to 8/1000 adults/
year (Gros-Louis et al., 2003), which is in the range of
the most violent human societies, and the frequency of
left-handed throwers is slightly below 50% (Cleveland et
al., 2003; Westergaard et al., 2000). In chimpanzees’
populations, the rate of killing is approximately the
same (Wrangham, 1999), and it seems that the frequency
of left-handed throwers is relatively high as well (around
30%) (Hopkins et al., 1993; McGrew and Marchant,
1997). These fragmentary data suggest that the costs
associated to left-handedness are present in chimpanzees
but absent or very low in capuchin monkeys, as the
frequency of left-handers is expected to be 0.5 without a
fitness cost. This opens new and interesting perspectives
for the evaluation of the nature and the significance of
these costs. Tentatively, it would be interesting to study
the correlation between mortality rates in fights and a
measure of handedness across primates’ species.

In the last model, we have shown that, despite the
costs carried by both males and females, left-handed
females can benefit of the advantage of their sons who
are more likely to be left-handed. This represents an
indirect advantage for left-handed women, and it could
explain how they are maintained. If the transmission of
left-handedness were strictly genetic, the phenotypic
expression of the ‘‘left-handed genes’’ would be expected
to decrease in women, because of the associated cost.
However, the phenotype itself is probably involved in
the transmission as well, e.g. through imitation (Laland
et al., 1995). Therefore, women would still express left-
handedness to confer to their sons the advantage in
fighting interactions.

Alternatively, left-handedness could be associated
with other advantages, either female-specific or not.
Indeed, the existence of some unknown advantages of
left-handedness is not excluded. For example, the
advantage in interactive sports could have some
importance in Western societies, where it has been
shown that student athletes have a higher number of
sexual partners (Faurie et al., 2004). If there are no
fitness-related advantages of left-handedness in Western
societies, left-handedness may disappear at equilibrium,
except if, for example, the improvement of medical care
leads to a suppression of the costs.

In our models, fitness costs associated to left-
handedness are fixed parameters. However, an alter-
native explanation for the variability of the frequency
could be that the intensity of the costs varies across
populations. The costs have only been studied in
Western societies. Their existence in traditional societies
can be inferred from the existence of the frequency-
dependent advantage in fighting interactions (suggested
by the correlation observed between the frequency of
left-handers and the rate of homicides, Faurie and
Raymond, 2004b): in absence of any cost, such an
advantage would lead to a frequency of 50% at
equilibrium. The potential variability of the costs across
human populations has never been investigated.

The models described in the present article cannot be
applied to sportsmen and athletes, because they do not
constitute a population (in the reproductive meaning).
The overrepresentation of left-handers in interactive
sports reflects their frequency-dependent advantage
alone, apart from the intrinsic cost, the probability of
survival, etc. This is why we observe, among champions
in certain sports which are very close to real fighting
interactions, frequencies almost reaching 50%, the
maximum possible frequency in the context of the
frequency-dependent advantage (Brooks et al., 2003;
Goldstein and Young, 1996; Grouios et al., 2000;
Raymond et al., 1996). The fact that these values are
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never found in human populations, even in the
populations known to be the most violent, indicates
that the cost associated to left-handedness is relatively
high (Faurie and Raymond, 2004b).

The widespread existence of the costs across human
populations seems to weaken the hypotheses classically
considered in Western societies. A widespread statement
is that the costs are mainly due to the presence of
numerous asymmetrical artefacts conceived to be
handled by right-handers (Aggleton et al., 1993; Coren,
1989; Daniel and Yeo, 1994; Porac and Coren, 1981).
For example professional tools like saws can be very
dangerous for a left-handed user. In traditional societies,
asymmetrical tools are rather uncommon. Moreover,
most tools are personal possessions, and then adapted to
the owner’s hand preference. This is illustrated among
the Ntumu of Cameroon, where the machete sharpened
for either left- or right-hand use is named differently.
Each individual, including women and children from
age 5, has a personal machete sharpened according to
his/her own hand preference (Carrière and Raymond,
2000). The inventory of tools and weapons that lead to
different risk levels whether they are used by a left- or a
right-hander needs to be done in traditional societies.
On the basis of the current knowledge, it does not seem
reasonable to state that the nature of the cost proposed
for Western societies applies to traditional societies.

If a ubiquitous cost of left-handedness exists, it is
more probably a developmental cost, as there are
developmental differences in the brain of left- and
right-handers. Under natural selection pressures, the
cost associated to a new phenotype is expected to be
compensated progressively, for example by the appari-
tion of modifier genes (McKenzie and Batterham, 1994).
The polymorphism of handedness is present at least
since the upper Palaeolithic (30,000 BP) (Faurie and
Raymond, 2004a), and probably since much longer,
since data indicate that it is present in chimpanzees as
well (Hopkins and Pearson, 2000; McGrew and
Marchant, 1997). 30,000 years corresponds to about
1200 generations of 25 years, which is plenty enough for
genetic innovations involving a small number of genes
to rise, as shown by the specific adaptations to the new
lifestyle appeared since the Neolithic (10,000 BP), for
example lactose tolerance (McCracken, 1971). This
suggests that the cost associated to left-handedness
cannot be decreased by a simple accumulation of
mutations with additive effects. The constraint involved,
which remains to be identified, is most probably
associated to functions with a complex genetic determin-
ism, like brain organisation.

The fitness-related characteristics of left- and right-
handers need to be further investigated, especially
comparing both sexes and different human populations,
in order to be able to fully understand the dynamics of
this polymorphism.
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