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A model balancing cooperation and
competition can explain our righthanded world and the dominance
of left-handed athletes
Daniel M. Abrams and Mark J. Panaggio*
Department of Engineering Sciences and Applied Mathematics, Northwestern University,
2145 Sheridan Road, Evanston, IL 60208, USA
An overwhelming majority of humans are right-handed. Numerous explanations for individual handedness have been proposed, but this population-level handedness remains puzzling.
Here, we present a novel mathematical model and use it to test the idea that population-level
hand preference represents a balance between selective costs and beneﬁts arising from
cooperation and competition in human evolutionary history. We use the selection of elite
athletes as a test-bed for our evolutionary model and ﬁnd evidence for the validity of this
idea. Our model gives the ﬁrst quantitative explanation for the distribution of handedness
both across and within many professional sports. It also predicts strong lateralization of
hand use in social species with limited combative interaction, and elucidates the absence
of consistent population-level ‘pawedness’ in some animal species.
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1. INTRODUCTION

[11,15,19] or based on frequency-dependent selection
[18] (for further discussion of these models, see electronic
supplementary material, §S1). Nonetheless, empirical
validation of these models has proved elusive [11]. We
propose a different approach to the problem.

Although the precise deﬁnition of handedness is often
debated, it is widely accepted that roughly one in 10
humans are left-handed [1,2]. Since prehistoric times,
some cultural and geographical variations in this percentage have been observed (3–26%), but every historical
population has shown the same signiﬁcant bias towards
right-handedness [1–5]. Both genetic and environmental
factors seem to contribute to handedness for individuals
[5–10]; nonetheless, individual handedness does not
necessarily lead to species-level handedness. It is well
established that for an individual, lateralization can be
advantageous [11,12]: for example, it allows for specialization of brain function [7,13], which may lead to
enhanced cognition through parallel information processing [14,15]. This advantage relates only to the degree
of lateralization, not the direction; so it cannot explain
lateralization at the species level [16]. Negative frequency-dependent selection, in which the ﬁtness of a
trait is inversely related to its frequency, is a primary mechanism by which polymorphisms are maintained [17,18].
However, owing to the symmetric nature of handedness,
this mechanism can only produce a balanced distribution
of left- and right-handers in the absence of other selection
pressures [4].
There have been various modelling approaches that
explain this species-level asymmetry in terms of ‘ﬁtness
functions’ either as an evolutionary stable strategy

2. OUR MODEL
We deﬁne a function PRL(l ) representing the mean
probability that right-handed individuals are replaced
with left-handed offspring over a given time period
(typically after many generations). PLR(l ) is analogously deﬁned. These probabilistic transition rates
account for frequency-dependent selection effects, and
can be approximated given a biological model for
inheritance (see electronic supplementary material,
§S2 and ﬁgure S1). A minimal model for the evolution of
the societal fraction left-handed l in terms of these arbitrary frequency-dependent transition rates is given by
dl
¼ ð1  lÞPRL ðlÞ  lPLR ðlÞ:
dt

Similar to previous work by Ghirlanda et al. [11], we
assume symmetry between right- and left-handers (see
electronic supplementary material, §S3), so that we
may write PLR(l ) ¼ PRL(1 2 l ) to obtain
dl
¼ ð1  lÞPRL ðlÞ  lPRL ð1  lÞ:
dt

ð2:2Þ

To better understand the function PRL, we break it
up into two component functions, one monotonically
decreasing and the other monotonically increasing.
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coop
comp
ðlÞ þ ð1  cÞPRL
ðlÞ;
PRL ðlÞ ¼ c PRL

where 0  c  1 represents the relative importance of
cooperation in interactions and the monotonicity properties of each component function are as given earlier.
For physically reasonable choices of these functions,
there may exist one, three or ﬁve ﬁxed points l* in
this system, depending on the value of c.

3. ANALYSIS OF MODEL
Figure 1 shows the typical positions of stable and
comp
and
unstable equilibria for equation (2.1), where PRL
coop
PRL have been chosen to be generic sigmoid functions.
The shapes of these equilibrium curves are consistent
with those predicted by prior models [11], and are simicomp
and
lar for a variety of transition rate functions PRL
coop
PRL (see electronic supplementary material, §S1).
When the degree of cooperation c is less than a critical
threshold, the only stable equilibrium is l * ¼ 0.5: a 50/
50 split between left-hand and right-hand-dominant
individuals. This is consistent with studies showing
individual but not population-level bias in various
species [10,23].
When the degree of cooperation exceeds a critical
threshold, two new stable equilibria appear as a result
of either a subcritical or supercritical pitchfork bifurcation (depending on the exact form of the function
PRL). These equilibria indicate population-level lateralization as seen in human society. (We use the terms
‘lateralization’ and ‘lateral bias’ in reference to hand
preference unless otherwise noted.) The fraction rightor left-handed will depend on the exact value of the
cooperation parameter c.
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We refer to the decreasing component function of PRL
comp
as PRL
, because it drives non-conformity and is
expected to dominate in societies where physical competition is prevalent (e.g. societies with exceedingly high
homicide rates). When left-handers are scarce, they
have an advantage in physical confrontations owing to
their greater experience against right-handers and the
right-handers’ lack of experience against them. As their
numbers grow, that advantage weakens [1,4,18].
Similarly, we refer to the increasing component
coop
function of PRL as PRL
, because this term drives individuals towards conformity and is expected to dominate in
cooperative societies where, for example, tool-sharing is
common. In a hypothetical society that was exclusively
‘cooperative’ in this sense, all individuals would tend to
the same handedness because individuals that did not
conform would be more likely to suffer exclusion from
lateralized group activity [4,11,15]. The modern presence
of a higher accidental death rate for left-handers [20– 22]
supports the idea that conformity to the right-handed
majority remains advantageous in human society (this
differential death rate may also be partially attributed to
brain lateralization). In both cooperative and physically
competitive societies, we assume that disadvantaged
individuals are more likely to die prematurely and thus
produce fewer offspring on average.
For a system involving both cooperative and
competitive interactions, we therefore write

equilibrium % left-handed, l*
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Figure 1. Equilibrium percentages left-handed as a function of
societal cooperativity. Solid black lines indicate stable equilibria,
dashed red unstable. (a) Monotonic dPRL/dt on (0, 1/2).
(b) Non-monotonic dPRL/dt on (0, 1/2). Insets: PRL and its comcoop
comp
; PRL
. Dashed green line, cooperative;
ponent functions PRL
solid blue line, combined; dash-dot red line, competitive.

There is a qualitative difference between the two situations depicted in ﬁgure 1, a difference that holds for a
broad class of sigmoid functions PRL. In the case of the
subcritical pitchfork (ﬁgure 1a), no weak population
lateralization should ever be observed because equilibria
near 50 per cent are unstable; however, in the case of the
supercritical pitchfork (ﬁgure 1b), population lateralization near 50 per cent will be possible, though only
stable for a small range of values of c. Both suggest
that weak population lateralization (fractions approx.
50–70%) should be rare in the natural world, while
indicating that a high degree of cooperation may be
responsible for the strong lateralization (fractions
approx. 70–100%) observed in some social animals (e.g.
humans and parrots [24]).
4. COMPARISON OF MODEL
PREDICTIONS WITH DATA
One challenge to modelling population-level handedness
is a lack of data for empirical validation. To quote
Ghirlanda et al. ‘ . . . we need data from populations
that differ in the balance between antagonistic and synergistic interactions but are otherwise as similar as possible’
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lpro ¼

1 lbg erfcð^
sc  D^
sÞ
;
c
2

ð4:1Þ

where lbg  10% is the background rate of left-handedness,
erfc is the complementary error function, ŝc is the normalized cut-off in skill level for selection and Dŝ / l* 2 lpro is
the normalized skill advantage for left-handers. Here, l*
represents the fraction of the population that would be
left-handed in a world consisting only of interactions
through the sport under consideration. Its value is determined from equation (2.2), with a choice of parameter c
appropriate for the sport under consideration (PRL is reinterpreted as the mean probability that a right-handed
player is replaced by a left-hander in a given time
period). Note that lpro must lie between lbg and l*: with
very high selectivity (c ! 0), equation (4.1) implies that
lpro ! l*, and with very low selectivity (c ! 1)lpro ! lbg.
Figure 2 shows our application of equation (4.1) to
various professional sports. To reduce arbitrary free
parameters, we assume that the cooperativity c is
close to zero for physically competitive sports and one
for sports (e.g. golf ) that require lateralized equipment
or strategy. Figure 1 then implies that the ideal equilibrium fraction left-handed l * will be 50 per cent when
c is close to zero, and will be either 0 or 100 per cent
when c ¼ 1.
The predictions for ﬁgure 2 were made by varying a
single free parameter k, the constant of proportionality
for the frequency-dependent skill advantage Dŝ ¼
k(l * 2 lpro). To avoid over-ﬁtting, we took k to be a
constant across all sports; given sufﬁcient data, different values of k could be estimated independently for
each sport. The fraction-selected c was estimated
from the ratio of professional athletes to the number
of frequent participants for each sport (see electronic
supplementary material, §S5 for details).
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[11]. Ideally, we would compare predicted equilibria of
equation (2.2) to data from animal populations exhibiting varying degrees of cooperation. Unfortunately, for
most species, quantifying the degree of cooperation is difﬁcult, and the available data on the degree and direction
of population-level lateralization vary from experiment to
experiment depending on the task considered. This lack
of consistent, conclusive data on handedness in the natural world leads us to examine the proxy situation of
athletics (as done in Raymond et al. [1]), where data on
handedness and cooperation are more easily accessible.
To explain the observed fraction of left-handed athletes, it is important to model the selection process
because athletics, unlike evolution, should not cause
changes in the population’s background rate of laterality.
We treat athletic skill s as a normally distributed random
variable, and assume that minority handedness creates a
frequency-dependent shift Ds that modiﬁes the randomly
distributed skill. We then model an ideal selection process
as choosing the n most skilled players from a population
of N interested individuals. Such a model (derived in
detail in electronic supplementary material, §S4) predicts
that the professional fraction left-handed lpro will depend
on the fraction selected c ¼ n/N, and is determined
implicitly by the equation
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Figure 2. Observed percentage left-handed versus predicted
for professional athletes of various sports. Open triangle, baseball; open inverted triangle, men’s boxing; open left-facing
triangle, men’s fencing; open right-facing triangle, women’s
fencing; open circle, American football quarterbacks; open
square, men’s golf; ﬁlled triangle, women’s golf; ﬁlled inverted
triangle, hockey right wings; ﬁlled left-facing triangle, hockey
left wings; ﬁlled right-facing triangle, hockey other positions;
ﬁlled circle, men’s table tennis; ﬁlled square, women’s table
tennis. Dashed line represents perfect agreement between predicted and observed values. Vertical error bars correspond to
95% CIs ( p ¼ 0.05); horizontal error bars correspond to predictions using plus or minus one order of magnitude in N,
the primary source of uncertainty. Left-handed advantage
Dŝ ¼ k (l * – lpro), where k ¼ 1.6108 and both l * and lpro
vary from sport to sport (see electronic supplementary
material, table S1 and §S5).

For the sport of baseball, the great abundance of historical statistical information allows us to validate our
proposed selection mechanism. To do so, we use our
model to predict the cumulative fraction left-handed lr
as a function of rank r, then compare this to data.
In sports where highly rated players interact with
other highly rated players preferentially (e.g. boxing),
we expect the left-handed advantage Dŝr / l * 2 lr to
be rank-dependent (i.e. depending on the fraction lefthanded at rank r). However, within professional baseball
leagues, all players interact with all other players at
nearly the same rate; so the left-handed advantage
Dŝr ¼ Dŝ should be independent of rank, i.e. a constant.
This leads us (see electronic supplementary material, §S4
for derivation) to the equation

lr ¼

1 l bg N erfcð^
sr  D^
sÞ
:
2
r

ð4:2Þ

Figure 3 shows the predictions of equation (4.2) as
applied to the top-ranked baseball players from 1871
to 2009. Only one free parameter was varied: the lefthanded advantage Dŝ. All other parameters were
constrained by known data [25]. The surprisingly good
ﬁt to this non-trivial curve can be seen as supporting
evidence for the selection model. Together with the
accuracy of predictions in ﬁgure 2, this supports
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6. CONCLUSIONS
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The model we have presented is the ﬁrst to take a
dynamical systems approach to the problem of laterality. It allows for the prediction of conditions under
which population-level lateral bias can be expected to
emerge in the animal world and its evolution over
time. We exploit the connection between natural selection and selection in professional sports by introducing
a novel dataset on handedness among athletes, demonstrating a clear relationship between cooperative social
behaviour and population-level lateral bias.
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Figure 3. Cumulative fraction left-handed versus rank for seasonal top hitters in baseball, 1871–2009. Thin red line
represents theoretical prediction from equation (4.2). Each
black data point at rank r represents the left-handed fraction
of all US born players that ﬁnished a season ranked in the top
r by total hits. The left-handed advantage Dŝ ¼ 0.3003 was
computed by ﬁnding the least-squares best ﬁt. This value
differs slightly from the value used for baseball in ﬁgure 2
(Dŝ ¼ 0.2755), suggesting that, in practice, the proportionality
constant k may vary from sport to sport.

the conclusion that the equilibria of equation (2.2) are
indeed relevant to real-world lateralized systems.

5. DISCUSSION
Despite the good agreement of our predictions with realworld data, we acknowledge that there are limitations in
reducing a complex adaptive system to a simple mathematical model. Our model includes undetermined
functions that would be difﬁcult to measure precisely
(although we found that qualitative predictions are
robust—see electronic supplementary material, §S6).
However, they can be roughly approximated from available data and may be easier to estimate than ﬁtness
functions proposed in other models. Sports data may
not be completely analogous to data from the natural
world; hence, further quantitative analysis of lateralization in social animal groups may be a fruitful line of
future research.
Given the limited data on population-level lateral
bias in the natural world, we feel that analysis of athletics provides new insights into the evolutionary
origins of handedness. Our model predictions match
the observed distribution of handedness in baseball
with just a single free parameter. When applied to 12
groups of elite athletes, the same model does a good
job of estimating the fraction left-handed in each,
suggesting that the proposed balance between
cooperation and competition accurately predicts the
ideal equilibrium distribution of handedness. Our
model is general enough to be applied to any species
of animal, and may also have use in understanding
population-level lateralized adaptations other than
handedness, both physical and behavioural.
J. R. Soc. Interface

This work was funded by Northwestern University and
The James S. McDonnell Foundation. The authors
thank R. N. Gutenkunst and R. J. Wiener for useful
correspondence. D.M.A. and M.J.P. contributed equally to
the model and its analysis. M.J.P. contributed more to data
collection and data analysis.

REFERENCES
1 Raymond, M., Pontier, D., Dufour, A. B. & Moller, A. P.
1996 Frequency-dependent maintenance of left handedness in humans. Proc. R. Soc. Lond. B 263, 1627 –1633.
(doi:10.1098/rspb.1996.0238)
2 Frayer, D. W., Lozano, M., Bermudez de Castro, J. M.,
Carbonell, E., Arsuaga, J. L., Radovcic, J., Fiore, I. &
Bondioli, L. 2011 More than 500,000 years of righthandedness in Europe. Laterality 17, 1– 19. (doi:10.
1080/1357650X.2010.529451)
3 Coren, S. & Porac, C. 1977 Fifty centuries of righthandedness: the historical record. Science 198, 631–632.
(doi:10.1126/science.335510)
4 Faurie, C. & Raymond, M. 2005 Handedness, homicide
and negative frequency-dependent selection. Proc. R.
Soc. B 272, 25–28. (doi:10.1098/rspb.2004.2926)
5 Llaurens, V., Raymond, M. & Faurie, C. 2009 Why are
some people left-handed? An evolutionary perspective.
Phil. Trans. R. Soc. B 364, 881–894. (doi:10.1098/rstb.
2008.0235)
6 Brackenridge, C. J. 1981 Secular variation in handedness
over ninety years. Neuropsychologia 19, 459–462.
(doi:10.1016/0028-3932(81)90076-2)
7 McManus, I. C. 1991 The inheritance of left-handedness.
In Ciba Foundation Symp., London, UK, 20–22 February
1991, vol. 162 (eds G. R. Bock & J. Marsh), pp. 251–267.
Chichester, UK: John Wiley & Sons.
8 Francks, C. et al. 2007 LRRTM1 on chromosome 2p12 is a
maternally suppressed gene that is associated paternally
with handedness and schizophrenia. Mol. Psychiatry 12,
1129–1139. (doi:10.1038/sj.mp.4002053)
9 McManus, I. C. et al. 2009 Editorial commentary: is
LRRTM1 the gene for handedness? Laterality 14, 1 –2.
(doi:10.1080/13576500802542577)
10 Uomini, N. T. 2009 The prehistory of handedness: archaeological data and comparative ethology. J. Hum. Evol. 57,
411– 419. (doi:10.1016/j.jhevol.2009.02.012)
11 Ghirlanda, S., Frasnelli, E. & Vallortigara, G. 2009 Intraspeciﬁc competition and coordination in the evolution of
lateralization. Phil. Trans. R. Soc. B 364, 861–866.
(doi:10.1098/rstb.2008.0227)
12 Magat, M. & Brown, C. 2009 Laterality enhances cognition in Australian parrots. Proc. R. Soc. B 276,
4155–4162. (doi:10.1098/rspb.2009.1397)
13 Levy, J. 1977 The mammalian brain and the adaptive
advantage of cerebral asymmetry. Ann. NY Acad. Sci.
299, 264–272. (doi:10.1111/j.1749-6632.1977.tb41913.x)

Downloaded from rsif.royalsocietypublishing.org on April 26, 2012

A model for population-level handedness
14 Rogers, L. J., Zucca, P. & Vallortigara, G. 2004 Advantages of having a lateralized brain. Proc. R. Soc. Lond.
B 271, S420– S422. (doi:10.1098/rsbl.2004.0200)
15 Vallortigara, G. & Rogers, L. J. 2005 Survival with an
asymmetrical brain: advantages and disadvantages of cerebral lateralization. Behav. Brain Sci. 28, 575– 589.
(doi:10.1017/S0140525X05000105)
16 Vallortigara, G., Chiadetti, C. & Sovrano, V. A. 2011
Brain asymmetry (animal). Wiley Interdiscip. Rev.
Cogn. Sci. 2, 146 –157. (doi:10.1002/wcs.100)
17 Ayala, F. J. & Campbell, C. A. 1974 Frequency-dependent
selection. Ann. Rev. Ecol. Syst. 5, 115 –138. (doi:10.1146/
annurev.es.05.110174.000555)
18 Billiard, S., Faurie, C. & Raymond, M. 2005 Maintenance
of handedness polymorphism in humans: a frequencydependent selection model. J. Theor. Biol. 235, 85– 93.
(doi:10.1016/j.jtbi.2004.12.021)
19 Ghirlanda, S. & Vallortigara, G. 2004 The evolution of
brain lateralization: a game-theoretical analysis of

J. R. Soc. Interface

20
21

22

23

24

25

D. M. Abrams and M. J. Panaggio

5

population structure. Proc. R. Soc. Lond. B 271, 853–
857. (doi:10.1098/rspb.2003.2669)
Halpern, D. F. & Coren, S. 1988 Do right-handers live
longer? Nature 333, 213. (doi:10.1038/333213b0)
Coren, S. & Halpern, D. F. 1991 Left-handedness: a
marker for decreased survival ﬁtness. Psychol. Bull. 109,
90– 106. (doi:10.1037/0033-2909.109.1.90)
Aggleton, J. P., Kentridge, R. W. & Neave, N. J. 1993 Evidence for longevity differences between left handed and right
handed men: an archival study of cricketers. J. Epidemiol.
Community Health 47, 206–209. (doi:10.1136/jech.47.3.206)
Rogers, L. J. et al. 2002 Comparative vertebrate lateralization (eds L. J. Rogers & R. J. Andrew). West Nyack, NY:
Cambridge University Press.
Harris, L. J. 1989 Footedness in parrots: three centuries of
research, theory, and mere surmise. Can. J. Psychol. 43,
369–396. (doi:10.1037/h0084228)
Lahman, S. 2011 The Lahman baseball database. See
http://www.baseball1.com.

