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Introduction
The human brain consists of two cerebral hemispheres. Cerebral lateralization 

refers to the asymmetric distribution of functions over both hemispheres. One of the 
most renowned expressions of cerebral lateralization is the lateralization of language; 
ninety-five percent of right-handed humans show left hemispheric dominance for lan-
guage (Corballis 2003). Interest in functional brain lateralization started in 1861 with the 
observation by Pierre Paul Broca that two patients with severe language deficits showed 
injuries in the left posterior inferior frontal gyrus region in the frontal lobe of the human 
brain, an area later known as Broca’s area. Although research at the beginning of the 20th 
century had already shown that structural asymmetries in the brain were present in a 
variety of vertebrates (for references see Vallortigara & Bisazza 2002), lateralization was 
later ascribed to humans solely and was thought to be hallmark of human evolution. 
Rediscovery of the extensiveness of the phenomenon of lateralization throughout the 
animal kingdom started with the finding in canaries that sectioning the left tracheosyr-
ingeal nerves had major differential effects on song production from sectioning the right 
tracheosyringeal nerves (Nottebohm 1971). Subsequently, lateralization was found to be 
present in chickens (e.g. Rogers & Anson 1979), in rodents (Denenberg et al. 1978, Glick & 
Ross 1981), and in cats (Webster 1977). Since then many studies have shown that lateraliza-
tion is a fundamental aspect of the organization of brain and behaviour in vertebrates, 
even showing consistency of lateralization of functions over the hemispheres across spe-
cies (e.g. Vallortigara & Bisazza 2002). This finding opened up new perspectives in the 
study of lateralization, as animal models could give us new insights into the ultimate and 
proximate mechanisms underlying lateralization. In order to investigate the evolution 
of neural and morphological lateralization using a comparative approach, combining 
ethological, developmental, and theoretical research, the research program ‘Evolution 
and Development of Cognitive, Behavioural and Neural Lateralization’ was set up and 
funded by the European Commission. Eight universities were part of this program and in 
this PhD thesis I present studies performed within this framework.

Lateralization of functions over the hemispheres is a heritable trait, but shows sub-
stantial developmental plasticity. In the first part of this thesis I address questions related 
to the development and causation (proximate mechanisms) of lateralization. Lateraliza-
tion has been shown to improve brain efficiency, as it saves neural space by avoiding 
replication of functions and it allows simultaneous processing of different processes 
avoiding hemispheric competition (Rogers 2002). Hence, there is scientific consensus 
that lateralization is beneficial to the individual, although this benefit may be task depen-
dent (e.g Boles et al. 2008). Although lateralization at the individual level is hypothesized 
to be beneficial, the fact that the majority of individuals within vertebrate species show 
the same direction of lateralization (population level lateralization) can not be explained 
by the abovementioned theories. In the second part of this thesis I address the ultimate 
mechanisms (function and evolution) underlying population level lateralization.
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In the first part of this thesis my co-authors and I review the evidence for a genetic 
basis of lateralization, which is addressed mainly in the human literature. Next, we 
explore the evidence of lateralization being a plastic trait and the factors underlying this 
plasticity. After this large review, we report two studies on the ontogenetic plasticity of 
lateralization. Lateralization comprises two aspects: direction and strength. Direction 
defines whether an individual shows left- or right-sided lateralization, whereas strength 
of lateralization defines the degree to which an individual deviates from no lateraliza-
tion, independent of the direction of lateralization. Sex differences in both direction 
and strength of lateralization have been observed repeatedly in humans; males are more  
often left-handed (Papadatou-Pastou et al. 2008) but right-handed men are stronger lat-
eralized than right-handed women (Bourne 2005 and references therein). As males are 
exposed prenatally to higher levels of testosterone than females, testosterone is an often 
mentioned candidate to affect lateralization. Two experimental studies are conducted 
to test the effects of prenatal and postnatal testosterone on lateralization in a cichlid 
fish species. In these studies cichlid fish are used for various reasons. First, cichlid fish 
are oviparous and prenatal testosterone can be easily manipulated by bathing the eggs 
in a hormone solution. Second, cichlids have laterally placed eyes and small overlap-
ping visual fields facilitating easy determination of lateralization in viewing tasks. In 
addition to hormonal factors, other factors may also influence lateralization. One such 
factor is training. Increased training of one side of the body over the other may affect lat-
eralization two-fold; training may affect both the preference to use one side of the body 
and the asymmetry of skill of each side of the body in performing a certain task. The 
associations between training and these different aspects of lateralization are difficult 
to investigate in animal species, but school attendance in humans is an excellent model 
system as specific tasks, such as writing, are substantially and daily trained. We there-
fore investigate the effect of training on lateralization in a human population in which 
a vast proportion of the population did not attend school: a non-industrial population 
in the Eipo valley, Papua, Indonesia. In 1981 an elementary school was built in the Eipo 
valley. No fees are required to attend this school, but many children do not attend school 
for various reasons (e.g. to be able to help their parents in the gardens). This gives us the 
unique opportunity to investigate the association between schooling and handedness.

In the second part of this thesis we address the function and evolution of lateraliza-
tion. In humans, cerebral lateralization of fine motor skill results in contralateral hand-
edness. Benefits of lateralization at the individual level have been shown to be present 
as strength of lateralization is associated with increased performance in several tasks 
(Boles et al. 2008). However, it remains unclear whether or not it is beneficial to show 
lateralization in the same direction as the majority of the population. In vertebrates, this 
so-called population level lateralization is present in many different behaviours. Human 
handedness is the most exceptionally skewed lateralized behaviour known in the animal 
kingdom, with only about 4-13% left-handers (Perelle & Ehrman 1994; Raymond et al. 
1996). Investigating this specific lateralized behaviour may have a high potential in 
revealing the function and evolution of population level lateralization.

Left-handedness, a heritable trait, is associated with certain costs related to health, 
possibly leading to a decrease in Darwinian fitness. One evolutionary hypothesis, the 
fighting hypothesis, has been proposed to explain the persistence of left-handedness 
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(Raymond et al. 1996). This hypothesis states that left-handedness can be maintained in 
populations because left-handers have a frequency-dependent advantage in fights. How-
ever, whether these health related costs (see below) will actually lead to decreased Dar-
winian fitness, and thereby making handedness subject to natural selection pressures, is 
unknown. Furthermore, the associations between costs and left-handedness are found in 
Western societies, which may no longer be under the same selection pressures in which 
handedness has evolved. In order to investigate the fighting hypothesis and advantages 
and disadvantages of phenotypes of lateralization in relation to Darwinian fitness in a 
current society which most resembles human societies in which handedness originally 
evolved, we aim to measure handedness and key components of Darwinian fitness in indi-
viduals living in a non-industrial society: the Eipo. The Eipo inhabit an area of around 150 
square kilometres along the banks of the Eipomek river at approximately 4°25`-4°27` S, 
140°00`-140°05` E. in the highlands of the Indonesian province of Papua, formerly known 
as Irian Jaya (New Guinea). The inhabitants are horticulturists whose staple food consists 
of sweet potatoes and vegetables, complemented by the products of hunting, gathering 
and pig raising (Schiefenhövel 1976, 1991; personal observations 2009). Because of the 
remoteness and inaccessibility of the Eipo valley (at present the area is accessible by foot 
or light aircraft only), it has until recently been isolated from the outside world.

Proximate factors underlying 
lateralization

Despite several decades of research, the ontogeny of lateralization of brain and behav-
iour is still elusive, although it is important in understanding its developmental plas-
ticity, function and evolution, and its relationship with developmental disorders (such 
as autism spectrum disorder, Kleinhans et al. 2008). Although it is apparent that later-
alization is a heritable trait, with heritability estimates varying between 0.23 and 0.66 
(Denny & Sullivan 2007), the differential contributions of genetic and non-genetic fac-
tors underlying this heritability are still far from clear. In chapter 2 my co-authors and 
I review the evidence of the genetic basis underlying lateralization. First, we discuss the 
explanatory power of the predominant genetic models of human handedness, the most 
obvious expression of cerebral lateralization in behaviour. After addressing the strengths 
and weaknesses of these models we discuss the evidence for plasticity of lateralization 
driven by modulating factors such as social pressures, parental effects and asymmetric 
input of stimuli in human and nonhuman vertebrate species.

Prenatal testosterone
After reviewing the ontogeny of lateralization we further explore the plasticity of lat-

eralization by experimentally investigating the effects of the gonadal steroid hormone 
testosterone on behavioural lateralization. Testosterone has often been suggested to 
affect lateralization, a view driven by the small but persistently found difference in later-
alization patterns between the sexes, with men being more often left-handed (for a meta-
analysis see Papadatou-Pastou et al. 2008). This finding has lead researchers to postulate 
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hypotheses regarding the effect of prenatal testosterone on lateralization. One well cited 
hypothesis, put forward by Geschwind & Galaburda (1985), proposes that prenatal tes-
tosterone slows down neuronal growth in the left hemisphere and consequently leads to 
compensatory growth in the right hemisphere. Increased levels of prenatal testosterone 
would thus lead to increased dominance of the right hemisphere and therefore induce 
more left-handedness. This theory has been extensively criticized in the literature (e.g. 
Bryden et al. 1994). An alternative hypothesis, the callosal hypothesis, states that pre-
natal testosterone increases axonal pruning in the corpus callosum, at least in males, 
which leads to a decrease of communication between the hemispheres and therefore 
increases the strength of lateralization (Witelson & Nowakowski 1991). Finally, the sexual 
differentiation hypothesis proposes that lateralization is related to characteristics of the 
process of sexual differentiation and that early exposure to testosterone causes mascu-
linisation of lateralization (Witelson & Nowakowski 1991). Evidence supporting any of 
these theories is scarce and sometimes contradictory (for meta-analyses see Pfannkuche 
et al. 2009), possibly caused by the use of non-random clinical samples (e.g. individu-
als with Congenital Adrenal Hyperplasia (CAH), or daughters of women treated with 
Diethylstilbestrol (DES) during pregnancy) or indirect markers for prenatal testosterone 
(e.g. 2D:4D digit ratio, postnatal testosterone levels, or the sex of the co-twin). In chap-
ter 3, we investigate the effect of prenatal testosterone on behavioural lateralization, 
and the differential effect it has on the two sexes, by conducting an experiment on a 
random healthy sample using the cichlid fish Aequidens rivulatus. Prenatal testosterone 
may originate both from the foetus itself and from its mother. Fish eggs contain sub-
stantial levels of maternal androgens (Schreck et al. 1991) which are known to influence 
offspring development (Gagliano & McCormick 2009). Since maternal hormone produc-
tion is under the influence of the environment, a mother can communicate the prevail-
ing conditions to her offspring by means of depositing different amounts of gonadal 
hormones to her eggs. In this experiment we collected eggs immediately after spawning 
and treated half of the eggs with methyl-testosterone, an androgen that has a high affin-
ity to testosterone receptors and is stable in water, and the other half with the solvent 
only. We measured whether the testosterone treatment, mimicking elevated deposition 
of maternal androgens, affected lateralization in these fish at the age of 7 months, when 
the fish are sexually mature, in two behavioural tasks. In the first task we investigate 
the preference of individuals to inspect a predator, which fish generally do with their 
right eye (Bisazza & Vallortigara 1997; Vallortigara et al. 1999; Facchin et al. 1999; Brown et 
al. 2004). The second task is more socially oriented, as we investigate the preference of 
individuals to view their mirror image which is perceived as a conspecific (e.g. Bisazza 
et al. 1999) which fish generally do with their left eye (Sovrano et al. 1999, 2001; de Santi 
et al. 2001; Sovrano & Andrew 2006). In this way we investigate whether the hormone 
testosterone, in the prenatal stage of life, influences the direction (left versus right) and 
the strength (independent of direction) of lateralization of viewing preference. We sac-
rificed the fish after the tests to histologically determine the sex, enabling us to analyse 
sex-specific effects of our treatment.



Chapter 1

12

Postnatal testosterone
Although most research concerning the influence of testosterone on lateralization 

has focused on its effect during the prenatal stage, testosterone may also affect lateraliza-
tion in a later stage of life. Human testosterone levels fluctuate over the day and over the 
year and have been used to investigate the short term (activating) effects of testosterone 
on spatial ability. Spatial ability is positively associated with cerebral lateralization and 
therefore used as an indirect measure of lateralization (Gouchie & Kimura 1991; Kimura 
& Toussaint 1991; Moffat & Hampson 1996a). Experimental evidence, obtained from older 
men and female-to-male transsexuals receiving testosterone supplements, indicates that 
testosterone increases spatial cognition (reviewed in Cherrier 2009), presumably due to 
an increase in strength of lateralization. Others have tried to correlate circulating levels 
of testosterone with handedness (Tan 1991; Moffat & Hampson 1996b; Moffat & Hampson 
2000; Gadea 2003; Beaton et al. 2010), a more direct measure of lateralization, but results 
are ambiguous. Indirect evidence in cichlid fish indicates that postnatal testosterone can 
affect lateralization. Adult fish show a sex difference in lateralization which is associated 
with their level of aggressiveness (Reddon & Hurd 2008). As aggressiveness and testoster-
one levels correlate in fish (Munro & Pitcher 1985; Higby et al. 1991), these results suggest 
that testosterone may activate sex differences in lateralization.

In chapter 4 we investigate whether postnatal testosterone affects behavioural later-
alization sex-specifically. We experimentally increased levels of testosterone in six month 
old fish by treating them for two months with methyl-testosterone (or solvent only for 
the control group) which was administrated to the water in their home tanks. After this 
treatment we established behavioural lateralization of eye use during predator viewing 
using the same apparatus as in chapter 3.

Schooling
In addition to gonadal hormones, other factors may also influence lateralization. A 

slight preference to use a certain side of the body early in life (as has been shown to be the 
case in human foetuses) may be reinforced during development due to increased practice 
of the preferred hand over the other. Besides this internal factor, external factors such as 
social pressure may also play a role in the ontogeny of lateralisation. Training of one side 
of the body could affect lateralisation two-fold. It could change the asymmetry in skill of 
the sides of the body and it could change the preference to use a certain side of the body. 
These possibly interconnected associations are difficult to test in animals, but in humans 
it can be investigated when studying the association between institutionalized cultural 
processes such as formal education and handedness. Formal education involves repeti-
tion of specific motor tasks (such as writing) with one hand. This training in school may 
increase strength of lateralization. In addition, it has been postulated that acquisition of 
reading and writing specifically may change the brain’s organization which is supported 
by results which indicate that the corpus callosum, a bundle of neuronal fibres connect-
ing the two hemispheres, is thicker in literate than in illiterate individuals (Castro-Caldas 
et al. 1999). Furthermore, illiterate subjects are consistently more right-lateralized in the 
inferior parietal cortex (which correlates with degree of left-handedness) than literate 
controls (Petersson et al. 2007). As the effect of schooling on lateralization is difficult to 
investigate in a Western population as most children attend school, Connolly & Bishop 
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(1992) investigated the association between schooling and a specific form of lateraliza-
tion, handedness, in a Papuan society, in which only a part of the population ever entered 
school. They found no differences concerning handedness between schooled and non-
schooled subjects, contradicting the prediction that learning to write would influence 
an individual to become more right-handed on pencil use and other related activities. 
However, they investigated hand preference with a battery of tests suited for a Western 
society, tests unfamiliar to the subjects, thereby possibly making it an erroneous mea-
surement to indicate lateralization. To investigate the effect of schooling on handedness 
one should investigate hand preference based on ecologically relevant tasks.  In chapter 
5 we explore the relationship between schooling and hand preference in a population in 
which a vast proportion of the society did never attend school, a non-industrial popula-
tion in Papua (Indonesia), the Eipo. Hand preference is based on 10 ecologically relevant 
tasks, such as throwing and bush knife usage, that the subjects had to perform. Addi-
tionally, in this chapter we explore the relationship between schooling and three aspects 
of asymmetry of hand skill. First, we measured the asymmetry in speed of fine motor 
control of both hands by means of Annett’s pegboard task (Annett 1985, p. 208). Second, 
we measured the accuracy of throwing and finally we measured asymmetry of hand grip 
force. Information on schooling of the subjects was obtained through questionnaires, 
while the subject’s age, unknown to the subject, was estimated by the investigator based 
on a series of major events in the community of which exact dates were known from 
documented records that the subjects recollected. Learning to write entails practicing 
one hand in fine motor skill. Therefore, we expect that schooling leads to an increase in 
asymmetry of fine hand performance (measured with the pegboard task) and an increase 
in hand preference and possibly to increased right-handedness both on hand preference 
and asymmetry of hand skill due to overt or covert pressures by the environment (e.g. 
teachers).

Ultimate factors underlying 
lateralization

In the second part of this thesis I address a different matter, namely the functional 
relevance of a particular type of lateralization, human handedness, and the persistence 
of different phenotypes of handedness. As mentioned above, handedness is a heritable 
trait and left-handedness is associated to potential health problems (see below). These 
potential health problems may be associated with a decrease in Darwinian fitness. If 
associations between handedness and Darwinian fitness exist, natural selection can thus 
act on the trait of handedness.

Historical perspectives on left-handedness
Historically, left-handedness has often been portrayed as an undesirable charac-

teristic. Cesare Lombroso (1835-1909), a Turin physician believed to be a cutting edge 
scientist at the time, developed a theory concerning the causes of criminality, insanity, 
feeblemindedness, and left-handedness called ‘avatism’. He claimed that these charac-
teristics arise due to the regression to primitive mentalities. 
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As  

‘man advances in civilization and culture he shows an always greater right-sidedness as 
compared to...women and savage races…’

(quoted by Kushner 2011). Of course these views are outdated and prejudiced, but the 
word ‘left’ still has negative connotations in many expressions and languages in many 
cultures. For example, the Latin word sinistra originally meant left but took the mean-
ing of evil and unlucky. This negative connotation is still present in the English word 
‘sinister’, whereas the word ‘right’ is associated with proper and correct, similar to the 
meaning of the Slavic root word for ‘right’: ‘prav’ used in words with meanings like cor-
rectness and justice. Furthermore, the Bible is riddled with numerous unfavourable ref-
erences towards left-handedness. Direct social pressures to use the right hand for acts 
such as eating and writing are still present in many societies. Additionally, there may be 
indirect and subtle pressures operating upon left-handers as the human made world is 
designed for right-handers, and machines and tools (such as scissors) are adjusted to fit 
the majority of people (Porac & Coren 1981). Although prejudices and overt or covert pres-
sures make it harder to conduct proper scientific research on the proximate and ultimate 
mechanisms underlying handedness, studies have tried to investigate the phenomenon 
of handedness objectively and these studies also suggest that left-handedness, or non-
right-handedness, is not a neutral trait.

Costs and benefits
Left-handedness is associated with a reduction in components of Darwinian fitness, 

such as decreased lifespan (although this claim is controversial), stress during birth and 
accompanied problems such as extremely low birth weights (for references see Searle-
man et al. 1989; Llaurens et al. 2009). Neuronal deficiency due to birth stress leading to 
increased chances of becoming left-handed may be caused by oxygen deficiency. The left 
hemisphere has also been hypothesized to be more susceptible to damage than the right 
hemisphere (reviewed in Liederman 1983), also possibly due to the idea that the left hemi-
sphere matures more slowly and therefore is longer at risk when in an adverse intrauter-
ine environment (Geschwind & Galaburda 1985; chapter 3). Coren & Halpern (1991) built 
on this idea and hypothesized that left-handedness may be a marker for mild instances 
of neuropathology. Left-handedness has been found to be associated with low cognitive 
development (e.g. Miller 1971; Siengthai et al. 2008, but see e.g. van der Elst et al. 2008), 
delayed maturation (Coren et al. 1986), developmental disorders (Kleinhans et al. 2008), 
and autoimmune diseases (Searleman & Fugagli 1987; Morfit & Weekes 2001).

However, if left-handedness were heritable and associated with reduced fitness one 
would expect it to go extinct. Obviously, this has not happened, possibly because it has 
advantages as well. Indeed studies have shown that left- or non-right-handedness is also 
associated with benefits that may positively affect fitness. It is related to increased socio-
economic status (Faurie et al. 2008) and an increased prevalence of left-handers among 
(instrumental) musicians (Byrne 1974; Peterson 1979; Götestam 1990; Hassler & Gupta 
1993; Aggleton et al. 1994), artists (Peterson 1979; Preti & Vellante 2007; ), and in the top of 
combative sports such as fencing (e.g. Wood & Aggleton 1989; Raymond et al. 1996; Harris 
2010) has been observed. This latter finding has been long known, and came about in 
poetry about the Kerrs, the sixteenth-century Scottish border reivers (border raiders):
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The deadliest foes
That e’er to Englishmen were known

For they were all bred left-handed men
And fence against them there was none

Also, Italian fencing master Camillo Palladini of Bologna had allegedly addressed 
the advantage of left-handedness in fencing in his treatise Discorso Sopra l’Arte Della 
Scherma (Discourse on the art of fencing):

touch[ing] on the subject of left-handed adversaries many believe that a left-hander has an 
advantage over a right-hander

(c. 1560; taken from Harris 2010). The finding that left-handers have an advantage in 
interactive sports is the most interesting of all benefits associated to left-handedness, as 
it can theoretically explain the polymorphism of handedness with left-handers always 
being in the minority (Raymond et al. 1996). Left-handers could have an advantage in 
interactive sports, not because they would be intrinsically better at sports (although 
some evidence has been found for this idea as well, reviewed in Harris 2010), but because 
they are in the minority. Raymond et al. (1996) postulated the fighting hypothesis: left-
handers have a frequency-dependent advantage in fights and this could, in harmony with 
the increased costs concerning health, lead to the persistence of left-handedness due 
to an evolutionary stable strategy when fighting is important in societies. They inves-
tigated this idea by performing a cross-cultural comparative study among eight non-
industrial societies (Faurie & Raymond 2005). They found a positive correlation between 
number of homicides committed and percentages of left-handedness. However, the data 
concerning handedness collected were mostly based on indirect evidence and need to be 
investigated in further detail.

The fighting hypothesis
To further investigate the persistence of left-handedness and whether this can be 

explained by the fighting hypothesis raised by Raymond and colleagues (1996), we mea-
sured handedness in the non-industrial Eipo population. In the Eipo valley, tribal war-
fare and intra-communal fights were still common when missionaries began their work 
in the valley in 1978 (Ploeg, 2004). The fighting hypothesis predicts that the frequency 
of left-handedness is very high in this population, as fighting is important (Faurie & 
Raymond 2005) and is predicted to be higher than in a Western population in which 
fighting may occur less frequently and violence is more often conducted with long range 
weapons in stead of hand to hand combat. Indirect evidence indicated that the frequency 
of left-handers in the Eipo population is indeed very high (20.4%, Faurie & Raymond 
2005). In chapter 6, we measure the frequency of left-handers in the Eipo population in a 
detailed manner in order to obtain a more reliable measure of handedness in this popula-
tion. Furthermore, we compare the frequency of left- and mixed-handed Papuans with a 
Western sample. The Western sample comprises Dutch biology students who executed 
the same tasks as did the Papuans. To investigate whether the student sample is repre-
sentative for the Western population we compare our results to data collected by Annett 
(2004) who measured handedness in a Western population with an inventory based on 
tasks common to Western daily life. As tribal wars came to an end and homicide rate 



Chapter 1

16

diminished dramatically due to the acceptance of Christianity as the primary religion 
around 1980 (Ploeg 2004), we test whether handedness differs between people who were 
adults in the period when tribal wars were common and people who were too young to 
take part or not yet born. This analysis is repeated for men only, as only they participate 
in the fights and women would benefit of being left-handed only indirectly, via their left-
handed sons.

Handedness and reproductive success
In investigating the costs and benefits of different lateralization phenotypes, widely 

varying methods have been used to categorize individuals according to handedness. Some 
researchers categorized left- and right-handers, whereas others categorized non-right- 
versus right-handers or left-, right- and ambidextrous (approximately equally adept with 
both hands) groups, thereby causing confusion in the field. Furthermore, categorizing 
individuals in two or three groups does not take into account the fact that direction and 
strength of lateralization are intertwined. Nettle (2003) showed that findings of differ-
ences between left- and right-handers could be attributed to the fact that left-handers are 
generally less strongly lateralized than right-handers. Therefore, strength and direction 
of lateralization should be both considered in order to differentiate between the effects 
of these two aspects of lateralization. In addition, handedness is most often investigated 
in terms of preference (which hand is preferably used for a certain task), although asym-
metry of skill between the hands may be equally important, as this may be the more likely 
trait to be under natural selection pressures. As hand preference and asymmetry of hand 
performance show only a weak correlation (Triggs et al. 2000; Doyen et al. 2008) they may 
represent different aspects of lateralization. 

Phenotypes of handedness are related to costs and benefits, but whether they actually 
can affect Darwinian fitness is not known. In a Western population, one study found a 
trend for left-handers to have fewer offspring than right-handers (Faurie et al. 2006), but 
this was a non-significant trend and as only direction of handedness was investigated, 
this study could not differentiate between direction and strength of handedness. Fur-
thermore, all studies investigating the costs and benefits of handedness were performed 
in Western societies (except for the cross-cultural literature study by Faurie & Raymond,  
2005). These societies are likely to not be under the same selection pressures in which 
handedness has evolved. In order to investigate the association between handedness and 
Darwinian fitness in a current society which most resembles human societies in which 
handedness originally evolved, we aim to measure handedness and reproductive success 
and health (key components of Darwinian fitness) in individuals living in a non-indus-
trial society, the Eipo population. This population is one of the populations in which a 
high percentage of left-handers was recorded by means of indirect measurement in the 
Faurie and Raymond (2005) study. In chapter 7, we investigate the relationship between 
handedness and reproductive success in this Papuan population. We analysed the dif-
ferential explanatory power of direction and strength of hand preference and asymme-
try in hand skill (in speed of fine motor control and accuracy of throwing) on measures 
of reproductive success. Furthermore, we investigate whether the associations found 
were mediated by the health of the subjects. Data on reproductive success and health 
were obtained through interviews. We examine the relationship between the direction 
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and strength of handedness with the number of children born to a mother or father, the 
number of children that were still alive during the field work period and the number of 
children that died before they reached the age of two years. By examining the associa-
tions between various aspects of handedness and several facets of reproductive success, 
we can investigate the differential contributions of patterns of handedness to various 
components of reproductive success, even though the net fitness may be equal between 
groups due to a balancing selection mechanism such as negative frequency-dependent 
selection as was postulated by Raymond et al. and colleagues (1996).

The health care hypothesis
As we found low percentages of left-handers in the Papuan population investigated 

in this thesis (chapter 6), a population in which health care was absent until 2005, and as 
many studies have found associations between left-handedness and reduced health (see 
above) we speculate that possibly health care, in addition to or alternative to the fighting 
hypothesis, could influence the percentages of left-handedness in Western societies. In 
chapter 8, we investigate this idea with a cross-national approach in which we correlate 
homicide rates and public expenditures on health care with levels of left-handedness. In 
this study we use data collected by Perelle & Ehrman (1994) on handedness of 12 Western 
countries. We correlate these data with numbers of homicides, of which data were taken 
from the United Nations Survey of Crime Trends and Operations of Criminal Justice Sys-
tems. We also correlate the percentage of left-handers in Western societies with public 
expenditure on health care, of which data were obtained through the Organisation for 
Economic Co-operation and Development. Taking this approach we can test which 
variable has greater explanatory power and thus investigate whether either the fighting 
hypothesis or the health care hypothesis can better explain the variation in left-handed-
ness in Western societies.

Finally, in chapter 9, I will integrate the results presented in the chapters of this 
thesis.
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Abstract
Despite several decades of research, the epigenesis of behavioural and brain lateralization is 
still elusive, although its knowledge is important in understanding developmental plasticity, 
function and evolution of lateralization, and its relationship with developmental disorders. 
Over the last decades, it has become clear that behavioural lateralization is not restricted to 
humans, but a fundamental principle in the organization of behaviour in vertebrates. This 
has opened the possibility of extending descriptive studies on human lateralization with 
descriptive and experimental studies on other vertebrate species. In this review, we therefore 
explore the evidence for the role of genes and environment on behavioural lateralization 
in humans and other animals. First, we discuss the predominant genetic models for human 
handedness, and conclude that their explanatory power alone is not sufficient, leaving, 
together with ambiguous results from adoption studies and selection experiments in animals, 
ample opportunity for a role of environmental factors. Next, we discuss the potential influence 
of such factors, including perinatal asymmetrical perception induced by asymmetrical head 
position or parental care, and social modulation, both in humans and other vertebrates, 
presenting some evidence from our own work on the domestic chick. We conclude that 
both perinatal asymmetrical perception and later social modulation are likely candidates in 
influencing the degree or strength of lateralization in both humans and other vertebrates. 
However, in most cases unequivocal evidence for this is lacking and we will point out further 
avenues for research. 
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Introduction 
Lateralization of brain and behaviour refers to the fact that the hemispheres of the 

brain differentially control behaviour. It is also known as hemispheric or cerebral asym-
metry/specialization (Vallortigara & Rogers 2005). At the behavioural level, it is often 
expressed in side biases for motor output, perception and information processing. For a 
long time, lateralization was considered unique to humans, but recently it has become 
clear that lateralization is a fundamental characteristic of the organization of brain and 
behaviour in vertebrates (Vallortigara & Rogers, 2005). Animal models open new and 
exciting perspec tives for understanding the function and evolution and provide the 
opportunity to experimentally study the causes and consequences of lateralization. 

It is highly likely that such a fundamental aspect of brain and behaviour is under 
the control of genetic encoding. However, this does not exclude an important role for 
environmental factors in the development and expression of lateralization. The debate 
whether beha vioural and brain lateralization is caused by genetic or environmental 
factors has been long-standing (Annett 1978b; Laland et al. 1995; Provins 1997; Bishop 
2001). Insight into the epigenesis of lateralization is highly relevant to understand both 
its evolution and possible constraints on plasticity as well as its adaptive flexibility and 
pathologies. By describing correlations between genetic information, environmental 
factors and the development or expression of lateralization, or by manipulating genetic 
and environmental factors using animal models, such insights can be acquired. 

Especially in the psychological literature, there is some consensus about the genetic 
heritability of lateralization. This is mainly based on the distribution and genetic model-
ling of handedness in humans. Handedness is heritable as it runs in families. Only 7.6 
per cent of the children of two right-handed parents are left-handed. This percentage 
increases to 19.5 per cent if one of the parents is left-handed and to 54.5 per cent if both 
the parents are left-handed (Rife 1940). Heritability estimates vary between 0.23 and 0.66 
(Denny & O’ Sullivan 2007). However, these data are no hard evidence for a genetic basis 
for the degree or direction of lateralization in itself. Traits may run in families owing to 
exposure to environmental factors that are more similar within than between families 
and other forms of non-genomic inheritance. Furthermore, heritability estimates can be 
influenced by these factors too, and can differ greatly depending on the environment in 
which the data were obtained. 

In this paper, we review the evidence for genetic and environmental influences on 
brain and especially behavioural lateralization in humans and other animal species. 
We focus on handedness since this might be more sensitive to (especially postnatal) 
environmental factors than lateralization of cognitive functions. We will first discuss 
the explanatory power of the existing genetic models for human handedness, includ-
ing their strengths and weaknesses followed by what is known of genetic influences on 
lateralization in other animal species. Next, we will focus on environmental influences 
and review evidence for humans and other vertebrate species. Section 4 summarizes and 
synthesizes both sections and offers suggestions for future research. 
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Explanatory power of genetic models 
One of the most common ways to investigate lateralization in humans is measur-

ing handedness in combination with cerebral dominance for speech for which several 
genetic theories have been proposed. We will briefly describe the features of the main 
genetic models and the findings that challenge the hypothesis that handedness is deter-
mined genetically. For each of these potential problems, we will explore to what extent 
environmental factors may be an alternative to the genetic explanation. 

Models of genetic transmission of handedness 
Although offspring of left-handed parents are more likely to be left-handed than 

offspring of right-handed parents, right-handed offspring can be produced by two left-
handed parents (Rife 1940; McManus & Bryden 1992). The classical Mendelian approach 
incorporating a recessive allele for left-handedness (Jordan 1911) was therefore discarded. 
Subsequently, several other single-locus models were proposed. These models do not 
propose the existence of genes encoding for right-or left-handed ness, but alleles for 
right-handedness (in combination with left-hemispheric dominance for language), and 
handedness (and language) becoming left-or right-lateralized by chance (Annett 1972, 
1985, 2002; McManus 1985a, 1999; Klar 1996). This is to account for the finding that left-
handers can be lateralized for language in either direction. In Annett’s theory, a normal 
distribution (arising from environmental influ ences) of the difference in skill between 
the two hands exists. A ‘right’ allele, which encodes for left-cerebral dominance for 
speech, shifts this distribution to the right (increasing right-over left-hand skills; figure 
1a). An individual with low left-hand skills and high right-hand skills is therefore likely 
to become right-handed (but not necessarily so if environmental factors, such as social 
pressures are high). By contrast, the right allele in McManus’ and Klar’s models encodes 
directly for right-hand preference and left-cerebral dominance (figure 1b,c, respectively). 
In these two models, homozygous individuals for the ‘chance’ allele (no right allele 

Figure 1 • Distribution of lateralization of 
handedness in proportion of individuals 
with a certain allele combination, accord-
ing to three genetic models: (a) Annett ’s 
model for hand skill, (b) McManus’ model 
and (c) Klar’s model, both for hand prefer-
ence. 1, homozygote chance; 2, heterozy-
gote; 3, homozygote for right allele. For 
details see text.
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present) will be left-or right-handed with language left-or right-lateralized all with equal 
prob abilities, whereas in Annett’s model the skill distribution is centred around zero 
with approximately 50 per cent of these individuals better skilled with the right hand 
and 50 per cent with the left hand. Depending on the theory, heterozygotes become either 
right-handed (Klar 1996) or have an increased chance of becoming right-handed (Annett 
1972, 1975; McManus 1985a, 1999). Homo zygotes for the right allele will be right-handed 
according to McManus (1985a, 1999) and Klar (1996); inAnnett’s model (1972, 1975), these 
individuals can still be left handers, owing to the fact that the model describes a shift 
in the distribution of skill between the hands that still extends, albeit at low frequency, 
into the better left-hand skilled range. In contrast to the single-locus models, Levy & 
Nagylaki (1972) proposed a two-loci, four-allele model. One locus encodes for cerebral 
dominance for speech, the other for either contralateral or ipsilateral hand control rela-
tive to the dominant hemisphere. Yeo & Gangestad (1993) proposed that there is little 
or no direct genetic effect on handedness. A deviation from the moderate right-handed 
population mean is assumed to be caused by early polygenetic homozygosity causing 
developmental instability and extreme right-or left-handedness. 

Challenges for the models 

(a) The twin paradox 
There are several general problems concerning the validity of these genetic models. 

The first emerged from twin studies. To disentangle genetic from environmental factors, 
many investigators compared monozygotic (MZ) with dizygotic (DZ) twins. MZ twins are 
more likely to be concordant concerning handedness than DZ twins (for a meta-analysis 
see Sicotte et al. 1999), suggesting genetic inheritance. However, between 10 and 25 per 
cent of MZ twins are still discordant for handedness (Rife 1940; Bryden 1982; Sicotte et al. 
1999). Several suggestions were made to fit this MZ twin discordance phenomenon into 
genetic models. Based on calculations concerning gene frequencies, Klar (1996) expected 
18 per cent of the individuals in the population to be lacking the right gene and thus 
developing direction of lateralization by chance and this could explain the 18.3 per cent 
discordance in MZ twins found by Rife (1940). This is because lack of the fully penetrant 
right alleles in Klar’s model would induce the individual members of MZ twins to develop 
handedness at chance independently of each other. However, just as many concordant 
as discordant twins with this genotype are expected on the basis of chance, so that 18 
per cent of the genotype would lead to 9 per cent discordant and 9 per cent concordant 
twins. The theory can thus only account for half of the discordant MZ twins observed in 
the population. Furthermore, it cannot explain the higher incidence of left-handedness 
in twins compared with singletons (Sicotte et al. 1999). Similarly, both McManus (1985a, 
1999) and Annett (1972, 1975) proposed that discordant MZ twins could be homozygotic 
for the chance allele. In addition, due to the additive nature of their models, discordant 
MZ twins can also be heterozygotic and in Annett’s model even homozygotic for the right 
allele. An addition to Annett’s (1978a) model assumes that the right shift caused by the 
right allele expresses weaker in those who are less mature at birth, and it was proposed 
that this is the case for twins relative to singletons. This decreased gene expression is 
assumed to be caused by disturbances of development during a sensitive prenatal period 
and would explain the high frequency of discordances and the increased incidence of 
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left-handedness in twins compared with singletons (Sicotte et al. 1999, but see Medland 
et al. 2003). However, Orlebeke et al. (1996) argued that decreased maturation and the sup-
posedly associated reduced expression of the right shift cannot account for increased 
left-handedness in twins because the first born twin is heavier and still more often left-
handed than the second-born twin. The model of Levy & Nagylaki (1972) states that indi-
viduals with identical genotypes exhibit the same dominant hemisphere for language 
and the same hand preference, and attributes the prevalence of discordant MZ twins to 
environmental factors such as pathogenic and mirror-imaging effects (see below). 

(b) Explanations of the twin paradox by environmental factors 
Clearly, solely genetic inheritance is unlikely to explain the twin paradox. Proposed 

environmental expla nations for the high proportion of discordant MZ twins include the 
suggestion that the MZ twinning process itself is pathological (James 1983; Boklage 1987; 
Levin 1999; Sommer et al. 1999), and the mirror-imaging theory that states that owing to 
relatively late splitting of the already slightly lateralized embryo, the members of MZ twins 
represent the ‘right’ and ‘left’ halves of the egg (Newman 1928; Stocks 1933). However, the 
finding that the incidence of left-handedness is not different between MZ and DZ twins 
is in contrast with these two hypotheses (Sicotte et al. 1999). A more viable explanation 
is that discordant MZ twins are affected by differential environmental factors such as 
differential perinatal stress that is associated with higher incidences of left-handedness 
(Soper & Satz 1984; Sicotte et al. 1999 and references therein; Hopkins et al. 2000 for chim-
panzees). For example, primiparae might be more exposed to birth stress (Orlebeke et al. 
1996), twins might influence each other, and twin members lay in differential position in 
the womb (Geschwind & Galaburda 1985) possibly affecting lateralization in twins. 

(c) Sex differences 
The second challenge concerning the genetic models of handedness is that males 

show higher incidences of left-handedness than females (11.6% versus 8.6%; McManus 
2002). A simple autosomal genetic theory may thus not explain this sex difference. 
Annett addressed the sex differences in handedness similarly to the way she addressed 
the twin paradox: the right allele would express weaker in those who are less mature at 
birth (Annett 1978a; Davis & Annett 1994), which in this case means less in males than 
females. The parameters of the model thus changes depending on the sex and singleton/
twin state of the offspring. A revision of the McManus’ model (1985a) incorporated a novel 
rare recessive allele located on the X chromosome, which suppresses the autosomal right 
allele (McManus & Bryden 1992). Higher incidences of left-handedness are then expected 
in males because males, having only one X chromosome, need only one of this rare reces-
sive allele, whereas females need two. Several other sex-chromosomal linked models have 
been proposed (Crow 1993, 1995; Jones & Martin 2000). Laval et al. (1998) found evidence 
for a quantitative trait locus (QTL) on the X chromosome for linkage to relative hand skill. 
Although this was partly supported by a genome-wide scan, more important linkages 
to relative hand skill were found on other chromosomes (Francks et al. 2002). Another 
genome-wide analysis found no evidence for the presence of QTL linked to handedness 
on the X chromosome (Van Agtmael et al. 2003). These studies suggest that handedness 
has a genetic component, but that a single-gene model is unlikely and that the genetic 
factor influencing handedness is most probably multifactorial. However, it is concei vable 
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that these multiple genes may inherit as a single-locus trait. This is for example the case 
of co-adapted gene complexes that are linked due to their position on the same arm of an 
inversed part of a chro mosome (Kamping & Van Delden 1999). In the case of genes being 
distributed over several chro mosomes, inheritance as a single locus is, however, not con-
ceivable. However, in that case it may account for the random factor postulated to deter-
mine lateralization, but not for the dominant allele that would induce right-handedness. 
Neurodevelopmental disorders are, just as left-handedness, more common in males. Yeo 
& Gangestad (1993) proposed that males show higher degrees of polygenetic homozy-
gosity, inducing developmental instability leading to increased left-handedness. They 
however do not explain the cause of the supposedly increased homozygosity in males. 

The incidence of left-handedness is higher when the mother is left-handed and the 
father is not, than when the father is left-handed and the mother is not (Falek 1959; Porac 
& Coren 1981; McManus 1991; Annett 1994; Mckeever 2000). This either suggests a form 
of genomic imprinting or parental effects. Annett addressed this problem based on a 
Carter (1961) effect. However, the Carter effect can occur when an inherited character-
istic is genetically multifactorial, whereas Annett’s model is not. As mentioned earlier, 
McManus & Bryden (1992) suggested an X-linked recessive gene that can suppress the 
autosomal right gene. This can explain not only the differences in incidences of left-
handedness between males and females, but also this maternal effect. A female carrying 
two copies of this allele should then produce 100 per cent left-handed sons. Unfortunately, 
this prediction cannot be tested because the locus of this proposed gene is unknown, if 
it exists at all. Klar (1996) did not explain sex differences by genetic factors but attributes 
them and the maternal effects to environmental factors, such as differential sensitivity 
to social pressures (see below). 

(d) Explanations of the sex difference and maternal effects by environmental 
factors 
Several environmental factors may explain the higher incidence of left-handedness in 

males. First, men and women may differ in their sensitivity to social pressures. Females 
more often report to successfully change hand preference owing to social pressures. 
Furthermore, both males and females may be more under maternal than paternal social 
pressures, for example owing to more mother–offspring than father–offspring inter-
actions (Morgan & Corballis 1978; Porac et al. 1986). In addition, as suggested by Falek 
(1959), left-handed fathers could also be more aware of the disadvantages concerning 
employment of left-handers than left-handed mothers. This could lead to higher social 
pressures when the father is left-handed than when the mother is. The offspring of left-
handed fathers could thus more often conform to right-handedness. Additionally, it has 
frequently been suggested that sex differences in lateralization may be due to differen-
tial exposure to gonadal steroid hormones (reviewed in Pfannkuche et al. 2009). 

(e) Inconsistencies with data 
McManus (1985b) showed that a symmetrical bimodal model can describe the hand-

edness skill distribution data at least for some tasks better than the right-shift model of 
Annett. The model of Klar also faces a problem. One of the predictions of Klar’s (1996) 
model is that right-cerebral dominance for speech is expected in 50 per cent of left-
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handed individuals (those lacking right alleles). However, several functional magnetic 
resonance imaging (fMRI) studies in non-pathological left-handers are in conflict with 
this (Jansen et al. 2007). Furthermore, the prediction that left-handed parents produce 50 
per cent left-handed children does not hold (Annett 2008). The two-loci model of Levy & 
Nagylaki (1972) is inconsistent with the observation that left-handers tend towards ambi-
laterality, whereas right-handers show almost complete specialization of the hemispheres 
(Goodglass & Quadfasel 1954; Subirana 1964). If full expression of the alleles occurs only 
when a dominant allele is present at both loci, this problem is solved. This is however a 
post hoc addition to the model and should be tested in a new dataset. 

Evidence from animal models 
To validate the models and to disentangle between genetic and environmental factors 

influencing handed ness, experimental studies should be performed. Owing to obvious 
ethical reasons, such studies can only be carried out in non-human animals. 

(a) Descriptive evidence 
In chimpanzees, handedness was measured by means of a tube task in which peanut 

butter must be obtained from a tube using one hand. Of the offspring of right-handed 
mothers 86 per cent were right-handed, but only in second to fifth offspring within a 
litter in which pregnancies have relatively low developmental instabil ity. In the other 
offspring, only 46 per cent born to right-handed mothers were right-handed indicating 
both a heritable and environmental effect (Hopkins et al. 2001). In another study in wild 
chimpanzees, both maternal-offspring and maternal half-siblings hand preferences 
were significantly associated and concor dance rates in mother–offspring and between 
maternal half-sibling were higher than chance (Lonsdorf & Hopkins 2005). Annett (2006) 
suggested that chim panzees show a genetically determined right shift, although the 
magnitude of expression was significantly less than that in humans. Although her model 
may perhaps fit the data, this suggestion is in contrast with her idea that lateralization 
in handedness has evolved in consort with that for language, since chimpanzees lack the 
capacity for the latter. Alternatively, the heritable component can be explained by a non-
genetical maternal effect (see p. 37). 

(b) Experimental evidence
 An attempt to selectively breed mice for the direction of pawedness failed, although 

selective breeding attempts for the degree of pawedness were successful (see Collins 1985 
for a review). Variation within the latter strains was still present, suggesting environ-
mental influences. Collins et al. (1993) showed that differences in total heterozygosity did 
not explain the difference in degree between the strains as was originally proposed by 
McManus (1992). We would like to point out that conclusions about the genetic back-
ground of a trait based on selective breeding experiments without cross-fostering the 
offspring should be made with caution. These experi ments are not capable of distinguish-
ing between genetic and environmental effects (such as learning). Moreover, in order to 
rule out any prenatal effects (such as hormones) on lateralization, zygote transloca tion 
is necessary. An artificial selection study in the poeciliid fish Girardinus falcatus on the 
preference to investigate certain stimuli with either the left or right eye estimated the 
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heritability of degree and direction greater than 0.5 (Bisazza et al. 2000). However, after 
the first gener ation, the response to selection ceased. Some potential explanations for 
the latter finding were suggested in which fish showing the lateralization opposite to the 
one selected for have an advantage. For example, fish of such opposite lateralization may 
surprise conspecifics in their approach from the other side, leading to more successful 
forced copulations or more successful predation (Bisazza et al. 2007). Hori (1993) inves-
tigated the inheritance pattern of lateralization in the fish Perissodus microlepis. These 
fish eat scales from the flanks of prey fish by attacking them from either the left or right 
side and have therefore a slightly asymmetrical mouth opening, directed to, respec-
tively, the right or left. He suggested that this ‘mouthedness’ is inherited in a Mendelian 
fashion with right mouthedness being dominant. This is, however, not consistent with 
the finding that two left-mouthed parents can produce up to 25 per cent right-mouthed 
offspring. Later, Hori et al. (2007) adjusted the explanation by suggesting that the right-
mouthed allele is lethal when homozygous. However, the data of Hori (1993) suggested 
that homozygous right-mouthed fish are present in the population. The inheritance pat-
tern of this trait thus remains unclear. 

In conclusion 
Although several elegant genetic models for lateraliza tion of handedness and lan-

guage fit well the majority of the distribution and inheritance data by assuming certain 
rules for genetic inheritance, they require several ad hoc additions for explaining devia-
tions from the main pattern. These additions are not always fully supported by inde-
pendent data. This may either suggest that the specific deviations, such as the twin, sex 
and maternal effects, may be best explained by environmental factors, for which indeed 
some sugges tions have been made in the literature; or it may even suggest that the basic 
assumptions of the models are not correct, as has been discussed earlier. The latter is 
supported by the fact that the few genome scans performed concerning handedness 
could not find evidence for a simple genetic model, but suggest a more complex interplay 
between different genes involved. In any case, the models do not rule out an important 
role for environmental influences on the development of lateralization. Interestingly, 
models such as those from Annett (1972, 1985) and Klar (1996) explicitly need environ-
mental factors to fit the observed incidences of left-handedness. Few attempts to identify 
the potential genetic background of handedness in non-human animals have been per-
formed. So far, the results are inconsist ent with each other and with the human models 
proposed, although Annett (2006) suggested some resemblance between humans and 
chimpanzees in the genetic inheritance of hand-use lateralization. No genetic models 
for lateralization in animals have been built and human models have hardly been tested 
in animals. More animal studies are crucially needed to investigate the inheritance of 
laterality in animals. This could shed light on its evolution and generate hypotheses for 
its inheritance in humans.
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Potential environmental factors 
Section 2 indicates that there is ample opportunity for environmental factors to affect 

the development of behavioural lateralization. In this section, we will discuss these factors 
in more detail, focusing on the potential effects of social modulation such as social pres-
sures and parental effects (including cradling), as well as asymmetric input of stimuli. 
Additionally, the organizational and activational effects of steroid hormones have been 
suggested to be relevant for lateralization. This topic will be discussed, together with sex 
differences in lateralization, in a separate paper where we present the results of several 
meta-analyses (Pfannkuche et al. 2009). We start with a short description of development 
of behavioural lateralization in order to establish when, and to what extent, it gradually 
develops. This may indicate to what degree and in which stage in development there is 
scope for environmental effects to act. We will not focus on pathological development. 
It is well known that the incidence of left-handedness is positively related to behavioural 
disorders, birth stress and low birth weight (Bakan et al. 1973; Coren 1993 for a review), 
and this is reviewed in another contribution to this issue (Llaurens et al. 2009). 

Early development of handedness 
Human foetuses prefer to use the right hand for thumb sucking already in the third 

trimester independent of lying position in the womb (Hepper et al. 1991). Thumb-sucking 
behaviour, but no other prenatal hand–mouth contacts (de Vries et al. 2001), is a good pre-
dictor for handedness later in life (Hepper et al. 2005). Similarly, prenatal head position 
shortly before birth correlates with the preferred head position of neonates in a supine 
position, which again correlates with handedness in reaching tasks 12–74 weeks post-
partum (see p. 35). Although these data suggest that predispositions for handedness are 
already present early in ontogeny, they do not exclude a role for environmental factors 
affecting lateralization later in life. In fact, prenatal influences may be very important 
(see below and e.g. Pfannkuche et al. 2009). In addition, during early childhood, handed-
ness still shows considerable fluctuations (Gesell & Ames 1947; Goldfield & Michel 1986; 
Corbetta et al. 2006; Michel et al. 2006). Not until the age of 4 years right-handed behaviour 
predominates and unilateral hand preference is well established at the age of 9 (Gesell & 
Ames 1947). Therefore, the data suggest that although predispositions for lateralization 
are present already early in ontogeny, handedness is still open to environmental influ-
ences later in life, much as early predispositions for motor patterns (courtship postures 
and calls) and cognition (imprinting on the mother) in birds can still be modified in later 
life (Johnson et al. 1985; Groothuis 1993). 

Environmental factors: asymmetric input of stimuli 

(a) Head position in humans 
A few weeks before birth, the foetus’ head position becomes fixed in utero. Of the 97 

per cent of foetuses that lie in a cephalic position, two-thirds lie with their right ear and 
one-third with the left ear facing out (Michel & Goodwin 1979; Previc 1991 and references 
therein). This position correlates strongly with the head position of the neonates that lie 
in a supine position (Michel & Goodwin 1979). The supine head orien tation affects the 
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experience with the right and left hand. Previc (1991) has argued that this 2 : 1 ratio is more 
characteristic for many behavioural asymmetries in human and non-human populations 
than the 9 : 1 ratio typical for human handedness. He proposes that these asymmetries 
originate from an asymmetrical prenatal development of the ear and labyrinth. Speech is 
then lateralized through a slight right ear advantage in the mid-frequency sound range. 
This advantage is derived from an asymmetrical craniofacial develop ment. Vestibular 
lateralization, which is linked to motor behaviour, can be traced back to the asymmetri-
cal head position of the foetus during the final trimester. This asymmetry would come 
about through the differential experience of the left and right vestibules in the final 
trimester caused by motoric movements of the mother, perhaps creating a pathway for 
maternal effects discussed earlier. Most (70–80%) neonates prefer to turn their head to 
the right side when they are in a supine position (Michel & Goodwin 1979; Michel 1981; 
Konishi et al. 1986; Previc 1991; Ronnqvist et al. 1998; Ronnqvist & Hopkins 2000; Dam-
erose & Vauclair 2002). This preference appears at the second day of life, at which time 
they are also more reactive to sounds on the right-hand side (Turkewitz et al. 1966). This 
tendency diminishes in the course of development. The supposed effects on functional 
motor lateralities have therefore been argued to be only transient (Konishi et al. 1986). 
However, the amount of spontaneous visual experience with each hand, which is domi-
nated by head position, predicts which hand predominated in visually elicited reaching 
at 12 weeks (Coryell & Michel 1978). Moreover, as already mentioned, head orien tation in 
a supine position correlates with handedness during reaching in the period 12–74 weeks 
post partum (Kuo & Shen 1937). Inducing differential experience with hands during early 
development has been a worldwide natural experiment. Across the globe, there have been 
large-scale changes in placing babies in a supine or prone position in their cribs, due to 
change in medical advice. As mentioned, in the supine position, there is a natural bias 
towards right-hand use, whereas in the prone position there is no expression of prefer-
ence. This is because of the parental strategy of alternating the baby’s head to the left 
and right in order to avoid asymmetrical skull development, and because of the baby’s 
inability to change the head position in the first months by itself. Interestingly, there 
was an increase in non-right-handed toddlers (at 18 months of age) that were reared in 
the prone position (Konishi et al. 1987). This suggests that head position is causative to 
handedness. We are currently conducting a study in The Netherlands to see whether we 
can replicate this finding. 

(b) Head position in other animal species
 Except for birds, it is unknown whether head position is related to lateralization of 

brain and behaviour in non human species. Owing to the asymmetrical position of the 
avian head in the egg, one eye is positioned against the body, whereas the other lies 
against the eggshell. Light can penetrate the shell and induce brain lateralization (see 
below). However, one should realize that the indirect effect of head position on lateraliza-
tion via its effect on light input has not been disentangled from a direct effect of head 
position, irrespective of light exposure. Although avian models are often used to study 
the development of lateralization, quantitative data support the general idea that bird 
embryos are folded in the egg in such a way that almost all of them receive light with 
the right eye due to their head position (Oppenheim 1973) are surprisingly scarce, and 
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some data suggest much more variation (Riedstra 2003). If the variation of head position 
is substantial, this may severely influence the outcome of experiments manip ulating 
embryonic light exposure. We found that fMRI techniques can be successfully used to 
identify the turning position in eggs without exposing them to light (B. Riedstra 2007, 
personal observation). 

(c) Asymmetric light input in birds 
Many bird species (galliformes, pigeons, parrots, raptors and songbirds) show behav-

ioural lateralization in visually guided behaviours (e.g. Andrew & Brennan 1983; ten Cate 
et al. 1990; ten Cate 1991; Rogers 1996; Alonso 1998; Manns & Gunturkun 1999; Bobbo et 
al. 2002; Templeton & Gonzalez 2004), motor patterns (Rogers & Workman 1993; Goller 
& Suthers 1995; Csermely 2004) and cognitive functions (Nottebohm 1970, 1971; Clayton 
& Krebs 1994, 1995; Floody & Arnold 1997; Gagliardo et al. 2001; Nottelmann et al. 2002). 
Lateralization of visually guided behaviours is influenced by asymmetrical light expo-
sure in the period shortly before hatching. Light reaching the eye through the eggshell 
induces growth of the visual projections from the exposed eye to the contralateral hemi-
sphere and induces functional lateralization (Rogers 1996). Hemispheric control of attack 
and copulation becomes dominant in the hemisphere contralateral of the light-exposed 
eye, both when exposing the naturally exposed eye or by experimentally exposing the 
normally occluded eye to light (Rogers 1990). Chicks receiving no light also become lat-
eralized but the direction of lateralization is unpredictable (Rogers 1982). In addition, 
dark-incubated chicks become less strongly lateralized and have poorer performances in 
dual tasks (Dharmaretnam & Rogers 2005). Unfortunately, further studies addressing the 
extent and nature of lateralization in dark-incubated chicks are lacking, although these 
could reveal to what extent other factors than light guide the development of lateraliza-
tion. It is not our intention here to review the literature on light-induced lateralization 
in birds since excellent reviews on this topic are available (e.g. Rogers 1996). However, we 
stress that there is no evidence showing that asymmetrical light exposure during the last 
phase of incubation is really the default situation in nature. Only one study detailed the 
amount of light exposure to eggs during the incubation period and concluded that this 
was sufficient to induce lateralization (Buschmann et al. 2006). As there is large variation 
in eggshell properties, nest sites determining light availability and incubation patterns 
among avian species, the generality is questionable. Moreover, the adaptive advantage of 
lateralizationhasrecentlybeenquestioned too(Hirnstein et al. 2008). In addition, only one 
study has addressed the question of whether manipulation of light exposure during incu-
bation has consequences in adulthood (Manns & Gunturkun 1999). This is very relevant 
as the effect of early light exposure on asymmetrical visual pathways seem to diminish 
with age in the chicken (Rogers 1995). Since we are here concerned with the mechanisms 
of development of lateralization, and not its functional relevance, this will not be a topic 
of this paper. Finally, light has pleiotropic effects that may confound experiments that 
manipulate embryonic light exposure. Prenatal light exposure also increases growth rate 
and hatching time but reduces hatchling weight (Adam & Dimond 1971; Evans & Evans 
1999; Shafey & Al-Mohsen 2002; Shafey 2004). If these factors affect behavioural and 
brain lateralization, as birth weight and perinatal stress in humans, then light may affect 
lateralization via other pathways than asymmetrical light input only. 
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(d) Cradling in humans 
Right-handed and dextro-cordius mothers prefer to hold infants on the left arm (left-

handed females have not been reported for right-side-holding biases, but no sufficient 
data exist; Donnot 2007), whereas males have no preference (Damerose & Vauclair 2002). 
Cradling by mothers thus induces asymmetrical auditive and visual input, head and arm 
position, potentially influencing development of lateralization. However, left-handed 
cradling may actually restrict right-arm movements of the baby and thereby perhaps 
development of right-handedness. Further more, although there is some evidence that 
the emotional hemispheric specialization of the holder predicts holding bias in left-
handed students, but not in left-handed mothers (Donnot 2007), the effect on the baby’s 
lateralization is not yet known. There is also some evidence that the baby’s head-turning 
preference modulates the side preference of adult handling, but not the other way around 
(Bundy 1979). In conclusion, evidence for an influence on lateralization of the baby is 
lacking. Longitudinal studies on children until their hand preference are stable in rela-
tion to cradling experience, for example in societies that differ in cradling behaviour, 
may be of help. This may perhaps also explain part of the dif ference in the frequency of 
left-handedness observed among societies (see also p. 38).

Environmental factors: adoption in humans and animals 
In an attempt to disentangle between genetic and environmental factors determin-

ing handedness, inves tigators have focused on adoption studies. Surprisingly, parent–
offspring correlations concerning strength and direction of hand preference were 
absent in both adopted and non-adopted children (Rice et al. 1984), perhaps due to the 
very young age of the children investigated (12–24 months). Two other studies showed 
different results. Hicks & Kinsbourne (1976) found that hand preferences of students 
significantly correlated with the writing hand of their biological parent, but not with 
that of their step-parent. Although the authors statistically controlled for the time spent 
living with the step-parent, it is most likely that the hand preference was already estab-
lished in the students long before the step-parent could influence this preference, since 
the mean age of the students when the step-parent moved in was approximately 13 years 
of age (s.d.=3.12). However, a similar outcome was found in a study in which all adopted 
children were taken into the participating families before the age of 1 (Carter-Saltzman 
1980). However, the possibility that later alization and handedness are determined before 
that age, although not yet fully expressed, is still conceivable (see pp. 28, 34-35, 37; Pfann-
kuche et al. 2009). To our knowledge, only one cross-fostering study on handedness, 
measured by means of a tube task with peanut butter (see above), has been conducted 
in non-human animals. In cross-fostered chimpanzee siblings, the concordance rate in 
hand preference was not greater than chance, whereas this was the case for siblings that 
were reared together, strongly suggesting that the underlying mechanisms controlling 
handed ness are heritable, but not genetic (Hopkins 1999). In conclusion, early cross-
fostering studies suggest a strong heritable component, and the chimpanzee studies 
indicate that this may be a non-genetic effect. 
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Changes with age 
In humans, cross-sectional studies reveal that right-handedness increases with age 

(Fleminger et al. 1977; Smart et al. 1980; Brackenridge 1981; Brito et al. 1985; Beukelaar & 
Kroonenberg 1986; Lansky et al. 1988; Dellatolas et al. 1991; Gilbert & Wysocki 1992; Iwasaki 
et al. 1995; De Agostini et al. 1997; Ellis et al. 1998; McManus 2002). Several hypotheses have 
been postulated to explain this phenomenon. 

(i) Since left-handedness has been correlated to lower survival, this might result in 
the decrease in the incidence of left-handedness among elderly people (Halpern & Coren 
1988; Coren 1989; Coren & Halpern 1991). 

(ii) Social pressures against left-handedness over the years declined, so that younger 
people are less restricted and therefore show higher incidences of left-handedness (Hil-
dreth 1949; Levy1974;Brackenridge1981; Leiber& Axelrod 1981 and references in Harris 
1990). Further more, with increasing age, the number of social contacts increase, which 
may enhance the probability to switch towards right-handedness. 

(iii) Humans live in a right-biased world. Tools are made for right-handed individu-
als and this will in time cause a shift towards dextrality in left-handed individuals and 
strengthens right-handedness in right-handers (Porac & Coren 1981).

(iv) Cerebral dominance development is a continuous process that evolves through-
out life and causes the increase in right-handedness with age (Brown & Jaffe 1975; Flem-
inger et al. 1977). 

(v) An information bias in handedness questionnaires has been proposed, resulting 
in a change in the categorization of handedness (Fleminger et al. 1977). This does not seem 
likely as most studies investigating the effect of age on handedness are cohort studies. To 
distinguish between these hypotheses, longitudinal studies that investigate the develop-
ment of lateralization within the individuals are clearly needed. 

Environmental factors: social pressures 

(a) Evidence in humans 
Although right-handers outnumber left-handers in all societies studied, differences 

in the percentages of right-handedness have been observed among different societies: 
sinistrality being, in general, higher in Western societies than in other societies (Iwasaki  
2000 and references therein). These differences could be caused either by environmental 
factors such as increased social pressures in some societies, or by a decreased number 
of the proposed right allele in the gene pool of certain populations. McManus (2002) 
hypothesized that it was possible to disentangle between these genetic and environmen-
tal factors by investigating how strongly handedness runs in families. He assumed that 
if social pressures to be right-handed are strong, left-handedness will run less strongly 
in families. This assumption is not necessarily right as differences in social pressures 
may not be equal for all individuals and vary between families. Porac et al. (1986) found 
some evidence for this. She investigated social pressures within families by assessing 
the amount of attempts to switch handedness: males from right-handed parents were 
more likely to switch from left-to right-hand use than males from one or two left-handed 
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parents. McManus’ conclusion that the decreased incidence of left-handedness in non-
Western popu lations is due to a decreased incidence of the right allele might be false as 
it can also be explained by differential social pressures between families. The hypothesis 
that social pressures can decrease the inci dence of left-handedness is further strength-
ened by the finding of Dawson (1977) who found that more conforming agriculturalists 
measured by means of the Asch Conformity Test show low incidences of left-handedness 
(0.6–3.4%), whereas permissive, non conforming populations show extensively higher 
incidences of left-handedness (11.3–10.5%). 

(b) Evidence for other animal species 
To our knowledge, there are no studies that have tested the possibility of social modu-

lation affecting beha vioural lateralization in non-human animals. However, we recently 
found some evidence for this possibility. Eggs of laying hens (Gallus gallus domesticus) 
were incubated under standard conditions. The chicks were housed in 10 groups of 6 
(± 1) individuals in the same room. At day 4–6, post-hatching behavioural lateraliza-
tion was assessed by detour tests. Chicks had to detour a see-through barrier to reach 
either a group of unknown conspecifics or a mealworm. The side used to detour the bar-
rier was scored in two bouts of five consecutive trials on two consecutive days for both 
stimuli. Preferred eye use for each stimulus, determined by hemispheric organization, 
is thought to determine the side of rounding the barrier (Vallortigara et al. 1999). Indi-
viduals showed consistent choices between tests (r2 =0.69, p<0.0001, n=58), with most 
individuals preferring to turn right in both tests. This suggests that approaching food 
and unknown conspe cifics are functionally located in the same, predomi nantly right 
hemisphere. Interestingly, the variation in lateralization was smaller within groups than 
among groups (figure 2; F=12.66, p<0.001). This is the first evidence suggesting that later-
alization of visually guided behaviours can be modulated by post-hatching social inter-
actions. This could ensure the hypothe sized benefits of a group bias in lateralization, 
as suggested by Vallortigara & Rogers (2005). However, since the experiment was not 
designed for testing this hypothesis, this post hoc finding is currently being replicated. 
Furthermore, Collins (1968) conducted an experi ment in which the effects of social pres-
sures were altered. He found that in a non-biased environment (no pressure) in which 
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food could be obtained with either paw equally well, mice had a side preference, but no 
population bias was observed. When the feeding tube was placed against the right wall 
in such a way that obtaining food was easier using the right than the left paw (mim-
icking the right-biased world of humans), 90 per cent of the mice showed a right paw 
preference (Collins 1975). This result was attributed to a change in paw use in weakly 
left-lateralized individuals. If this is the case, the direction and degree of handedness are 
not independent factors. Collins suggested that right-handedness might work similarly 
in humans. Collins et al. (1993) concluded that the observed differences found in the heri-
tability between degree and direction in humans and mice should not necessarily lead to 
different underlying mechanisms. In conclusion, evidence exists for social modulation 
of handedness in both humans and other animal species.

Discussion 
The long-standing debate about the question of whether lateralization of brain and 

behaviour is caused by genes or environment actually focuses on a wrong question. 
Modern developmental biology has recog nized for decades that the phenotype develops 
under the continuous interaction between genetic and environmental influences and 
that both are indispen sable for development. Moreover, in the end product of this inter-
active developmental process, both factors are impossible to disentangle. Therefore, by 
demonstrating the influence of either genetic or environmental components, we cannot 
conclude anything conclusive about the contribution of the other component on the 
developmental process. However, correlative and experimental studies can demonstrate 
which factors are important, and how they interact. Unfortunately, gene–environment 
interactions have not been explicitly studied, but for instance the difference in lateral-
ization between light-and dark-reared birds in which the latter still show some degree 
of it (Rogers 1995) does suggest such an interaction. Moreover, owing to the historical 
focus on humans, descriptive studies outnumber experimental studies by far. We hope 
that this review will stimulate researchers to bring the field more into balance. It has 
been questioned to what extent lateralization in humans and other vertebrates may be 
comparable. We agree that it is likely that humans may have species-specific adaptations 
in their lateralized behaviour. This may explain the strong human lateralization in hand-
edness due to selection on efficient tool use or language (Corballis 2003). Nevertheless, 
we strongly believe that lateralization of brain and behaviour, being such a fundamental 
aspect of the organization in vertebrates, must share common principles for humans and 
other vertebrates, similarly to the blueprint for vertebrate skeleton, physiology, brain 
and behaviour. Evidence for a genetic basis of lateralization in humans is mainly based 
on demographic and herit ability studies of handedness, and the explanatory power of 
genetic models. As argued earlier, the evidence from demographic and heritability stud-
ies does not disentangle genetic from environmental factors such as parental effects, 
and even early adoption studies cannot circumvent prenatal maternal effects. Evidence 
from the modelling approach is not yet fully convincing either. Despite their elegance 
and clever design, the models have limited explanatory power and are not backed up by 
the data from human genome scans, which suggest a multi-genetic control of human 
lateralization. Unfortunately, data from animal experi ments concerning the genetics of 
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lateralization are also inconclusive. Although the few selection experiments in animals 
give some support for genomic heritability, the results are ambiguous and the stud-
ies not always properly conducted. Although some data suggest exciting possibilities, 
evidence for environmental influences on lateralization is ambiguous too. Descriptive 
data that show changes with age are not conclusive for environmental effects since they 
may be genetically encoded. Moreover, in order to assess developmental principles of 
lateraliza tion, longitudinal studies are needed. In humans, the available data suggest 
that although predis positions for handedness may be present already prenatally and 
predictive for later lateralization, handedness can to some extend still change in later 
life. The correlation between early developmental disorders and left-handedness sug-
gests a role for early environmental modulation, but does not tell us necessarily much 
about the environmental effects on undisturbed development. The possibility that in 
humans, left-handers are in fact a heterogeneous group of pathological and ‘normal’ 
left-handers complicates research to a large extent. Actually, the genetic models suggest 
that also the right-handers are a heterogeneous group consisting of both genetically 
right-and left-handers. Interpre tation is further complicated by the use of different cri-
teria to categorize handedness. Finally, more atten tion should be paid to other forms of 
behavioural lateralization, which may not always correlate with handedness, and may be 
more similar to lateralization indices in animals. Unfortunately, in animals even less is 
known about typical development and to what extent early manipulations still exert their 
effect in adulthood. Such long-term studies take time, but are very relevant for further 
progress in the field. Five lines of evidence suggest a role for environ mental modulation 
of lateralized behaviour. First, the finding that rearing position of the neonate seems to 
affect handedness, based on a natural experiment whereby mothers were instructed dif-
ferently to keep their babies in a supine or prone position (Konishi et al. 1987). It opens an 
exciting perspective, although we cannot rule out a confounding effect of time here and 
the study needs replication. Second, the study of cross-fostered chimpanzees (Hopkins 
1999) indicated strong rearing effects, although this is in contrast with a study of early 
cross-fostering in humans (Carter-Saltzman 1980). Third, there is evidence that prenatal 
exposure to steroid hormones affects lateralization in humans (Pfannkuche et al. 2009). 
Fourth, our data on social modulation in the domestic chick warrant further research in 
this direction. Fifth, the effect of asymmetrical light input caused by the asymmetrical 
position of the head in bird embryos has now become a classical example of how early 
environmental factors can influence lateralization. This is consistent with the sugges-
tion that pre-and post-natal head position may affect lateralization by asymmetrical per-
ception in humans. Nevertheless, further studies documenting head position and light 
input in bird eggs and their long-term effects are necessary for interpreting the findings 
from a functional perspective. Furthermore, by manipulating head position together 
with light input, the influence of both factors can be disentangled. 

In conclusion, there is evidence for both genes and environment to affect the develop-
ment of behavioural lateralization, but evidence for both and especially their interaction 
is surprisingly incomplete. With the identification of the human genome, and the use of 
animal models, we believe that substantial progress can be made in the near future. For 
example, by setting up selection lines for differences in strength or direction in lateraliza-
tion and exposing them to different environmental influences such as prenatal hormone 
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exposure, asymmetrical stimulus input, or exposure to conspecifics that are lateralized 
in only one direction, gene–environment interactions can be studied experimentally. 

All experiments were carried out under license of the animal experiments committee 
of the University of Groningen (DECnr 4519). 
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Chapter 3

Abstract
Lateralization of cerebral functions is a fundamental aspect of the organization of brain and 
behaviour in vertebrates. Sex differences in human lateralization have inspired researchers to 
postulate several hypotheses concerning the effect of prenatal testosterone on lateralization, 
but few experimental studies have examined these hypotheses. We investigated whether 
prenatal testosterone affects strength or direction of lateralization in a cichlid fish, Aequidens 
rivulatus. Eggs were given a control or testosterone treatment immediately after spawning, 
mimicking elevated maternal androgen concentrations towards the high end of the natural 
range. After 7 months the fish were tested in two rotational preference tests. As expected 
from earlier studies, control fish showed (nonsignificant) right-eye preference while viewing 
a predator and (significant) left-eye preference while viewing their mirror image, but no clear 
sex differences were apparent. A sex-specific effect of our treatment was found in the first 
test. Only females exposed to elevated prenatal levels of testosterone significantly shifted 
in direction of lateralization. In the second test no effect of the treatment was found. Our 
results suggest that mothers have a stronger influence on the lateralization pattern of their 
daughters than on their sons, but do not support any of the current hypotheses about prenatal 
testosterone and development of lateralization.
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Introduction
Lateralization, the asymmetric specialization of functions in the brain, is apparent 

in most, if not all, vertebrate animals (Vallortigara & Bisazza 2002; MacNeilage et al. 
2009; Vallortigara et al. 2011). In humans, sex differences in lateralization (for a meta-
analysis see Papadatou-Pastou et al. 2009) has inspired researchers to hypothesize that 
prenatal testosterone (pT) is involved in the development of lateralization (reviewed in 
Pfannkuche et al. 2009). One well-cited hypothesis was put forward by Geschwind & 
Galaburda (1985) and proposed that pT slows neuronal growth in the left hemisphere 
and consequently leads to compensatory growth in the right hemisphere. Increased lev-
els of pT would thus lead to increased dominance of the right hemisphere. This hypoth-
esis has been extensively criticized in the literature (e.g. Bryden et al. 1994; Berenbaum 
& Denburg 1995). Another hypothesis, the sexual differentiation hypothesis, proposes 
that lateralization is related to the process of sexual differentiation and that early ex-
posure to testosterone causes masculinization of lateralization (Hines & Shipley 1984). 
Finally, the callosal hypothesis states that pT increases axonal pruning in the corpus 
callosum of males which leads to a decrease in communication between the hemi-
spheres and therefore increases the strength of lateralization (Witelson & Nowakowski 
1991). This hypothesis only applies to mammals, as nonmammals have no anatomic 
structure homologous to the corpus callosum. 

Although these hypotheses were inspired by sex differences in human lateraliza-
tion, testing them on humans is limited by ethical concerns and human research has 
therefore focused on an observational approach. Unfortunately this approach, using 
either nonrandom clinical samples of individuals with abnormal prenatal exposure 
to gonadal hormones or indirect markers for pT, has lead to ambiguous results. Some 
studies, using clinical samples, found that girls prenatally exposed to higher levels of 
testosterone show enhanced left-hemisphere dominance of language (Hines & Shipley 
1984), whereas others found no effect on language lateralization (Mathews et al. 2004; 
Smith & Hines 2000). Similar studies found that high pT leads to reduced right-hand 
preference (Schachter 1994; Mathews et al. 2004), others to increased left-handedness 
(Nass 1987; Scheirs & Vingerhoets 1995; Kelso et al. 2000; Smith & Hines 2000) and one 
study found no effect on handedness (Helleday et al. 1994). Furthermore some stud-
ies, using indirect markers for pT such as 2D:4D digit ratio, adult testosterone levels 
or sex of the co-twin, found a positive correlation between high levels of pT and right-
handedness (Moffat & Hampson 1996; Gadea 2003), whereas others found a negative (Tan 
1991) or no correlation (Beaton et al. 2011). Only three studies measured pT directly in 
amniotic fluid and correlated this with lateralization patterns of the resulting children. 
Again inconsistent results were found: Grimshaw et al. (1995) found that higher pT ex-
posure was related to increased left-hemisphere specialization of speech in girls and 
not in boys whereas Lust et al. (2010) found a stronger effect in boys, although this did 
not result in a significant sex effect. Furthermore, the first study found that higher pT 
was associated with increased right-handedness in girls, but not in boys (Grimshaw et 
al. 1995), whereas another study found no such correlation between pT and handedness 
(Lust et al. 2011). Few studies have taken an experimental approach in investigating the 
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effects of pT exposure on lateralization in nonhuman animals and, in accordance with 
the observational studies in humans mentioned above, these studies often found sex-
specific effects. Testosterone treatment administered on day 16 of incubation in chick-
ens, Gallus gallus domesticus, reversed the pattern of asymmetry in the brain of males 
and decreased lateralization in females (Schwarz & Rogers 1992). Prenatal testosterone 
treatment also moderately shifted the population-level lateralization of tail posture in 
female Wistar rats, Rattus norvegicus, whereas in males there was no effect (Rosen et al. 
1983). These studies highlight the importance of studying lateralization in general, and 
the effect of testosterone on lateralization in particular, with respect to the sex of the 
animal. A meta-analysis showed that the data available thus far, on both human and 
nonhuman animals, do not support any of the three hypotheses mentioned above, pos-
sibly because of the small number of experimental studies investigating the effects of 
pT on lateralization (Pfannkuche et al. 2009).

 To investigate experimentally the effect of pT on lateralization and its sex speci-
ficity, we used the cichlid fish species Aequidens rivulatus as model organism. Cichlid 
fish are oviparous, facilitating easy manipulation of pT levels in the eggs outside the 
mother’s body. The pT can originate from both the embryo itself and from its mother. 
Congruent with avian species (reviewed in von Engelhardt & Groothuis 2011), egg yolk 
of fish contains substantial levels of maternal steroid hormones, including androgens 
(Schreck et al. 1991; McCormick 1998; Eriksen et al. 2006) that can affect offspring devel-
opment in several fish species (McCormick 1999; Gagliano & McCormick 2009; Sloman 
2010). Since maternal hormone production is under the influence of the environment, 
a mother can communicate the prevailing conditions to her offspring by means of 
depositing different amounts of gonadal hormones into her eggs, influencing physi-
ology, morphology and behaviour, often in a sex-specific manner (birds: reviewed in 
Groothuis et al. 2005; Gil 2008; von Engelhardt & Groothuis 2011). In the current study we 
tested whether elevation of testosterone concentrations in the eggs immediately after 
spawning, mimicking elevated deposition of maternal androgens, affects lateraliza-
tion of cichlid fish species sex specifically. Determination of lateralization is very easy 
in teleost fish, as they have laterally placed eyes, small overlapping visual fields, visual 
pathways that project almost entirely to the contralateral hemisphere and low commu-
nication between the two hemispheres (Vanegas & Ito, 1983). Fish are known to use the 
left eye to view their mirror-image (Sovrano et al 1999, 2001; De Santi et al. 2001; Sovrano 
& Andrew 2006; but see Reddon & Balshine 2010) and the right eye to view a predator 
(Bisazza & Vallortigara 1997; Bisazza et al. 1998, 1999; Facchin et al. 1999; Brown et al. 2004). 
We therefore used these two stimuli to investigate the effect of our treatment on the 
strength and direction of lateralization. 

The hypothesis postulated by Geschwind & Galaburda (1985), proposing that pT 
causes an increase in dominance of the right hemisphere, predicts that fish that were 
prenatally exposed to higher levels of testosterone will show an even stronger bias, com-
pared to control fish, to view their mirror image with their left eye (thus increasing the 
strength of lateralization) as the left-eye system is controlled by the right hemisphere. 
Furthermore, these testosterone-treated fish would shift direction from viewing the 
predator with the right eye towards the left eye, which may result in a decrease in 
strength of lateralization. The sexual differentiation theory predicts that in pT-treated 
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fish both sexes will show an increased masculinized lateralization pattern, as, like in 
mammals, testosterone influences masculinization during the process of sexual dif-
ferentiation in fish (Devlin & Nagahama 2002). However, the literature on sex differ-
ences in lateralization of fish is scarce and ambiguous. Reddon & Hurd (2009) found no 
sex difference in the direction of lateralization in a detour test for viewing objects that 
had positive or negative emotional valence, but both Bisazza et al. (1998) and Sovrano et 
al. (1999) found a sex difference with females showing a population bias to view same-
sex individuals and their mirror image with the left eye, whereas males did not show 
population-level lateralization, although this could be accounted for by a lack of social 
behaviour in males. The opposite was found by Brown et al. (2007) who found a sex dif-
ference with males showing a population bias to look at a conspecific with the right eye 
whereas this was not present in females. Although these results are ambiguous they 
show that a sex difference in lateralization when viewing a conspecific is often found 
in fish. The sexual differentiation theory predicts that pT-treated females will show a 
more masculine pattern of lateralization than control females when viewing their mir-
ror image. The lateralization pattern of the pT-treated females will thus resemble more 
the lateralization pattern of control males. As no sex effect in lateralization has been 
found when viewing a predator (e.g. Bisazza et al. 1998) no effect of treatment is expected 
in this task. As fish have no anatomic structure homologous to the corpus callosum, 
the callosal hypothesis will not be considered, as it cannot be tested in this species.

Methods
Subjects, housing and experimental design

Aequidens rivulatus, a sexually dimorphic, substrate-breeding cichlid fish originat-
ing from Ecuador and Peru (Stawikowski & Werner, 1998) were bred in 200 litre tanks as 
the second generation of wild-caught fish at our laboratory (for details see Schaafsma 
& Groothuis 2011/chapter 4, this thesis). These fish, like most cichlids, show elaborate 
schooling behaviour before reaching sexual maturity and elaborate display behaviour 
during social interactions. Astronotus ocellatus, also a South American cichlid species, 
was obtained from a local pet store (four individuals) and used as a predator stimulus 
in the rotational preference task (see below).  All adult fish were held in pairs and fed 
dry fish flakes (TetraMin Tropical Fish Flakes) daily and additionally received frozen 
shrimps weekly. All tanks were connected to large biological water filtration systems in 
which water temperature was kept at 25±2 °C. The light:dark schedule was 12:12h.

Eight pairs of A. rivulatus were used to obtain eight clutches. Clutches are laid just 
before lights-off and spawning was checked shortly before that time. Eggs were laid 
on shale covered with thin polypropylene sheets. Immediately after the discovery of 
a clutch the shale containing the eggs was gently removed from the tank to minimize 
parental disturbance and immediately replaced by shale covered with clean polypro-
pylene sheets. We then collected the eggs and started the treatment. Of these clutches 
half of the eggs received testosterone treatment and half a control treatment (see below). 
After treatment of the eggs, they were left to hatch in compartments measuring ca. 20 
x 30 cm and 20 cm high. Fry and larvae, housed in groups split according to clutch and 
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treatment, were fed daily with brine shrimp. We tested the fish at 7 months posthatch-
ing (standard length mean ± SD = 3.06 ± 0.061 cm), before they became reproductively 
active. We used 92 fish, originating from four clutches, produced by four different fe-
males and males; only four clutches were used because these were the only ones that 
contained sufficient fish for both control and testosterone-treated groups. The fish un-
derwent both a rotational preference test with a live predator as stimulus (RPT-P) and a 
rotational preference test in which the fish could view their own mirror image (RPT-M; 
see below). Half of the fish first performed the RPT-P and the other half first performed 
the RPT-M. After the first test the fish were gently dip-netted out of the test apparatus 
and placed into a small opaque PVC tube (diameter 5 cm) for acclimatization in the other 
test apparatus for 5 min. After the last test the fish were killed for sex determination (see 
below). 

Treatment of eggs
The freshly laid clutches were gently taken off from the polypropylene sheet using 

a scalpel and divided in two, and placed in well-aerated 200 ml cups containing home 
tank water. One half of the clutch received the testosterone treatment, which was based 
on a pilot study on 11 clutches. In this pilot study we split every clutch into four and used 
four different dosages (0, 2, 20 or 200 µg of methyl-testosterone (MT, Sigma) dissolved 
in 0.1 ml of ethanol per litre of tank water) within a clutch to establish which concen-
tration elevates the mean levels of testosterone to two times the standard deviation of 
control clutches. 

 Based on the results of this pilot study (0 µg MT: mean ± standard deviation = 2.65 ± 
2.51 µg; 2 µg MT: mean ± standard deviation = 5.46 ± 3.92 µg; 20 µg MT: mean ± standard 
deviation = 72.07 ± 56.86 µg; 200 µg MT: mean ± standard deviation = 758.27 ± 561.10 µg) 
we used 3.57 µg of methyl-testosterone (Sigma) dissolved in 0.1 ml of ethanol per litre of 
tank water as the testosterone treatment. The other half of the clutch received a control 
treatment (0.1 ml of ethanol per liter of tank water). After 24 h of treatment, the eggs 
were collected and rinsed with clean water. Half of the testosterone-treated and control 
eggs were frozen for hormone analyses and the other half was left to hatch.

Rotational preference test with predator
This test was based on the test developed by Bisazza et al. (1997) and was mostly 

identical to the procedure of the rotational preference test in the study of Schaafsma & 
Groothuis (2011/chapter 4, this thesis). In short, it consisted of a circular tank (diameter 
48 cm) of which the inside was covered by black polypropylene (Vikuprop, Vink Kunst-
stoffen BV, Didam, The Netherlands). In the middle of the tank a smaller transparent 
circular tank was placed (diameter 20 cm) which contained the predator (of which four 
individuals were used in total; standard length mean ± standard deviation = 13.02 ± 0.62 
cm) restrained from moving by means of two Plexiglas plates. The tank was filled with 
15 cm of water and lit from above with a 60 W light bulb. Two of these identical devices 
were placed in a completely darkened room. The subject fish were allowed to acclima-
tize in a small opaque PVC tube (diameter 5 cm), which was positioned anterior to the 
predator for 5 min. Thereafter, the light was switched on, the tube was gently removed, 
and behaviour recorded for 15 min. The recordings were analysed using the software 
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program Observer 6.0 (Noldus Information Technology, Wageningen, The Netherlands). 
Time spent swimming in a clockwise or anticlockwise position was computed. We ex-
cluded from analysis the time fish spent turning to change their viewing position or 
trying to escape from the apparatus (facing the outer wall).

Rotational preference test with mirror
This test consisted of a circular tank (diameter 30 cm) with mirror foil attached to 

the inner wall. The tank was filled to the edge of the mirror foil with water (15 cm). The 
subject fish was gently dip-netted into a small opaque PVC tube (diameter 5 cm) placed 
in the middle of the apparatus and left to acclimatize for 5 min in total darkness. Then 
the light was turned on, the tube gently removed, and behaviour recorded for 15 min. 
The recordings were analysed in the same way as described for the RPT-P.

Sex determination
Immediately after the behavioural tests the fish were placed in a 200 ml opaque cup 

containing a clove oil and water mixture that had been thoroughly mixed, a technique 
commonly used to euthanize fish (see section Ethical note below). After euthanasia the 
fish were decapitated and immediately frozen at -80 °C. At the time of histology the eu-
thanized fish were taken out of the freezer, tail and epaxial musculature were removed 
and transverse serial sections were cut at 12 µm, stained with haematoxylin-eosin Y and 
examined under a light microscope. We scored the presence of ovarian or testicular tis-
sue. Hermaphrodite fish were not found. Sex determination revealed 22 males (12 con-
trols) and 44 females (19 controls). In 26 fish no ovarian or testicular tissue was found.

Determination of egg hormone levels
Egg testosterone levels were quantified by radioimmunoassay after extraction. 

First, hormones were extracted from egg samples using a modification of a protocol 
used previously on salmonid eggs (Eriksen et al. 2006). Briefly, samples were weighed 
(to the nearest 0.001 g), and crushed in a glass Potter homogenizer after adding 500 μl 
of 100% methanol. The sample was transferred to a glass tube, and the Potter tube and 
rod were each rinsed twice with 500 μl of 100% methanol and then added to the glass 
tube. The sample was then dried under nitrogen at 50 °C, and extracted in 3 ml of 70% 
diethyl ether (DEE) and 30% petroleum benzine (PB), vortexed for 60 s and centrifuged 
(2000 rpm, 5 min, 4 °C). This process was repeated twice (addition of 3 ml 70% DEE/30% 
PB, 30 s and 15 s vortex, respectively). All extracts from each sample were combined and 
dried under nitrogen at 37 °C. Next, 2 ml of 70% methanol was added and the sample 
was vortexed and left for 3 days at -20°C. Then, the extracts were centrifuged for 5 min 
(2000 rpm, 4 °C), decanted and dried under nitrogen at 50 °C. Subsequently, extracts 
were dissolved in 150 μl of phosphate-buffered saline with gelatine. From this solution, 
a subsample of 20 μl was taken, mixed with scintillation cocktail (Ultima Gold, Perkin 
Elmer) and radioactivity (3H, Perkin Elmer) counted on a liquid scintillation counter. 
Standards for each assay were prepared using dilution series from preprepared stock 
and ranged from 0.04 to 20 ng/ml of testosterone. Egg dilution curves ran parallel to the 
standards. Intra-assay CV was 3%.
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Statistical analysis
Five of the 22 males (two testosterone) and five of the 44 females (all testosterone) 

were immobile during the RPT-P and were removed from further analyses. In the RPT-M 
five males (four testosterone) and five females (four testosterone) were immobile during 
the test and were removed from further analyses.

Following the literature (e.g. Bisazza & Vallortigara 1997), we calculated a laterality 
index (LI). In the RPT-P the LI was calculated using the formula: (time spent swimming 
anticlockwise – time spent swimming clockwise)/(time spent swimming anticlockwise 
+ time spent swimming clockwise). In the RPT-M the LI was calculated as: (time spent 
swimming clockwise – time spent swimming anticlockwise)/(time spent swimming 
clockwise + time spent swimming anticlockwise). In this manner, the formulas calcu-
lating the LIs in the RPT-P and RPT-M both resulted in positive values when the left eye 
was used more, and negative values when the right eye was used more, because in the 
RPT-P test anticlockwise swimming indicates fixating the predator with the left eye 
while in the RPT-M test anticlockwise swimming indicates viewing itself in the mirror 
with the right eye. 

Also, the absolute value of the laterality index was calculated to investigate the 
strength of lateralization, independent of the direction.

After we applied an arcsine square-root transformation the LIs followed a normal 
distribution. The log (x x 100 + 1) transformations of the absolute values of the LI were 
not completely successful in normalizing the data, but the residuals of the models (in 
contrast to the residuals of the models when the untransformed variable was used) fol-
lowed a normal distribution. Variances of the dependent variables were not significantly 
different across groups in all models. The LI and |LI| were analysed using hierarchical 
models in the software program MLwiN 2.02 (Rasbash et al. 2005). We created two levels, 
the highest being clutch ID and the lowest fish ID. Treatment and sex were the categori-
cal predictive factors. The models were estimated using restricted iterative generalized 
least squares. Significance of the fixed factors was tested using the Wald statistic, which 
follows a chi-square distribution.

To test whether groups showed a population bias of lateralization, we conducted 
one-sample t tests. To investigate whether our hormone treatment was effective we 
used a Wilcoxon signed-ranks test, as hormone concentrations concerned paired, non-
normally distributed data. These statistical analyses were performed in the software 
program SPSS 16.0.2 (SPSS Inc., Chicago, IL, U.S.A.). All tests were two tailed and signifi-
cance level was set at α<0.05. 

Ethical note
Hatching success and survival of the larvae over the first few days after hatching 

was low in four out of eight clutches, irrespective of treatment. As clutches were not 
attended by their parents, which would normally fan and clean the eggs, this lack of 
parental care might have been the primary cause. We had no indications that the wel-
fare of fish that were exposed to pT levels elevated within their physiological range was 
impaired. No adverse effects of testosterone were seen on survival or growth. Fish were 
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killed by an overdose of clove oil (1 g/litre). We used clove oil in more than five times the 
anaesthetic solution (maximum 100 mg/litre for induction in fish, Neiffer & Stamper 
2009). Clove oil has been shown to be an appropriate anaesthetic in fish, inducing an-
aesthesia quicker than MS-222 (Perdikaris et al. 2010) and is a recommended method for 
euthanasia in fish (ANZCCART 2001). Opercular movement ceased within 1 min and fish 
were left in the solution additionally for at least 10 min. After euthanasia the fish were 
decapitated and immediately frozen at -80 °C.

The predators, being hand tame and very calm in our tanks, were restrained during 
the behavioural trials by means of two Plexiglas plates to prevent any lateralized interac-
tions between the predator and the subject fish. These plates were loosely placed in such 
a manner that the fish could still move but could not turn. The predators showed tonic 
immobility when first placed in this position, but after approximately 2 min showed a 
normal posture and no changes to a darker colour (a sign of stress in many cichlid fish) 
were noted. Individual A. ocellatus were used for a maximum of 1 h and reused after a 47 
h period of recovery in the home tank. All experimental protocols were approved by the 
ethical committee for animal research of the University of Groningen.

Results
Treatment of eggs

The testosterone treatment significantly affected the concentration of testosterone 
in the eggs after 24 hours (control: median = 1.15 pg/mg: testosterone: median = 3.13 pg/
mg; Wilcoxon signed-ranks test: Z = -1.960, N = 8, p < 0.050). The testosterone-treated 
eggs showed an increase in testosterone 2.76 times the standard deviation of the control 
eggs (standard deviation = 0.717).

LI during rotational test with predator  
No sex effect in LI was apparent in the control fish (χ2

1 = 0.149, p = 0.699). Although the 
control fish viewed the predator as expected mainly with their right eye (Figure 1a), this 
population bias was not significant (one sample t37 = 0.152, p = 0.880). However, we did 
find a sex-specific treatment effect. Control females viewed the predator mainly with 
their right eye whereas testosterone-treated females looked at the predator mainly with 
their left eye resulting in a significant treatment effect (χ2

1 = 4.764, p = 0.029). Males did 
not react to the treatment (χ2

1 = 0.01, p = 0.975) and did not show a significant preference 
for either eye to view the predator (figure 1a). Nevertheless, there was no significant in-
teraction effect between treatment and sex present on LI (χ2

3 = 5.630, p = 0.131), possibly 
due to low sample size. Post-hoc tests show that testosterone females showed a signifi-
cant population bias to look at the predator with their left eye (one-sample t19 = 2.433, p 
= 0.025,) whereas none of the other groups showed a significant population bias (all p 
values > 0.477, Figure 1a).

Control females showed a non-significant trend to be stronger lateralized than 
control males (χ2

1 = 3.148, p = 0.076, Figure 1b). Treatment had no effect on the absolute 
laterality index in females (χ2

1 = 0.117, p = 0.732), or in males (χ2
1 = 1.692, p = 0.193), and no 

interaction effect between treatment and sex (χ2
3 = 2.692, p = 0.442; figure 1b).
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LI during rotational test with mirror
No sex effect in LI was apparent in the control fish (χ2

1 = 0.001, p = 0.975). As expected, 
the control fish showed a significant population bias to view their mirror image with 
the left eye (one-sample t40 = 2.260, p = 0.029). The testosterone treated fish did not show 
population bias lateralization in this test (one-sample t39 = 1.308, p = 0.198).

No effect of treatment was detected on the laterality index in RPT-M in either sex 
(females: χ2

3 = 0.013, p = 0.909 and males: χ2
1 = 1.634, p = 0.201, treatment*sex: χ2

3 = 1.136, p = 
0.768, figure 2a). 

No sex effect was apparent in the absolute value of the LI in the control fish (χ2
1 = 

0.034, p = 0.853). There was no effect of the treatment on the females (χ2
1 = 0.347, p = 0.556) 

or on males (χ2
1 = 1.125, p = 0.289), or an interaction effect between treatment and sex (χ2

3 = 
2.761, p = 0.430) on the absolute value of the LI (Figure 2b).

Discussion
In this study we aimed to test the influence of maternal androgen variation in eggs 

on offspring lateralization by means of artificial elevation of egg testosterone concen-
trations within the physiological range in a cichlid fish. Results of the hormone assay 
showed that our treatment was successful in elevating yolk hormone levels in the upper 
physiological range of this species. We performed two lateralization tests of visually 
guided behaviour, and expected, based on the literature, that the control fish would 

Figure 1 • (a) Laterality index (arcsine square root) and (b) absolute laterality index (log) of the 
rotational preference test with a predator as stimulus (RPT-P) for females (Ncontrol = 19, Ntestos-
terone = 20) and males (Ncontrol = 9, Ntestosterone = 8) in the control (white bars) and testos-
terone (grey bars) treatment groups. Positive values of the LI indicate more left-eye use. Means 
and standard errors of the means are shown. *: p < 0.05.
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view a predator mainly with the right eye (Bisazza & Vallortigara 1997, 1999; Facchin et 
al. 1999; Brown et al. 2004) and their mirror image with their left eye (Sovrano et al. 1999, 
2001; de Santi et al. 2001; Sovrano & Andrew 2006). Although some contradictory results 
have also been reported concerning the latter test (right eye use for mirror viewing: 
Bisazza & de Santi, 2003; Reddon & Balshine 2010; Arnott et al. 2011), two of these stud-
ies obviously concerned lateralization of aggression and one (Reddon & Balshine 2010) 
used adult cichlid fish known to fight their mirror image (Riebli et al. 2011). Lateraliza-
tion of aggression seems to be different from lateralization of viewing a conspecific, 
which is probably related to schooling. We analysed the results in a sex-specific way. The 
results of the tests show that the population bias in the control group was in the most 
commonly observed direction both while viewing a predator and while viewing their 
mirror image outside an agonistic context, but was only significant for the latter test. 
However, even in this mirror test the effect was subtle such that individual fish could 
show no bias or even the opposite bias of that at the population level.

 Our results show that pT changed the direction of lateralization while viewing a 
predator in female, but not in male A. rivulatus. Control females showed a nonsignifi-
cant bias to view the predator with the right eye, whereas females that were exposed to 
increased levels of testosterone prenatally showed a significant population bias to view 
the predator with the left eye. Such a shift in the direction of lateralization in females 
only is in agreement with a study in Wistar rats, although lateralization in the rat study 
concerned motor behaviour not visually guided behaviour (Rosen et al. 1983). In contrast 

Figure 2 • (a) Laterality index (arcsine square root) and (b) absolute laterality index (log) of the 
rotational preference test with the fish mirror image as stimulus (RPT-M) for females (Ncontrol = 
18, Ntestosterone = 21) and males ((Ncontrol = 11, Ntestosterone = 6) in the control (white bars) 
and testosterone (grey bars) treatment groups. Positive values of the LI indicate more left-eye 
use. Means and standard errors of the means are shown. *: p < 0.05.
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to our finding, Schwarz & Rogers (1992) found that in chickens testosterone treatment 
administered on day 16 of incubation reversed the pattern of asymmetry in the brain of 
males whereas it decreased lateralization in females. However, these authors investi-
gated part of the visual pathway by examining the brain anatomy of very young chicks 
(6 days post hatching) and not the behaviour in almost mature animals as we did.

The current study does not support the sexual differentiation hypothesis (Hines 
& Shipley 1984) as females did not shift in direction of lateralization towards a more 
masculine pattern when the fish were viewing the mirror image and the sex difference 
in lateralization in control fish was not significant. Our results partly support the Ge-
schwind & Galaburda (1985) hypothesis, as we found an increase in right-hemisphere 
dominance in fish that were prenatally exposed to testosterone, in the predator viewing 
task, but this was only true for females. Moreover, this hypothesis is based on sex differ-
ences in humans, whereas we did not find such differences in control fish. Furthermore, 
in contrast to the prediction, no significant increase in strength of lateralization was 
observed when viewing the mirror image.

We did not find an effect of pT on lateralization in males, but we did in females, 
suggesting that the latter are more sensitive to pT exposure, or that prenatal or perina-
tal testosterone production by males is higher than by females and overrides the effect 
of maternal testosterone. In any case, our results suggest that mothers may influence 
the direction of lateralization of daughters but not sons. In this species, however, sons 
are  sensitive to postnatal testosterone, which affects the direction of lateralization in 
males and not in females (Schaafsma & Groothuis 2011/chapter 4, this thesis), perhaps 
acting as a means for males to adjust their direction of lateralization. 

Strength of lateralization was not affected by hormone treatment. Although in 
another fish species direction was shown to have a heritable component (Bisazza et al. 
2001), in cichlid fish, strength, but not direction, of lateralization is a heritable trait 
(Brown et al. 2007). Possibly, strength of lateralization is a genetic trait, whereas direc-
tion of lateralization is under the influence of (heritable) environmental factors such as 
gonadal hormones.

Prenatal testosterone did not have an effect on the lateralization pattern during the 
rotational preference test with their mirror image as stimulus. The finding that pT af-
fects one behavioural domain of lateralization but not another is in agreement with 
the human literature in which pT correlated differently with lateralization patterns of 
language and handedness (Lust et al. 2011). 

Both predator–prey interactions and agonistic and synergetic interactions within 
species can theoretically lead to population-level lateralization (Ghirlanda & Vallortiga-
ra 2004; Ghirlanda et al. 2009, respectively). However, population-level lateralization in 
tasks that measure behaviours related to these different evolutionarily stable strategies 
does not have to be cross-correlated (Sovrano et al. 1999). Predator pressure can be highly 
variable in different habitats for the same species (e.g. Brown 2004; Bell & Sih 2007; Ding-
emanse et al. 2007), whereas conspecifics will always be around; thus different costs 
and benefits have been suggested to be associated with population-level lateralization 
with respect to antipredator and social behaviours. Strong population lateralization 
in species regarding predatory behaviour could be exploited by the predator, whereas 
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this disadvantage may be smaller for interspecific interactions, as it may promote co-
ordination of schooling behaviour (Bisazza & Dadda 2005) and minimize fighting costs 
(Arnott et al. 2011). Therefore, more environmentally induced flexibility in the direction 
of lateralization for viewing predators than conspecifics may be adaptive.  
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Chapter 4

Abstract
Lateralization is a fundamental principle in the organization of brain and behaviour in 

humans and nonhuman animals. To what extent lateralization is, in addition to genetic fac-
tors, under the influence of testosterone, which would also explain sex differences in laterality, 
is the topic of a long-standing debate. This debate is partly hampered by confusion between 
organizational and activating effects of testosterone. Here we focused on activating effects, 
less often studied than organizational effects. Studies on humans have shown ambiguous 
results and few experimental studies on animals have been conducted. We studied Aequidens 
rivulatus, a cichlid species in which lateralization of visually guided behaviour has been dem-
onstrated and related to aggressiveness. After treatment with testosterone, lateralization was 
tested in a rotational preference task where fish had to face a predator. Testosterone induced 
significant lateralization at the population level. Testosterone-treated fish watched a predator 
preferentially with the right eye, which is in line with the literature on population-level lateral-
ization of predator viewing in fish. It has been suggested that species differences in laterality 
of predator escape are related to sociality and we speculate that, within species, testosterone 
may affect lateralization in relation to a change in sociality. Among the fish of known sex, only 
males reacted to the treatment; a greater responsiveness of males may explain sex differences 
in lateralization found in many animal species. This may be caused by sex-specific sensitivity 
to androgens, perhaps in the habenular area of the brain.
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Introduction
Cerebral lateralization, the asymmetric distribution of functions over the two hemi-

spheres, is a widespread phenomenon among vertebrates and results in lateralization of 
behaviour. Several studies have shown that males show a different lateralization pattern 
to females (humans: Hiscock et al. 1994; Wisniewski 1998; birds: Adret & Rogers 1989; fish: 
Brown et al. 2007; Reddon & Hurd 2008; reviewed in Pfannkuche et al. 2009) and some 
authors have suggested that this difference arises because of differences in exposure to 
testosterone (Wisniewski 1998), either prenatally or later in life, which has organizational 
(Schwarz & Rogers 1992; Rogers & Rajendra 1993; Sanders et al. 2002) or activating effects 
(Diamond 1991; Sanders et al. 2002) on lateralization.

Most attention so far has focused on the potential organizational nature of pre- and 
perinatal testosterone on lateralization (reviewed in Pfannkuche et al. 2009). However, 
activating effects may be equally relevant, for two reasons. First, some of the organiza-
tional effects of testosterone on brain lateralization may come about because of orga-
nizational effects on sex-specific production and sensitivity to androgens later in life. 
Second, organisms need to make constant adjustments to changes in their internal state 
and external environment, which may facilitate changes in lateralization during their 
lifetime. Since it has been suggested that lateralization at the population level is espe-
cially adapted for social behaviour (Vallortigara & Rogers 2005), and many aspects of 
social behaviour are under the influence of androgens, these hormones may be involved 
in inducing changes in lateralization during the animal’s lifetime. Unfortunately, the 
activating effects of testosterone have been studied far less extensively than organiza-
tional effects and hypotheses about how testosterone affects lateralization in the adult 
brain are lacking.

It is well known that testosterone production is sensitive to diurnal rhythm (Plym-
ate et al. 1989; Dabbs 1990), seasonal rhythm (Dabbs 1990; Meriggiola et al. 1996; Garde et 
al. 2000) and social cues (Oliveira 2004), which facilitates investigating the relationship 
between testosterone levels within their natural range and performance of lateralized 
functions, such as spatial skills. These studies suggest that testosterone suppresses spa-
tial skills and therefore perhaps lateralization (Gouchie & Kimura 1991; Kimura & Tous-
saint 1991; Moffat & Hampson 1996). However, these studies are correlative and causal 
relationships are as yet unclear. Contrary to the correlative studies, experimental studies 
in humans, in which older males or female-to-male transsexuals received testosterone 
therapy, indicate that testosterone increases scores on spatial cognition (Janowsky et 
al. 1994; Slabbekoorn et al. 1999; van Goozen et al. 2002; Gooren & Giltay 2008; but see 
Sommer et al. 2008; reviewed in Cherrier 2009).

Spatial ability as such, however, is not a direct measure of lateralization. A few stud-
ies have analysed the relation between circulating levels of testosterone in human adults 
and handedness, a more direct measurement of lateralization. Results from these studies 
are, however, ambiguous too: Tan (1991) found higher levels of circulating testosterone 
in left-handers, ambidexters and right-handers with familial sinistrality than in right-
handers, whereas Gadea (2003) and Moffat & Hampson (1996) found lower levels in left-
handers. Other studies found no relation between testosterone and handedness (Moffat 
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& Hampson 2000; Beaton et al. 2010). All of these studies assumed that individual differ-
ences in testosterone levels in adulthood reflect organizational effects of the hormone 
early in life. However, it is equally likely that these studies actually tested activating 
effects of testosterone.

Clearly, results of studies on the activating effects of androgens on human lateraliza-
tion are ambiguous and call for experiments to be conducted on a random, nonpatho-
logical sample, representative of the population, using a direct measure of lateralization. 
Obviously, such experiments are more attainable in nonhuman animals than in humans, 
but are rare. Rogers et al. (1985) found that chickens, Gallus gallus domesticus, treated with 
testosterone early in life showed increased levels of attack when using their left eye but 
not when using their right eye, but whether this was an organizational or activating 
effect remains unclear. Del Rio-Portilla et al. (1997) found that in rats, Rattus norvegicus, 
gonadectomized after puberty, gonadal steroids were necessary to maintain sex differ-
ences in asymmetry shown in an EEG and a correlational study in primates showed that 
testosterone levels during adolescence were related to hand preference (Westergaard et 
al. 2000).

The evidence that testosterone has activating effects on lateralization is supported by 
indirect evidence from a recent study on cichlid fish. Adult fish showed a sex difference 
in lateralization, which correlated with their level of aggressiveness (Reddon & Hurd 
2008). As aggressiveness and testosterone levels are correlated in fish (Munro & Pitcher 
1985; Higby et al. 1991) the results suggest that testosterone activates sex differences in 
lateralization.

We experimentally tested the effect of testosterone on lateralization in male and female 
cichlid fish, expecting to find a similar interaction effect between sex and hormone treat-
ment as Reddon & Hurd (2008) found between sex and aggressiveness. Fish have laterally 
placed eyes with small overlapping visual fields, which facilitates behavioural testing, 
easily revealing the lateralization pattern of the individual fish. In fish, predator inspec-
tion and predator viewing are lateralized (Bisazza & Vallortigara 1997; Bisazza et al. 1999; 
Brown et al. 2004): the fish preferentially inspect and view the predator using the right 
eye. Hence, we used predator viewing to investigate the effects of postnatal testosterone 
on the strength and direction of lateralization.

Methods
Subjects and Housing

Aequidens rivulatus (a schooling, sexually dimorphic, substrate-breeding cichlid 
from Ecuador and Peru; Stawikowski & Werner 1998) were bred at our laboratory. These 
fish, like most cichlids, show elaborate display behaviour during agonistic and sexual 
interactions and are the subjects of a long-term study of behavioural lateralization in 
our department. Fish were reared in large stock aquaria (100 x 50 cm and 50 cm high), 
of which the back and sides were covered with black plastic, and fed dry fish flakes daily 
(TetraMin Tropical Fish Flakes). Astronotus ocellatus, a South American predatory fish, 
were obtained from a local pet store. They were held in pairs in 200-litre tanks and were 
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kept in the laboratory after the study. They were fed dry fish flakes daily and additionally 
received frozen shrimp weekly. Fish were held in recirculating water filtration systems at 
24 ±2 °C and on a 12:12 h light:dark cycle.

Hormone Treatment
We used fish at 6 months old, the age at which they are about to become sexually 

mature. We used this age for two reasons. First, this is long after the period of sexual 
differentiation in cichlid fish (Pandolfi et al. 2006), confirmed in this species in our labo-
ratory (AFH Ros & TGG Groothuis, unpublished data), so that exposure to testosterone 
was unlikely to have organizational effects. Second, the fish were not yet sexually active 
and did not show the nuptial sexually dimorphic coloration. Hence, endogenous testos-
terone levels in males were not yet elevated, enabling us to use control fish without the 
need for castration, which may influence the physiology of the animal dramatically.

At the start of the experiment, 120 fish (standard length: mean + SD = 26.79 +þ 3.49 
mm) were distributed equally over the 12 tanks (35 x 24 cm and 24 cm high), half of which 
contained methyl-testosterone (Sigma), 0.5 mg dissolved in 0.0125 ml ethanol per litre 
water (a concentration shown to induce nuptial coloration and adult-like aggressive and 
sexual behaviour in A. rivulatus: Groothuis 1993), and half of which contained the sol-
vent only, 0.0125 ml ethanol per litre water. Twice a week, we removed most of the water, 
leaving only a small layer, and replaced it with clean water, followed by renewal of the 
hormone treatment. Treatment lasted until the behavioural test started. For logistical 
reasons, only a limited number of fish could be tested each day, resulting in a variable 
treatment period of 8-12 weeks. This period of exposure to treatment was chosen based 
on a previous study (AFH Ros & TGG Groothuis, unpublished data) showing that juvenile 
fish show adult coloration and adult-like agonistic and courtship behaviour after this 
period of testosterone treatment and that the effects on both coloration and behaviour 
disappear after cessation of treatment.

Lateralization Test
We used a rotational preference test to investigate the lateralization of the fish. The 

apparatus consisted of a circular tank (diameter 30 cm) with a Plexiglas cylinder (diam-
eter 12.5 cm) containing a predator (A. ocellatus) in the middle. To avoid possible lateral-
ized interactions between the predator and the subject fish, the predator was restrained 
from moving by means of two Plexiglas plates. The tank was filled with 15 cm of water 
and was lit from above with a 60 W light bulb in the middle. Two sets of apparatus were 
used and placed in a completely darkened room. Before testing, the subject fish was 
placed in a small opaque tube, which was positioned anterior to the predator, in the 
darkened apparatus. After a 2 min acclimatization period, the light was switched on, the 
small opaque tube was gently removed from the tank and behaviour was video recorded 
for 15 min. Four adult A. ocellatus (standard length: mean + SD = 9.88 + 0.47 cm) were 
used as predator stimuli. The recordings were analysed using the software program The 
Observer (Noldus Information Technology, Wageningen, The Netherlands). Time spent 
swimming in a clockwise or anticlockwise position was computed. We excluded from 
analysis the time fish spent turning to change their viewing position or trying to escape 
from the apparatus (facing the outer wall). Following the literature, we calculated a 
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laterality index using the formula (time anticlockwise - time clockwise)/(time anticlock-
wise + time clock-wise) x 100. Positive values thus indicate more left-eye usage, whereas 
negative values indicate more right-eye usage when observing a predator. To investigate 
the strength of lateralization, independently of the direction, the absolute values of the 
laterality index were also computed.

Sex Determination
After euthanasia (see Ethical Note), the fish were weighed (to the nearest 0.1 g), mea-

sured (standard length to the nearest 1 mm) and decapitated. Fish were immediately 
frozen at -80 °C. At the time of histology the tail and epaxial musculature were removed 
and transverse serial sections were cut at 7e10 mm, stained with haematoxylin-eosin Y 
and examined under a light microscope. We scored the presence or absence of ovarian or 
testicular tissue. Hermaphrodite fish were not found.

Statistics
The laterality index and the log-transformed absolute laterality index were normally 

distributed and the variances of the dependent variables were not significantly differ-
ent across groups. The laterality index and absolute laterality index were analysed using 
hierarchical linear models in the software program MLwiN 2.02 (Rasbash et al. 2005) to 
accommodate the hierarchical structure of our data set. We created two levels, tank being 
the highest and fish identity the lowest level. We fitted the models with treatment, sex 
and their interaction effect as categorical predictive factors. The models were estimated 
using restricted iterative generalized least squares (RIGLS). We tested the significance of 
the fixed factors using the Wald statistic, which follows a chi-square distribution.

To test whether groups showed a population bias of lateralization, we conducted 
one-sample t tests using the software package SPSS 16.0 (SPSS Inc., Chicago, IL, U.S.A.). 
In addition, to investigate whether differences in duration of exposure to testosterone 
affected the laterality index, a linear regression analysis was performed using SPSS 16.0. 
All tests were two tailed and significance levels were set to a < 0.05.

Ethical Note
The testosterone or control treatment to which the experimental fish were exposed 

did not have any notable effects on their welfare. No adverse effects of testosterone were 
seen on survival or growth. Fish were killed by an overdose of MS-222 (1 g/litre) buffered 
with sodium bicarbonate. Opercular movement ceased within 1 min and fish were left in 
the solution additionally for at least 10 min. We used MS-222 in more than five times the 
anaesthetic solution (150 mg/litre for induction in cichlids, Neiffer & Stamper 2009) as 
recommended by the American Veterinary Medical Association (2007).

The predators, being hand tame and very calm in our tanks, were restrained during 
the behavioural trials by means of two Plexiglas plates to prevent any lateralized interac-
tions between the predator and the subject fish. These plates were loosely placed in such 
a manner that the fish could still move but could not turn. The predators showed tonic 
immobility when first placed in this position, but after approximately 2 min showed a 
normal posture and no changes to a darker colour (a sign of stress in many cichlid fish) 
were noted. Individual A. ocellatus were used for a maximum time of 1 h and reused after 
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a 47 h period of recovery in its home tank. All experimental protocols were approved by 
the ethical committee for animal research of the University of Groningen.

Results
Consistent with our expectation, fish treated with testosterone showed a population 

bias to look at a predator with the right eye, thus using the left hemisphere (one-sample 
t test: t19 = -2.268, p = 0.035), whereas in the control treatment no such bias was found 
(one-sample t test: t18 = 0.181, p = 0.858; figure 1a). Testosterone treatment did not affect 
the absolute value of the laterality index (Wald χ2

1 = 0.071, p = 0.790; figure 1b).

Histological examination revealed 19 females (nine in control group, 10 in testos-
terone group), 10 males (five in each group) and 10 fish of which the sex could not be 
determined (five in each group) as no gonadal tissue was yet apparent. Testosterone 
affected the laterality index of males differently to that of females and this interaction 
effect between treatment and sex was significant (Wald χ2

3 = 9.234, p = 0.026; figure 2a). 
Post hoc tests showed that testosterone-treated males differed significantly from control 
males (Wald χ2

1 = 5.427, p = 0.020). No other post hoc tests were significant. Testosterone 
treatment did not affect the absolute value of the laterality index of sex-determined fish 
(interaction treatment*sex: Wald χ2

3 = 2.180, p = 0.536; treatment: Wald χ2
1 = 0.066, p = 

0.797; sex: Wald χ2
1 = 2.154, p = 0.142; figure 2b).

Within the testosterone-treated group, there was no effect of the variation in dura-
tion of testosterone treatment on the laterality index (β= -0.19, t17 = -0.836, p = 0.414, R2 = 
0.037).

Figure 1 • (a) Laterality 
index of the rotational test 
in the control (C; white bars, 
N = 19) and testosterone 
treatment (T; grey bars, N = 
20) groups. Positive values 
indicate more
left-eye usage, negative 
values indicate more right-
eye usage. (b) Absolute 
laterality index of the rota-
tional test in the control 
and testosterone treatment 
groups. Means are shown + 
SEs. *P < 0.05.
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Discussion
We tested the effect of testosterone on visually guided behavioural lateralization in 

fish just before sexual maturity and found a clear effect in males, but not in females. 
In addition, testosterone induced lateralization at the level of the population. These fish 
preferentially viewed the predator with the right eye, thus using the left hemisphere. 
These findings are in line with the literature and our expectations. The direction of later-
alization we found in fish treated with testosterone is in accordance with results obtained 
from similar tests of several fish species (Bisazza & Vallortigara 1997; Bisazza et al. 1999). 
Studies have shown that a bias to turn left, thus fixating on the predator with the right 
eye, occurs when fish are escaping from a predator (Cantalupo et al. 1995; Lippolis et al. 
2009). A bias in the direction of the escape response within fish shoals is thought to be 
adaptive to a certain degree as it hampers the predator’s attempts to catch its prey owing 
to a dilution effect in shoaling animals (Vallortigara & Rogers 2005).

This intraspecific variation in eye use resulting from the hormone treatment may be 
related to the explanation for inter-specific variation in eye use that is based on inter-
specific variation in the tendency to shoal (Bisazza et al. 2000), which may also vary with 
predation pressure and other environmental variables (Brown & Warburton 1997). In 
shoaling species, individuals must be able to monitor both predators and shoalmates 
simultaneously. Selection for such lateralization might be lacking in nonshoaling fish, 
but present in shoaling fish. It is intriguing that lateralization at the level of the popula-
tion is seen as an adaptation for social behaviour (Vallortigara & Rogers 2005), that many 
social behaviours are under the influence of testosterone (Nelson 2005), and that we found 
an effect of testosterone on lateralization. Perhaps within species, testosterone induces a 
change in life history stage from being more solitary to becoming more social, inducing 
fish to come together on the breeding grounds, making synchronous escape movements 
away from predators beneficial.

Figure 2 • (a) Laterality index of the rotational test for females (white bars, Ncontrol = 9, Ntes-
tosterone = 10) and males (grey bars, Ncontrol = 5, Ntestosterone = 5) in the control (C) and 
testosterone treatment (T) groups. (b) Absolute laterality index of the rotational test for females 
and males in the control and testosterone treatment groups. Means are shown + SEs. *P < 0.05.
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Testosterone had different effects on males and females. This sex effect highlights 
the importance of studying lateralization with respect to the sex of the animal. Reddon & 
Hurd (2008) found an interaction effect between aggressiveness and sex on lateralization 
similar to our findings. Testosterone may be the underlying mechanism causing this 
result, as testosterone levels and aggressiveness are positively related in fish (Munro & 
Pitcher 1985; Higby et al. 1991). The finding that males were more sensitive to testosterone 
than females is consistent with other studies in many vertebrates and probably caused 
by the early organizational effects of steroids on sexual differentiation, for example by 
its effect on the synthesis of androgen receptors (Nelson 2005). Our results open the pos-
sibility that behavioural lateralization is partly induced by sex-specific lateralization of 
androgen receptors but as yet this has received no attention in the literature. Further-
more, testosterone is known to have sex-specific effects on the structural asymmetry 
of the habenular nucleus in the vertebrate brain: testosterone treatment changed the 
asymmetry of female chickens to that of males when applied soon after hatching (Gurus-
inghe et al. 1986). This nucleus is the best-known example of brain asymmetry (Concha 
& Wilson 2001). In frogs, both males and females show asymmetries of the dorsal habe-
nula, and these asymmetries are more pronounced in spring, the mating season, than in 
winter, indicating a modulating role for activating effects of testosterone on the habe-
nula (Kemali et al. 1990).

All the effects of testosterone that we found concerned the direction and not the 
strength of lateralization. Assuming that testosterone regulates aggression, our results 
are therefore inconsistent with the finding that sex and aggressiveness interact in affect-
ing the strength of lateralization in another cichlid species (Reddon & Hurd 2008). 
However, the translation of their results to ours may be too simplistic, as aggression 
is not only a reflection of levels of testosterone and testosterone does not only regulate 
aggression.

In conclusion, the predominant genetic models concerning lateralization are limited 
in their explanatory power and leave scope for environmental factors such as gonadal 
steroids to affect lateralization patterns (Schaafsma et al. 2009/chapter 2, this thesis). 
However, this potential hormonal effect is still heavily disputed. Although we cannot 
entirely rule out the possibility that the effect of testosterone treatment that we found 
might have been both activating and organizational, our study showed that lateraliza-
tion is a plastic trait and that testosterone affects lateralization well after the pre-and 
perinatal period. Males were more responsive to exogenous testosterone than females in 
the effect on lateralization, and this difference in responsiveness may explain sex differ-
ences in lateralization that have been demonstrated in several species. Our results there-
fore provide a model to analyse the activating effect of testosterone in neurobiology, an 
enterprise so far receiving much more attention for the study of organizational effects 
of the hormone on lateralization.
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Chapter 5

Abstract 
Considerable variation in the frequency of left-handedness between cultures has been 

reported, ranging from 0.5 to 24%. This variation in hand preference may have evolved under 
natural or cultural selection. It has been suggested that schooling affects handedness but as 
in most human societies only a selected and minor part of the population does not attend 
school this is difficult to test. We investigated to what extent schooling affects both hand pref-
erence and asymmetry in hand skill in a non-industrial population in the highlands of New 
Guinea. This provided unique opportunities because of the relatively recent establishment of 
a primary school in this population still living the non-industrial traditional life in which hand-
edness may have evolved. We interviewed 620 inhabitants (aged 5 – 70y) to collect demo-
graphic data and school history, tested hand preference on 10 ecologically relevant activities, 
and measured performance of each hand on three tasks (pegboard, grip force, ball throwing). 
Schooling was associated with preference, as schooled individuals were more likely to be 
extremely right-handed and less likely to be strongly right-handed, but not with asymmetry 
of hand skill (controlled for sex and age), indicating developmental plasticity in hand prefer-
ence. Developmental plasticity in hand preference but not skill asymmetry, and the weak 
correlations between hand preference and hand skill asymmetry indicate that they represent 
different aspects of brain lateralization. Furthermore, schooled individuals were overall faster 
in fine motor performance, had greater grip strength and greater throwing accuracy. This 
suggests that there is selection on the fitter part of the population to enter school. The weak 
correlations between hand preference and hand skill asymmetry leave room for moderating 
factors such as schooling, sex, and age to have a differential effect on hand preference and 
hand skill and each needs to be studied in its own right. 
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Introduction
Individuals with right hand preference for a representative set of common manual 

tasks being the large majority is a characteristic of all human populations, and there is 
evidence that the relatively low frequency of left handedness exists over a long period 
of human evolution, as detailed analyses of cave drawings and tool production and use 
suggest (Bradshaw & Rogers 1996). Considerable variation in left-handedness between 
cultures, ranging from 0.5 to 24%, has been reported (Perelle & Ehrman 1994; Marchant 
& McGrew 1998; Faurie et al. 2005; Faurie & Raymond 2005), but the cause of this varia-
tion remains unclear. The variation has been explained as a result of variation in natural 
selection pressure on winning fights (Raymond et al. 1996; but see Schaafsma et al. 2011/
chapter 6, this thesis) in which left-handers would have an advantage as long as they are 
in the minority. Populations in which fighting is important are thus expected to hold 
a higher frequency of left-handers. Furthermore, variation has been explained to result 
from variation in cultural pressure against the use of the left hand for certain activities 
(writing, eating) (Perelle & Ehrman 1994; Holder & Kateeba 2004; Medland et al. 2004). 
Indeed, extreme right-handedness for writing was found to be more frequent in cultures 
having many formal rules and extreme left-handedness more frequent in cultures with 
few (Medland et al. 2004). However, as Marchant and McGrew (1998) pointed out, most 
studies in this field use a limited set of measures to assess hand use, and differ in age 
ranges of their sample, a factor known to influence lateralization (Bishop 1990; Gilbert 
& Wysocki 1992; Roy et al. 2003). Moreover, different studies used different criteria for 
classification of handedness, ranging from only the distinction between left and right to 
a graded system of direction and strength in terms of ambidexter, weak, strong and ex-
treme. These limitations may explain part of the reported variations within and between 
cultures.  Moderating factors such as sex and age affect handedness (sex: Papadatou-Pastou 
et al. 2008; age: Bishop 1990; Gilbert & Wysocki 1992), the latter indicating developmental 
plasticity of lateralization. Another factor that may influence lateralization is schooling. 
Connolly and Bishop (1992) investigated the association between schooling and handed-
ness in a Papuan population. This population is ideal for investigating this association 
as a substantial part of the population did not attend school. Furthermore, associations 
found in this non-industrial population may be of special relevance as the individuals 
in this population live a traditional life in which handedness may have evolved. These 
authors assessed hand preference of children and adolescents in a Papuan population 
by observing subjects performing a set of nine actions with typically ‘Western’ objects 
such as dealing cards and using scissors. Against their predictions, there was a trend 
for those who had no schooling to be more right-handed for a task with a pencil (to fill 
in a small white square) than those who had received schooling. Schooling had no effect 
on handedness in other tasks. However, due to unfamiliarity with some of the actions 
these measures may not represent the subject’s true handedness (see Bryden et al. 1993). 
To investigate whether schooling predicts handedness on measures that are of ecological 
relevance, we measured handedness in a similar Papuan non-industrial population, the 
Eipo, using activities that are common in the daily life of the individuals. This population 
offered the unique chance to study the effect of schooling as about 30% of this population 
spent some time in primary school. Investigating this population was further motivated 
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by the virtual lack of specialized craftsmen for making tools and ornaments in this popu-
lation. The latter is important because tools made by craftsmen may impose handedness 
onto the user of the tool, thus exerting pressure on skill development of a single hand 
promoting mostly right-hand preference, as is the case in industrial societies.

Hand preference is generally explained as the expression of brain lateralization of 
fine motor function at the behavioral level. However, our limbs, being the ‘tools’ with 
which we physically interact  with the environment, are symmetrical and our neuromo-
tor system for voluntary action is symmetrical to a large extent too. This enables us to 
perform tasks with either limb but there are subtle differences in skill between the left 
and right limb. Similar to hand preference, this difference in skill between the hands is 
interpreted as an expression of cerebral lateralization of fine motor function at the be-
havioral level. The resulting difference in skill between the hands seems to be only weakly 
related with hand preference (Borod et al. 1984; Triggs et al. 2000; Doyen et al. 2008) and 
is task dependent (Steenhuis 1999; Corey et al. 2001; Cavill & Bryden 2003). Therefore it 
is important to study both preference and skill asymmetry, each with a representative 
set of tasks. Moreover, although it is assumed that hand preference may have evolved 
under natural selection, this may be even more likely so for hand skill. Greater overall 
hand performance and asymmetry of skill may enable the subject to better deal with the 
environment and increase chances for survival, thereby thus increasing its fitness. In 
addition, lateralization consists of two different aspects: direction and strength (Nettle 
2003; Volkmann et al. 2011). Therefore, we investigated the effect of schooling on and the 
relation between hand preference, overall hand performance and hand skill asymmetry, 
both for strength and direction. 

As it is known that there are small but consistent sex differences in handedness across 
cultures (Papadatou-Pastou et al. 2008) sex is included as a moderator. Age is included 
as a covariate because handedness can change with age (2.5-8.5y - Bishop 1990; 10-86y - 
Roy et al. 2003; Gilbert & Wysocki 1992), while also schooling can change with age as the 
youngest and oldest parts of the population had less or no opportunity to participate in 
schooling. With respect to schooling we predict that subjects with schooling will be more 
right-handed than those without (Perelle & Ehrman 1994; Holder & Kateeba 2004;  but see 
Connolly & Bishop 1992). Additionally, as schooling beholds specific and intense training 
in fine motor control, we expect that schooled individuals will show stronger asymmetry 
in hand skill, especially in fine motor skill, than individuals without schooling.

We used three hand skill tasks that measure speed (in a pegboard task), accuracy (in 
a ball throwing task) and strength of each hand. We explored how these three measures 
relate to each other and to direction and strength of hand preference in this population. 
As a validation of the skill tasks overall hand skill is analyzed with the predictions that 
males will be stronger and better throwers than females. The pegboard will be validated 
with data in the literature. Our data concerning hand preference were validated before 
(Schaafsma et al. 2011/chapter 6, this thesis).
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Method
Subjects and population

The population of this study are the Eipo people living in the upper part of a valley 
of the Eipo river (altitude >1500 m) in the central mountain range of New Guinea (Indo-
nesia). In this isolated area, only accessible by light aircraft or by mountain trails, some 
1600 people live spread over 3 villages and some small hamlets. They have their own lan-
guage (Eipo yupe), and live a traditional life growing vegetables, sweet potatoes, tubers 
and fruits, with additional supply of protein rich food from hunting and recently also 
fish ponds. First brief contacts with non-Papuan people occurred in 1959 and 1968. From 
1974 onwards German scientists regularly visited these villages (Schiefenhövel 1997; Ploeg 
2004). Missionaries were active from 1977 to about 2000 and converted the larger part of 
the population to Christianity in 1981.

A primary school was built in 1981 and a part of the population, both children and 
adults, then went to school. No school fee is to be paid. In primary school they learn the 
Indonesian language, writing and other usual topics. Thus a portion of the population 
could speak and/or understand at least some Indonesian. Higher education is available 
in larger inland towns at a distance of at least 5 days walking, so children attending these 
schools were rarely present. 

People did not know their age or that of their children. We estimated the age of the 
subjects using the technique of a calendar of events known to them (see Table 1) of which 
the year of occurrence was known to us. We used interpolation between these events us-
ing questions like: “Were you married when …?” and “Can you point to a child here who 
has the same age as you when …?” Additionally we used comparisons like “are you older 
(younger) than X?”; X being a person whose age we had accurately determined. 

Our research was introduced in a speech during church service in each of the three 
villages. This speech in bahasa Indonesia was translated into the Eipo language by one of 
the local people. Three research assistants with appropriate knowledge of both languages 
assisted in the interviews and tasks. The research project was approved by the ethical 

Year Event
1959 * first contact – the French/Dutch expedition led by Gaisseau
1969 * Indonesian parachutists with medical dr. Bondan land in the Eipo valley using flares
1974 * arrival German scientific expedition; some scientists stayed for 18 months
1976 ** 1976 - two earthquakes of magnitude 7.1 on June 25 and  October 29
1981 school and missionary house built
1989 new church built
1995 arrival of missionary Janovski
1999 first fishing ponds
2005 health care center built

* from Schiefenhövel (1997)
** http://earthquake.usgs.gov/earthquakes/world/historical_country.php (retrieved 15 Oct. 2010)

Table 1 • Calendar of events used in estimating the age of the adult subjects
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committee of the Psychology Department of the University of Groningen, and subjects 
were recruited only on a voluntary basis with informed verbal consent. 

In total 621 subjects participated, 289 males and 332 females, with an age range of 5 to 
70 years, of which 235 were younger than 18 years; 400 (65%) had never attended primary 
school, and 186 (30%) completed at least one year in primary school. Individuals that did 
enter school, but attended less than one year were excluded from the analyses.

Interview
All interviews and tests were done by the first two Indonesian speaking authors, each 

always assisted by one of the three local assistants. In the interview that lasted about 30 
minutes demographic information of the subject and its family was collected, includ-
ing an estimation of the subject’s age, self-reported hand preference and school history 
(none, years spent in preschool, primary school, secondary school, higher education). 
The interview was followed by a hand preference test and three hand performance tasks, 
in the following order.

Hand preference test and procedure
Hand preference was determined in a similar way as in the study of (Annett 1970) by 

observation of spontaneous hand use in a series of 12 unimanual and bimanual tasks that 
we adapted to the daily life of the Papuan population (see Table 2, Schaafsma et al. 2011/
chapter 6, this thesis). Subjects were seated on the ground or a low rock with their legs 
crossed (items 1-9) or stood upright with both hands free directly facing the observer 
who was positioned in a similar posture. The materials were presented to the participant 
in such a way that no cue was provided as to the hand to use by first placing objects 
symmetrically on a wooden board, then with two hands placed in front of the subject 
within reach (items 1- 6, 9) or presented to the subject by the testers holding the object(s) 
symmetrically with both hands (items 8, 10-12). 

Table 2 •  List of 12 activities used to determine hand preference (adapted from Annett, 1970, and Old-
field, 1971). Tasks 10 and 12 were not included in the hand preference index (see text).

Task nr Description of question and task: "Can you 
show me how you …

Materials

1 sharpen this stick with this knife handknife, stick (L 50cm)
2 take the stone and hit the pebble to crush it pebble, handsize stone
3 draw a circle on the earth with this stick stick (L 50cm)
4 pick up the small bead and hand it over bead (Ø 2mm)
5 pick up the stone and the pole and hammer it in 

the earth with the stone
pole (45cm); handsize stone

6 pick up and eat a peanut peeled peanut
7 chase an imaginable fly from your nose
8 punch this bag cloth bag (20x20 cm) filled with soft 

material hanging on short rope
9 throw away this little pebble small pebble

10 use a bush knife bush knife
11 use a digging stick Stick (length 2m)
12 shoot this arrow with this bow bow and arrow
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Hand skill tests and procedure
Three tests were used that measured the speed and accuracy of peg placement, hand 

grip force, and the accuracy of throwing. Both hands were tested, the initial hand alter-
nated over subjects. The three tests were administered in fixed order. 

The Annett pegboard (Annett 1985 p. 208) was constructed of hardwood (L x W x H  =  
40 x 21 x 2.5 cm) with 2 rows of 10 holes (Ø 0.5 cm, depth 1.2 cm) each 3.75 cm apart and 
distance between the rows 17 cm. The ten steel pegs (Ø 0.45 cm, length 3 cm) are placed in 
one row. Subjects were seated on a low flat rock with a thin board (± 50 x 40 cm) on their 
lap. The pegboard was placed on this board, the row of pegs closest to the body at a dis-
tance of approximately 10 cm. Subjects held the pegboard with one hand, while perform-
ing the task with the other. Subjects were instructed to move the pegs one by one to the 
compatible location at the other row working from the side of the hand as fast as possible 
without dropping a peg. Each trial started with a practice trial moving 3 pegs forth and 
back. If the task had not properly been understood a second practice trial was given. Next, 
the subject was instructed to hold the first peg and to start after the tester had counted 
from 3 back to zero. The time to complete the task was measured with a stopwatch. If a 
peg was dropped the task was stopped, and the trial repeated.  The Annett pegboard task 
has been used in many studies (e.g. in Papua: Connolly & Bishop 1992) and is a valid and 
reliable tool to measure hand skill asymmetry (Annett 1992). 

Hand grip force was measured with a hand dynamometer (Bramshey BRSFU238) in a 
standard posture as follows: Subjects were seated with the thin board on their lap. The 
tester demonstrated the required arm and hand posture and briefly squeezed. Specifi-
cally it was demonstrated that the elbow should be close to but not against the side of 
the body, the lower arm approximately at an angle of 90 degrees forward and about half-
way between pronation and supination, and the fingers straight at a 90º angle with the 
hand. Then the dynamometer was placed firmly in the 90º angle parallel to the fingers, 
the fingers folded over the handle, the thumb along the other side, with the dynamom-
eter extending in line with the lower arm. The lower arm and dynamometer were not to 
touch the board, the other arm rested on the board. The subject was allowed to produce a 
light squeeze to ‘get the feel’ of the dynamometer. At the command ‘squeeze’ the subject 
was instructed to squeeze as hard as possible during 5 s. The dynamometer recorded the 
maximum force produced which was then copied on paper. If the posture deviated too 
much (i.e. the arm was stretched) or if the subject pushed the dynamometer hard on the 
board, or used help of the other hand, the trial was repeated for both hands. This was also 
done if the difference in force between the hands was unrealistic (criterion 20%). The few 
missing data were caused by subjects with a wound or malformation of one hand. The re-
peatability of this test was estimated from 38 randomly repeated trials. Cronbach’s alpha 
was good with 0.896 for the asymmetry of hand skill index (SI) and 0.744 for absSI.

Accuracy of throwing was measured with a tennis ball and a target at a distance of 2.7 
m for adults and 2m for children under 13y and the few elderly lacking force. The subjects 
stood facing the target hanging against a wall at 1.5 m height. The target had a white 
center area (Ø 7 cm; score 50 points) and 4 concentric black or white bands (width 2.8 cm 
each; scores: 40, 30, 20, 10 points respectively) on a black cloth (40 x 50 cm). The zero band 
was assumed to be the adjoining band of 2.8 cm width. Subjects were instructed to aim at 
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the center target. The score of each throw was observed from a position just behind and 
slightly aside the participant and noted on a scale of -50 to +50. If the ball landed outside 
the zero band the scores -50 to -10 were estimated by imagining the landing position mir-
rored around zero onto the target area. Occasional landing positions further away than 
-50 (i.e. more than 34 cm from the zero band) were scored -50. There were 5 trials per 
hand.

Analyses

Hand preference
During each of the 12 actions observed, left-hand use was scored as -1, right-hand 

use as +1, and the use of both hands or a change of hand during the unimanual task was 
scored as 0. In case of doubt whether the task had been properly understood, the score 
was recorded as missing. Shooting the bow was not included in the analyses because it 
was unfamiliar for the majority of the females. The total score over all 11 tests was calcu-
lated. Item - rest score correlations clearly indicated that the ‘digging stick’ showed much 
lower item-rest correlation (r= 0.093) than the other items (r = 0.51 to 0.90). Factor analysis 
indicated that the 10 remaining items load on one factor, with 69% of variance explained 
(compare to 71% reported by Corey et al. (2001) for a similar test in a US sample). A hand 
preference index (PI) representing hand preference based on the remaining ten items was 
calculated as the sum of scores divided by the number of scores, resulting in -1 ≤ PI ≤ 1. 
In line with some of the literature hand preference was also classified as extreme (PI = +1 
or -1), strong (-1 < PI ≤ -0.8 or PI = +0.8 ≤ PI <1), weak (-.8 < PI ≤ -0.5 or 0.5 ≤ PI < 0.8), and 
ambidexter (-.5 < PI < 0.5). The absolute value of PI (absPI) representing the strength of 
hand preference independent of direction was also analyzed. Differences in distribution 
of PI between subgroups of the sample were tested with Kolmogorov-Smirnov Exact tests 
(2-tailed). Posthoc, confidence intervals for proportions were calculated for the differ-
ences between the distributions (Agresti & Coull 1998).

Mean hand skill and asymmetry of hand skill
As a measure of total task skill the mean score of the two hands was taken for each of 

the three tasks. The asymmetry between the hands was expressed  as  an asymmetry of 
hand skill index (SI) such that positive values indicate better performance of the right 
hand: SIpegs=(L-R)/(R+L) and SI =(R-L)/(R+L) for the other two tasks, with R and L repre-
senting the performance of the right and the left hand respectively. Absolute values of SI 
(absSI) represent the strength of relative asymmetry in performance between the hands. 
As the absolute values of the SI have left-skewed distributions the absSI values were 
transformed by 1/ln(absSI+.001) to a normal distribution, the constant added to prevent 
dividing by zero. All analyses with these transformed variables yielded an identical set of 
significant statistical results to those with untransformed variables. Because interpreta-
tion of non-transformed variables is more transparent, we used the original absSI values 
in the analyses. A MANCOVA was used to analyze the effects of schooling (yes/no) and 
sex on the mean performance, SI and absSI of the three tasks, with sex as a moderator, 
followed by ANOVA’s on separate tests scores. As age showed a quadratic relationship 
with mean skill and with skill asymmetry measures, age and age2 were entered as a cova-

PI class PI freq. % freq. % freq. % freq. % freq. %
extreme L -1 10 1.61 5 3.01 3 1.28 0 0 2 2.60
strong L -0,8 4 0.65 3 1.81 0 0 1 0.93 0 0
weak L -0,6 1 0.16 1 0.60 0 0 0 0 0 0

-0,4 1 0.16 0 0 0 0 1 0.93 0 0
-0,2 2 0.32 0 0 1 0.43 0 0 0 0

0 1 0.16 0 0 1 0.43 0 0 0 0
0,2 2 0.32 1 0.60 1 0.43 0 0 0 0
0,4 1 0.16 1 0.60 0 0 0 0 1 1.30

weak R 0,6 18 2.90 2 1.20 13 5.56 1 0.93 1 1.30
strong R 0,8 51 8.23 14 8.43 29 12.39 3 2.78 4 5.19

extreme R 1 529 85.32 139 83.73 186 79.49 102 94.44 69 89.61
total* 620 100 166* 100 234* 100 108* 100 77* 100

* differences in totals due to exclusion of 35 children with a few months to 1 year of primary school

ambidexter

Without schooling With schooling
total sample   males females males females
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Table 3 • Distribution of hand preference in a Papuan population, and in subgroups of sex and 
schooling

riate. Only the main effects were included in the models as we had no predictions for any 
interaction.

Relationships between hand preference and asymmetry of hand skill
The relationships between the three SI measures were tested by Pearson correlations; 

the relation between hand preference and hand skill asymmetry measures by Spearman 
rank correlations. 

Results
Hand preference

Mean PI (range -1 to +1) was 0.88 and 97% of subjects had a positive PI, (right hand 
preference) and only 3% a negative PI (left hand preference; CI’s respectively 94.1% – 
99.2% and 1.8% – 4.6%). Mean self reported handedness was 0.92. Observed preference 
was concordant with self reported handedness in 95.6% of cases (2.4% report to be left-
handed but score extreme right-handedness, 0.8% the other way around, 1% missing). 
The distribution of the hand preference index in subgroups of schooling by sex is shown 
in Table 3. First the effects of age and sex are reported as these may moderate the effect of 
schooling. Males were more often extreme right-handed (88.5% vs 82.5%) and less often 
weak to strong right-handed (7.3% vs 14.5%) than females (PI: Kz = 0.75; p = 0.046 ; absPI: 
Kz = 0.81, p = 0.023).

The effect of age on hand preference was studied between 3 age groups: children (5-17y, 
n =  242), younger adults (18-44y, n = 230) and older adults (45-70y, n = 148), representing 
more or less 3 generations. The distributions of PI did not differ between the two younger 
age groups (Kz = 0.38; p = 0.34), but did between the adult groups (Kz = 1.24; p = 0.001), and 
between the children and the older adult group (Kz = 1.55; p< 0.0001). The differences were 
due to fewer subjects with extreme right-handedness (PI = 1, CI’s 86.1% - 93.6%, 81.4% - 
91.2% and 67.4% - 80.0% respectively) and more  with strong right-handedness (PI =  0.8, 

PI class PI freq. % freq. % freq. % freq. % freq. %
extreme L -1 10 1.61 5 3.01 3 1.28 0 0 2 2.60
strong L -0,8 4 0.65 3 1.81 0 0 1 0.93 0 0
weak L -0,6 1 0.16 1 0.60 0 0 0 0 0 0

-0,4 1 0.16 0 0 0 0 1 0.93 0 0
-0,2 2 0.32 0 0 1 0.43 0 0 0 0

0 1 0.16 0 0 1 0.43 0 0 0 0
0,2 2 0.32 1 0.60 1 0.43 0 0 0 0
0,4 1 0.16 1 0.60 0 0 0 0 1 1.30

weak R 0,6 18 2.90 2 1.20 13 5.56 1 0.93 1 1.30
strong R 0,8 51 8.23 14 8.43 29 12.39 3 2.78 4 5.19

extreme R 1 529 85.32 139 83.73 186 79.49 102 94.44 69 89.61
total* 620 100 166* 100 234* 100 108* 100 77* 100

* differences in totals due to exclusion of 35 children with a few months to 1 year of primary school

ambidexter

Without schooling With schooling
total sample   males females males females
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CI’s 2.8% - 7.0%, 4.9% - 13.0% and 10.6% - 21.0% respectively) in the older adult group. 
Similar effects were found for absPI (Kz = 0.47, p = 0.153; Kz = 1.25, p = 0.001 and Kz = 1.64, 
p < 0.0001, respectively).

The effect of schooling on hand preference was tested comparing the group that had 
at least one year of primary education (n = 185) with the group that never had education 
(n = 400). The groups differed on the PI (Kz = 1.26; p = 0.001). Subjects with schooling 
compared to those without were more often extreme right-handed (respective CI’s 87.6% 
– 95.5% and 77.1% - 84.8%) and less often strong right-handed (respective CI’s 1.7% - 7.8% 
and 8.1% - 14.2%) (see Figure 1). Similar differences were found for absPI (Kz = 1.15, p = 
0.001). Given the effect of sex on the distribution the effect of schooling was compared 
within subgroups. The differences in distribution due to schooling within males (PI p = 
0.009; absPI p = 0.045) and females (PI p = 0.065 ; absPI p = 0.039) were similar to those 
reported for the whole group. The moderating effect of age was not further explored be-
cause the oldest age group only had 17 subjects who had been to school, which is too few 
to compare subgroups, and implies that age cannot confound the effect of schooling on 
the distribution of hand preference in our sample.

Factors predicting mean hand skill
The means (and range) of mean hand skill of both hands on the three tasks was for 

pegboard 15.6 s (11.2 to 26.5 s); for grip force 23.7 kg (5.5 to 53.1 kg); and for ball throwing 
a score of 16.1 (-13.5 to +38). Performance on the pegboard is in the normal range (e.g. 
Annett 1985), and, as expected, males were stronger (26.8 vs. 20.8 kg) and better throwers 
(score 17.8 vs. 14.5), compared to females which validates these tasks. Males do not differ 
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Figure 1 • Differences in the relative frequencies of the distribution of hand preference between 
the groups with and without schooling. Extreme right hand preference is 11.2 % more frequent 
and strong right preference 7% less frequent among those who went to school.
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from females in pegboard performance. Mean skill over both hands globally decreases 
with age for the pegboard and increases for grip force, but these relations are non-linear 
with peak performance on the pegboard in the 10-29y range and on grip force in the 15-
49y range. 

A MANCOVA with schooling and sex as predictors and age and age2 as covariates (df 
= 3,569) yielded highly significant multivariate effects (all p’s  < 0.00001) for all 4 factors. 
Univariate results are presented in Table 4. Schooling is associated with faster overall 
pegboard performance, greater strength and greater accuracy in throwing. 

Factors predicting hand skill asymmetry 
The distributions of the asymmetry of hand skill indices are shown in Figure 2. The 

distribution of these hand skill asymmetry indices (SI’s) is close to normal with right 
biased means for all three tasks indicating that the majority of subjects perform better 
with the right than the left hand. In multivariate analyses of SI age2 was never significant 
and this factor was removed from the model. The resulting multivariate model was sig-
nificant for sex (F3,570 = 4.93, p = 0.002) and age (F3,570 = 3.56, p = 0.014), but not for schooling. 

Table 4 • Effects of schooling, sex, age and age2 on task 
performance

Figure 2 • Distribution of the asymmetry of hand skill (SI) for each of the three tasks. Right hand 
dominance in skill shows as positive values of the SI. Percentages indicate the proportion of 
subjects with better performance of the left hand (BP left) or the right hand (BP right).

Task Factor F(1,575) partial eta2 B p-value

schooling   17.2 0.029 -0.683 <.0001
sex 0.085 <0.001 0.043 .770
age   106.3 0.157 0.193 <.0001
age2 200.8 0.26 -0.004 <.0001

schooling   
34.6 0.057

-3.086
<.0001

sex    147.8 0.206 5.758 <.0001
age   573 0.501 1.431 <.0001

age2 473.4 0.453 -0.02 <.0001

schooling
10.7 0.018

-2.867
.0011

sex 14.3 0.024 2.989 .0002
age   3.51 0.006 0.187 .061

age2 2.87 0.005 -0.003 .091

pegboard

gripforce

ball 
throwing
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The between-subjects effects are shown in Table 5 (top). Males had on average a higher SI 
(indicating that they are more right-dominant) than females in grip force (p = 0.054) and 
ball throwing (p = 0.002), but not on the pegboard. With age the average SI decreased for 
all three tasks.

The MANCOVA on absSI showed significant multivariate effects of age (F3,569 = 5.16, p 
= 0.002) and age2 (F3,569 = 5.65, p = 0.001), but not of schooling. The task specific between-
subjects effects are shown in Table 5 (bottom). There is a trend for stronger absolute 
asymmetry between the hands in males for ball throwing (p = 0.081), but no effects of sex 
on grip force and the pegboard. There is a general decrease of absSI with age for grip force 
and ball throwing, leveling off in the adults. 

Relations between asymmetry of hand preference and hand perfor-
mance 

The Spearman correlations between hand preference (PI) and hand skill asymmetry 
(SI) for each of the three tasks are given in Table 6 (first column). Correlations concern-
ing SIforce were not significant and only weak correlations between the other tasks were 
found, with less than 4% of variance explained. 

Discussion 
The present study addresses the influence of schooling on strength and direction 

of hand preference and hand skill asymmetry in a Papuan population. The main result 
shows that schooling is associated with hand preference and overall skill but not with 
hand skill asymmetry. Furthermore, we found a higher prevalence of extreme right hand 
preference in men compared to woman in our sample.

The validity of the hand performance measurements was evident from similar per-
formance levels of pegboard performance compared to Western samples (e.g. Doyen et 
al. 2008), and greater grip force in men compared to women and the finding that men 
were better throwers than women. Also, expected quadratic effects of age on task perfor-
mance show that this Papuan population is subject to the known physical developmen-
tal constraints of lower speed, force and throwing accuracy in children and the elderly 
compared to the adult population. Previous studies in Western populations (Steenhuis & 

Table 5 • MANCOVA between-subjects effects of sex and age on the asymmetry of hand skill (left) 
and strength of asymmetry of hand skill (right). Schooling did not have a significant effect.

Task Factor F(1.575) partial eta2 B p-value

schooling 0.648 0.001 0.0037 0.421
sex 2.48 0.004 0.0067 0.116
age    2.91 0.005 <0.001 0.089
schooling 0.394 0.001 -0.0039 0.53
sex    3.72 0.006 0.0109 0.054
age    4.99 0.009 <0.001 0.026
schooling 1.12 0.002 0.0135 0.29
sex    10.1 0.017 0.0372 0.002
age 4 0.007 -0.0007 0.046

Task Factor F(1.575) partial eta2 B p-value

schooling 1.99 0.003 0.0048 0.159
sex 1.05 0.002 0.0031 0.305
age 0.558 0.001 <0.001 0.455
age2 0.482 0.001 <0.001 0.488
schooling 0.087 <0.001 -0.0012 0.768
sex 0.11 <0.001 -0.0013 0.74
age    5.97 <0.001 -0.0012 0.015
age2    9.82 0.017 <0.001 0.002
schooling 0.502 0.001 0.0073 0.479
sex    3.06 0.005 0.0163 0.081
age 9.48 0.016 -0.0036 0.002
age2 7.14 0.012 <0.001 0.008

gripforce

ball 
throwing

pegboard

gripforce

ball 
throwing

pegboard

Task Factor F(1.575) partial eta2 B p-value

schooling 0.648 0.001 0.0037 0.421
sex 2.48 0.004 0.0067 0.116
age    2.91 0.005 <0.001 0.089
schooling 0.394 0.001 -0.0039 0.53
sex    3.72 0.006 0.0109 0.054
age    4.99 0.009 <0.001 0.026
schooling 1.12 0.002 0.0135 0.29
sex    10.1 0.017 0.0372 0.002
age 4 0.007 -0.0007 0.046

Task Factor F(1.575) partial eta2 B p-value

schooling 1.99 0.003 0.0048 0.159
sex 1.05 0.002 0.0031 0.305
age 0.558 0.001 <0.001 0.455
age2 0.482 0.001 <0.001 0.488
schooling 0.087 <0.001 -0.0012 0.768
sex 0.11 <0.001 -0.0013 0.74
age    5.97 <0.001 -0.0012 0.015
age2    9.82 0.017 <0.001 0.002
schooling 0.502 0.001 0.0073 0.479
sex    3.06 0.005 0.0163 0.081
age 9.48 0.016 -0.0036 0.002
age2 7.14 0.012 <0.001 0.008

gripforce

ball 
throwing

pegboard

gripforce

ball 
throwing

pegboard
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Bryden 1999; Corey et al. 2001; Badzakova-Trajkov et al. 2011) report moderate agreement 
between hand preference and hand skill asymmetry indices. We found low correlations 
between hand preference and hand skill asymmetry, and between the different skill tasks 
in our Papuan sample. Weak correlations between handedness measures have also been 
reported for a young Papuan population (Connolly & Bishop 1992). Weak correlations 
leave room for moderating factors such as schooling, sex, and age to have a differential 
effect on these measures that reflect different aspects of motor lateralization, which is 
indeed found in the present study.

Our results are only partially in agreement with those of Connolly & Bishop (1992) 
who studied a Papuan mountain population of children from Papua New Guinea. In both 
studies schooling was not associated with hand skill asymmetry on the Annett peg board 
task. However, in contrast to our study, they found no effect of schooling on observed 
hand preference. Other than in our study their measure of hand performance relied on 
performing actions with typically ‘Western’ objects such as dealing cards and using 
scissors; unfamiliarity with some of the actions may have obscured the subject’s true 
handedness. 

The effects of schooling on mean hand performance and skill asymmetry were esti-
mated in models correcting for sex and age. A remarkable outcome of these analyses is 
that schooling affected mean performance but not asymmetry of hand skill or its abso-
lute value. This may imply that hand skill is more under pressure of environmental and/
or cultural influences than is skill asymmetry between the hands, but this will have to 
be shown for other factors than schooling. In contrast to asymmetry of hand skill, the 
strength and direction of hand preference was associated with schooling. Among those 
who had been to or still were in school extreme right-hand preference was more frequent. 
Together with the weak correlations between the two types of measures this suggests that 
hand preference and skill asymmetry represent different aspects of brain lateralization.

An unexpected finding was that the group of subjects that received at least one year 
of schooling performed better on each of the three tasks: schooling was associated with 
faster fine motor performance, greater grip strength and greater accuracy. Writing as is 
taught at school can be seen as a specific and intense training in fine motor control pos-
sibly explaining better performance on the skill tasks, but it is difficult to understand 
that this would enhance maximum grip force. An alternative explanation is that in this 
Papuan population, that is relatively new to the system of schooling, there is an implicit 
selection mechanism for school entry by parents or the broader community including 
the teachers, with the result that a fitter and maybe more intelligent part of the popula-
tion enters school. This explanation fits with positive correlations (r = 0.18 in boys and.17 

Table 6 • Spearman correlations between hand preference index (PI) and hand skill indices (SI-
task) and Pearson correlations between the task SI’s 

SI-pegs 0.087 * - -
SI-force 0.032 0.045 -
SI-ball 0.188 ** 0.143 ** 0.040
* p<0.05 ; ** p< 0.01

PI SI-pegs SI-force
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in girls) between overall level of hand performance and IQ as was found in a large UK 
sample at the age of 11y (Nettle 2003).

Among schooled individuals we found a higher frequency in the extremely right-
handed and a lower frequency in the strongly right-handed category. One might conclude 
that this preference is the result of pressure on writing with the right hand. Indeed there is 
evidence that pressure on left-handers in school to write with the right hand may convert 
about half of them into right-handed writers and that this also influences hand choice for 
a number of other tasks (see Perelle & Ehrman 1994). According to our assistants, how-
ever, pressure on writing with the right hand was not exerted. Additionally, the writing 
can be seen as a specific and intense training in fine motor control. For right-handers and 
for left-handers writing with their left hand this may cause a shift to increased strength 
of handedness, but for left-handers who were pressed to write with their right hand this 
may cause a decrease in strength of handedness. The low number of left-handed subjects 
in our sample (for a discussion of this finding see Schaafsma et al. 2011/chapter 6, this 
thesis) limits testing this to the full extent, but the increased frequency of extreme right-
handedness and stronger strength of preference among subjects with schooling is in 
agreement with this reasoning. There may be, however, an alternative explanation. Going 
to school implies not participating in the daily routine of working in the gardens situated 
on steep slopes (as women and children and part of the men do) or not going up into the 
forests for hunting and trapping, activities that are physically demanding and require 
varied use of both upper limbs. Rather than an effect of writing pressure the difference 
in extreme right-hand preference as found between the schooled and non-schooled indi-
viduals may be caused by the more frequent bilateral use of both limbs in the living en-
vironment (school children do not work in the gardens). This hypothesis awaits further 
testing. 

The low prevalence of left handedness in our sample (2.9%) is quite low (see also 
Schaafsma et al. 2011/chapter 6, this thesis). In many societies cultural pressure causes a 
bias in hand preference (Perelle & Ehrman 1994). There is as far as we were able to detect 
no teacher pressure to use the right hand for writing. According to our assistants, how-
ever, no cultural habits (e.g. for eating) or activities that might cause a bias were known 
to them. The Eipo dictionary does not report negative meanings associated with the word 
‘kwanim’ (left) and positive meaning associated with the word ‘sidik’ (right) (Heeschen 
& Schiefenhövel, 1984), in contrast to many other languages (Schiefenhövel, in prepara-
tion). Sidik also has the meaning of preferred hand (personal observation RHG and SMS). 
In all, we estimate that the usual cultural pressures on hand preference have been low. 

In our population we find 6% more extremely right-handed males than females. A  
meta-analysis of sex differences in left-hand preference by Papadatou-Pastou et al. (2008) 
reports an odds ratio of 1.20 for strong left-handedness (studies in which a right – mixed 
- left classification was used), reflecting higher prevalence of strong left-handedness 
among males. Although these two studies are quite different in nature and the classes of 
handedness only roughly similar, the common result is that among males extreme hand-
edness is more prevalent. This may indicate that sex differences affect strength of hand 
preference rather than direction.  
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The differences in handedness between the sexes among the Papuas may be explained 
by the division of labour between men and women in this population. Among other tools 
the hunters (male) use bow and arrow, which may explain that they are better throwers 
but possibly also the sex difference in lateralization as they specialize the hands more 
than the women, who do most of the work in the gardens on steep slopes, work that is 
done in a position facing the mountain slope with restricted opportunity to move. This 
forces the use of both hands in the same task equally frequently. From these observations 
one may predict that among females the frequency of extreme hand preference will be re-
duced compared to men. This was found for extreme right hand preference (for left hand 
preference this study lacks power). For the pegboard task no sex differences were found, 
possibly because males and females are equally involved in fine motor skills. These latter 
results are in agreement with those of Connolly and Bishop (1992) who did not find sex 
differences in hand preference and pegboard performance in a Papuan population. On 
the other hand Doyen and colleagues (2008) reported a small but significantly stronger 
asymmetry for the pegboard task in females compared to males in a French sample over 
a similar age range (6-66y) and sample size (n = 488). And Kilshaw and Annett (1983) re-
ported that in a large UK sample of 3.5y to 63y up to the age of 10y males are faster with 
their left hand, which then reverses, but no such effect was found in our data. Cultural 
differences or the large proportion of left-handers in the Doyen (2008) study (38%) might 
explain these differential effects of sex.

Conclusion
The main result of the present study on handedness in a non-industrial society is that 

schooling, corrected for sex and age differences, is associated with hand preference, as 
schooled individuals were more likely to be extremely right-handed, and less likely to be 
strongly right-handed, but not with hand skill asymmetry. Developmental plasticity in 
hand preference but not skill asymmetry and the weak correlation between hand prefer-
ence and asymmetry of hand skill suggests that hand skill asymmetry is not the major 
determinant of hand preference and that both hand preference and hand skill asymmetry 
represent different aspects of brain lateralization.

The associations between schooling and hand preference are probably not merely 
caused by social pressures or intense training of the writing hand, but also by being less 
involved in activities that forces the use of both hands equally. Furthermore, the higher 
overall performance of schooled individuals suggests that there is implicit selection on 
the fitter part of the population to enter school.
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Chapter 6

Abstract
Handedness is a heritable trait, and left-handedness is related with increased fitness costs. 

Left-handedness persists, however, as a minority in every human population investigated. 
One explanation for this persistence has been put forward in the fighting hypothesis, which 
postulates that left-handers have a frequency dependent benefit in fights. Support for this has 
been found in the finding that left-handedness is relatively frequent in populations with high 
homicide rates, according to estimates of left-handedness partly based on pictures and films 
made for a different purpose. We measured handedness based on nonindustrial society of the 
Eipo (Papua, Indonesia) in which homicide rate was very high. This set of tests was validated 
in 198 Western students. Contrary to the prediction based on the fighting hypothesis, we did 
not find a high frequency of left-handedness or a difference between men (who participate 
in warfare) and women evolutionary force for the persistence of left-handedness in human 
populations. Furthermore, we found lower percentages of left- and mixed-handers compared 
to a Western population who executed the same tasks. Since left-handedness is associated 
with health problems, we suggest that in a society lacking Western health care, selection 
pressures against left-handedness may be more intense and therefore its frequency may be 
reduced.
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Introduction 
Left-handed people are present in every human population investigated but always 

comprise a small minority compared to the large majority of the population that is right-
handed. Handedness is a heritable trait (Sicotte et al. 1999; Francks et al., 2002; Medland 
et al. 2009), and left-handedness is correlated with increased Darwinian fitness costs (see 
references in Llaurens et al. 2009). One way to explain the persistence of the minority of 
left-handers in human societies is by negative frequency dependent selection: pressure 
against a certain phenotype (in this case, left-handedness) decreases in the population 
when it becomes less frequent relative to the other phenotype (right-handedness) since 
its benefits are higher when rare. The fighting hypothesis (Raymond et al. 1996) postulates 
that such a frequency-dependent benefit for left-handers could be found in an advantage 
they have in fights because of their unfamiliar handedness. People engaged in fights have 
a higher chance of encountering right-handed opponents and are therefore better pre-
pared to fight against right-handers, thus giving left-handers a better chance of winning 
fights as long as left-handedness is rare. This hypothesis is supported by the finding that 
in physically interactive sports (e.g. fencing and tennis), the frequency of left-handers 
is relatively high compared to noninteractive sports (e.g. gymnastics) (Raymond et al. 
1996). A further prediction resulting from this hypothesis is that when fighting is more 
frequent in a society, the frequency -dependent benefit of left-handers becomes larger, 
either due to the increased survival in fights or due to indirect effects of winning a fight 
by an increase in social rank, possibly resulting in more sexual partners and thereby 
more offspring. Indeed, in a comparative study of eight nonindustrial societies, it was 
found that the percentage of left-handers (varying between 3.4% and 22.6%) is positively 
correlated with the number of adult homicides per year (Faurie & Raymond 2005). Faurie 
& Raymond (2005) reported handedness data from three populations with high homicide 
rates. In two of these populations, handedness was estimated based on photos and film 
recordings that were made for a different purpose: in the Yanomamö (Brazil), lateralized 
behaviors were scored from 16-mm film recordings of daily life of a small number of 
people (n=31, Marchant et al. 1995); and in the Eipo (Papua, Indonesia), pierced ears were 
scored from pictures taken during prior fieldwork. A pierced left ear would indicate that 
bow shooting is performed with the right hand and vice versa as bringing the bow under 
tension by pulling the string to the side of the face would be hampered by large orna-
ments in the ear on that side of the face. These data were subsequently corrected for the 
chance that the unseen earlobe on pictures was torn in the process of enlarging the hole, 
in which case these men would often also pierce their other ear (ipsilateral to bow use) 
(Faurie et al. 2005). Since other societies in the comparative study by Faurie & Raymond 
(2005) were scored on the basis of hand use while using a knife, they adjusted the Eipo 
data based on the between handedness in bow shooting and knife use in a small French 
population. In the population reported to have the highest homicide rate (Jimi Valley, 
Papua New Guinea), handedness measures were obtained through testing (Connolly & 
Bishop, showed a frequency of left-handedness that was considerably lower than in the 
other two studies.
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The fighting hypothesis is at present the only evolutionary explanation for the per-
sistence of left-handedness in human populations, and the result of the comparative 
approach by Faurie & Raymond (2005) is intriguing. To further investigate whether the 
proportion of left-handedness is high in populations with high levels of homicide, we 
investigated handedness in the Eipo population on the basis of actual preference in stan-
dardized tests. In this nonindustrial society (belonging to the Mek group of cultures and 
languages), both homicide rate is high (3/1000 inhabitants per year; Schiefenhövel, 2001), 
and Faurie & Raymond (2005) estimated the rate of left-handedness to be very high too 
(20.4%). Furthermore, in addition to differentiating between right-and left-handers, we 
also differentiated between right-and mixed-handers since the latter may profit from the 
same advantage in fights as left-handers. To measure handedness in an evolutionarily 
meaningful manner, we developed a series of preference tests in which handedness was 
scored on 10 actions common to subjects’ daily lives. This 10-item inventory was applied 
in the Papuan population, and the data were compared with data from a Dutch (student) 
population in which the same 10-item inventory was completed in a similar way. To 
investigate whether the student sample was representative of the Western population, 
the student results were compared to data collected by Annett (2004) who measured 
handedness in a Western population with a series of tests based on tasks common to 
Western daily life. 

Since the Eipo accepted Christianity as their primary religion around 1980 (Ploeg 
2004), tribal wars came to an end, and thus homicide rate diminished dramatically. There 
has only been one reported fatal outcome of an intracommunity fight since then (personal 
communication, W. Schiefenhövel). Consequently, since the acceptance of Christianity, 
the benefit of being left-handed may have been reduced. Therefore, we tested whether 
handedness differed between people who were adults in the period when tribal wars were 
common and those too young to take part in these or not yet born. As only the men par-
ticipate in the fights and women would benefit from being left-handed only indirectly 
(as left-handedness is heritable) via their left-handed sons, this analysis was repeated for 
men only, and it was analyzed whether handedness differed between the sexes. 

Methods
The Papuan sample 

The Eipo inhabit an area of around 150 km2 along the banks of the Eipomek river at 
approximately 4°25`–4°27` S, 140°00`–140°05` E in the highlands of the Indonesian prov-
ince of Papua, formerly known as Irian Jaya (New Guinea). The inhabitants are horticul-
turists whose staple food consists of sweet potatoes and vegetables, complemen ted by 
the products of hunting, gathering and pig raising (Schiefenhövel 1976, 1991; personal 
observations 2009). Because of the remoteness and inaccessibility of the area the Eipo 
valley is located in, it has until recently been isolated from the outside world. The first 
brief contact with Europeans was in 1959 during the expedition led by Gaisseau (Saulnier 
1960). Tribal warfare and armed conflict within the village communities were common 
until mission aries began their work in the valley in 1978, and in 1980, Christianity was 
accepted as the primary religion (Ploeg 2004). Western health care was absent until 2005 
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when a health center was built that now offers basic health care. In the valley, there has 
been one elementary school since 1981. No fees are required to attend this school; how-
ever, many children do not attend school for various reasons (e.g. to be able to help their 
parents in the gardens). At present, the area is accessible by foot or light aircraft only. 

Because adults do not know their own age or the age of their children, the interview-
ers estimated the age of each subject based on a series of major events in the community 
of which exact dates were known from documented record (such as the first contacts 
with Europeans, Indonesian parachutists in 1969, the arrival of the German Research 
Team in 1974, two destructive earthquakes in 1976 and the construction of the school 
and church) that the subjects recollected. Our estimates of the age of the subjects ranged 
between 5 and 69 years of age (median = 27, interquartile range = 31). All observations 
were done by the first two authors with the help of three local Eipo assistants who trans-
lated the instructions from Indonesian to the local language (Eipo yupe). In all cases, one 
observer and one interpreter were present when testing a subject. The interpreters were 
blind to the hypotheses being tested. The project was introduced to the local people by 
W. Schiefenhövel, who speaks Eipo (cp. Heeschen & Schiefenhövel 1983) and is known 
to them from repeated periods of field work that started in 1974 when the Eipo still lived 
their traditional Neolithic life style. 

Handedness measures 
Hand preference was determined in 621 Eipo subjects (289 men and 332 women) using 

tools provided for demonstration. Subjects gave verbal informed consent prior to the 
assessment, which was approved by the ethics committee of the University of Gronin-
gen. The inventory consisted of 10 actions the subjects performed and comprised both 
fine and gross motor skills, namely, (1) one punch at a bag held up by an observer (mim-
icking giving someone a punch during a fight); (2) sharpening a wooden stick with a 
knife (hand used to handle knife was recorded); (3) hammering a wooden stick into the 
ground with a stone (hand used to handle stone was recorded); (4) machete use (cutting 
vegetation); (5) throwing a small stone far away; (6) picking up a nut and putting it in 
the mouth; (7) picking up a bead and handing it over to the observer; (8) drawing a circle 
on the ground with a wooden stick; (9) swatting away an imaginary fly located on the 
subject’s nose and (10) crushing a small stone with a big stone. The tasks comprised of 
both unimanual (Nos. 1, 4, 5, 6, 7, 8, 9 and 10) and bimanual items (Nos. 2 and 3). The tools 
were bimanually placed precisely in front of the subject in such a way that no cue for 
left- or right-hand use was given by a bias in the placement of tools. A score of 1 was given 
to each action performed with the right hand and −1 to an action performed with the 
left hand. A handedness index (HI) was calculated by dividing the total score by 10. The 
HI thus ranged between −1 and 1. For unimanual tasks, it was explicitly asked to use one 
hand only. If a subject then used both hands, the data from this subject were excluded 
from statistical analyses (n = 19).
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The Western sample and validation of the tests 
Data were collected during first year biology practicals in the same way as described 

above for the Eipo population. All subjects (102 men and 85 women; median = 19 years old, 
interquartile range = 1 year) gave written informed consent prior to testing, which was 
approved by the ethics committee of the University of Groningen. Following the same 
criteria as for the Eipo population, 10 students were excluded as hand use could not be 
properly scored on all 10 items. 

To investigate whether the HI obtained with the tasks (developed for a Papuan soci-
ety) was comparable to the HI obtained with questionnaires generally used in Western 
populations, the students also completed the Dutch handed ness questionnaire (van 
Strien 2003). This questionnaire is based on the handedness questionnaires of Annett 
(1970) and the Edinburgh inventory (Oldfield, 1971). Additionally, to investigate whether 
the HI obtained from the student population by means of testing actions designed for the 
Papuan population was similar to results obtained from other Western populations, the 
data were compared to data collected by Annett (2004) in a large Western sample (UK) with 
a broader age range using action tasks designed for a Western society. Both approaches 
showed that the test series on hand preference developed for the Papuan population in 
the students produced similar data as the questionnaire did, and the test series on hand 
preference developed for Western populations collected by Annett (2004) verified that 
the test series we designed for the Papuan population indicates handedness reliably in 
our student population. For more detailed information concerning these comparisons, 
please refer to the Supplementary material.

Analyses

Comparing Faurie & Raymond’s (2005) with our Papuan sample 
First, we compared our data to the data in the Eipo population reported by Faurie & 

Raymond (2005) who calculated that 20.4% of men in that population were left-handed 
(aged over approximately 15 years as ears were pierced only after the start of puberty). 
This calculation was solely based on an estimation of handedness in knife use (see Intro-
duction). To make a proper comparison, we only used the knife test from our data set and 
restricted our sample to men older than 15 years. We performed a binomial test (Siegel 
1956) on the number of left-handers with 20.4% as reference. Additionally, as our HI based 
on all 10 tests resulted in an ordinal handedness measure between −1 and 1 (in contrast 
to the nominal left or right hand use in Faurie & Raymond, 2005), we also performed a 
binomial test comparing the 20.4% left-handers estimated by Faurie & Raymond with the 
percentage of people having an HI smaller than zero. 

In addition, among the Papuans, we tested whether older men, having experienced 
warfare, differed from younger people and whether men differed from women who do 
not participate in warfare. For details, see the Supplementary material. 

Comparing Papuan and Western distributions of hand preference 
Due to the narrow age range of our student sample, we selected a subsample of our 

Papuan sample (16 < age < 26) when the Papuan population was compared with the stu-
dent population (after selection: median = 20, n = 71 and medi an = 19, n = 187, respectively). 



Nonindustrial handedness challenges the fighting hypothesis

111

A Kolmogorov–Smirnov (KS) Exact Test was used to analyze the differences between the 
two populations. Because we found low frequencies of left-handedness in the Papuan 
population, we used a conservative measure to test more specifically the differences in 
left-and mixed-handedness by means of χ2 tests of independence (Siegel 1956) with the 
criteria of HI<0 for left-handedness and −0.7 < HI < 0.7 for mixed-handers. After visu-
ally inspect ing the data, we also analyzed the differences between the populations for 
extreme right-handedness (HI>0.9). 

Statistical programs 
Binomial tests and χ2 tests for independence were performed using the software 

program Statistix version 8 (Analytical Software, Tallahassee, FL, USA, 2003). All other 
statistical analyses were performed using SPSS 16. 

Results 
The overall results concerning the HI of Papuan in dividuals are shown in Table 1. 

Comparing Faurie & Raymond’s (2005) with our Papuan sample 
Using HI<0 as a cutoff point to determine left-handedness in the male population 

older than 15 years, we found seven left-handers out of a total of 194 Papuan individuals 
(3.6%). This percentage significantly differed from 20.4% reported by Faurie & Raymond 
(2005) (binomial test, p < 0.001). Using only the results of the single item a wooden stick 
with a knife’ (equal to the left-handedness measure estimated by Faurie & Raymond, 
2005) yielded exactly the same results. Further analyses showed that men were not more 
likely to be left-handed than were women. Similarly, Papuans who had experienced war-
fare were not more likely to be left-handed than were younger people (see supplementary 
material pp. 115-117).

Comparing nonindustrial with Western left-handedness
The Papuan HI distribution (mean ± SD = 0.98 ± 0.074, N = 71) was significantly shifted 

to the right of the Dutch sample (mean ± SD = 0.81 ± 0.461, N = 187; KS Exact Test: Z = 1.51, 
p < 0.001) (see figure 1). Numbers of individuals and percentages of strong left-, left-, 
mixed-, strong right- and extreme right-handers are shown in Table 2. The percentage 
of the left-and mixed-handers was significantly lower in the Papuan sample than in our 
Western student sample (χ2 = 4.36, p = 0.037 and χ2 = 4.49, p= 0.034, respectively). The 
percentage of strong and extreme right-handers was significantly higher in the Papuan 
sample than in the Western student sample (χ2 = 7.84, p = 0.005 and χ2  = 13.85, p = 0.0002, 
respectively). 

Table 1 • Frequency distribution (number and percentage) of handedness in the Papua population.

Handedness Index  -1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0

 N (%) 10 (1.7) 4 (0.7) 1 (0.2) 1 (0.2) 2 (0.3) 1 (0.2) 2 (0.3) 1 (0.2) 13 (2.2) 41 (6.8) 526 (87.4)
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Discussion 
In the present study, we did not find elevated frequency of left-handedness in a non-

industrialsociety with high homicide rate as was expected on the fighting hypothesis 
postulated by Raymond et al. (1996).The percentage of left-handedness we found was 
substantially and significantly lower than the percentage reported by Faurie & Raymond 
(2005) and also lower than what we found in a Western (student) population using the 
same tests. As no difference in the proportion of left-handedness was evidence that the 
dramatic cultural change following the conversion to Christianity that nearly elimi-
nated homicide had any effect on the percentages of left-handedness. These results thus 
challenge the fighting hypothesis. We also investigated differences in the proportion of 
lefthanders between the sexes, as men but not women participated in warfare, so that 
the latter may only receive benefits from being left-handed through their sons. In the 
literature, a small sex difference in handedness has often been found, with men show-
ing a slightly higher frequency of left-handedness than women (for a meta-analysis, see 
Papadatou-Pastou et al. 2008). Al though Papuan men were more often left-handed than 
women, this difference was not significant, perhaps due to an insufficient sample size. 

Table 2 • Number of individuals and percentages of strong left -, left -, mixed-, strong right- and 
extreme right-handedness in the nonindustrial and Western populati on and the associated χ2 
tests of independence

Subject age: between 16 and 26 years.

Figure 1 • Frequency distribution 
of the HI of Papuan (black bars) and 
Western (gray bars) subjects between 
16 and 26 years old. Papuan sub-
jects were significantly less often 
left-handed (χ2 = 4.36, p = .037) and 
mixed-handed (χ2 = 4.49, p = .034) and 
more often right-handed (χ2 = 7.84, p 
= .005) than Western subjects.

N % N % N % N % N %

Non-industrial sample 0 0 0 0 2 2.8 69 97.2 67 94.4
Western sample 8 4.2 11 5.9 21 11.2 158 84.5 137 73.3

÷2

p
4.36

0.037

Strong left-handers
HI<-0.7

3.13
0.077

Left-handers
HI<0

Strong right-handers
HI>0.7

Extreme right-handers
HI>0.9

4.49
0.034

Mixed-handers
 -0.7<HI<0.7

13.85
0.0002

7.84
0.005
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Although our newly collected data on handedness are not consistent with the fight-
ing hypothesis, considering the way homicide occurs in this population, the hypothesis 
may still be valid. In the populations that are recorded to have the highest homicide rate 
(Faurie & Raymond 2005), people mainly fight with bow and arrow (Yanomamö: Chagnon 
1988; Jimi valley: Vayda 1989; Eipo: Schiefenhövel 2001). In the absence of hand-to-hand 
combat, there is no reason to expect any frequency-dependent benefit for left-handers 
because it should not matter whether an arrow is aimed or released with the left or the 
right hand. Therefore, instead of correlating homicide rate to percentages of left-handers 
in human populations, the number of man-to-man fights should be used as this is a more 
accurate measure of the possible frequency-dependent benefit of left-handers. However, 
even if such a correlation would be found and left-handers do indeed have higher chances 
to win such fights, it is difficult to disentangle whether this would be caused by frequen-
cy-dependent advantage or by better motor skills, higher aggression among left-handers 
or other differences in lateralized functions such as spatial explanations that can also be 
invoked to relatively high percentage of left-handers sports compared to noninteractive 
sports (Bisiacchi et al. 2005; Reio 2004; discussed in Harris 2010). 

Contrary to expectation, left-handedness was relatively low in the Papuan society 
even when compared to a Western population. An alternative for the fighting hypothesis 
is based on the relationship between left-handedness and may be a side effect of develop-
mental disorders or perinatal stress factors that selection cannot bring to extinction. Sev-
eral authors have suggested that left-handedness (see references in Llaurens et al. 2009), 
non-right-handedness (see references in van der Hoorn et al. 2010) or being weakly lateral-
ized (Vallortigara 2006) is related to fitness costs such as decreased health. The decreased 
levels of both left-handedness and mixed-handedness in the Papuan sample compared to 
a Western population may be due to the formerly absent and still very limited Western 
health care in this Papuan population (Braun 1996; Schiefenhövel 1976), leading to higher 
mortality in the Eipo than in typically studied Western populations with their sophisti-
cated health care system. 

In addition to a low proportion of left-handedness, we found a higher proportion of 
extreme right-handedness at the expense of less extreme right-handedness compared to 
a Western population. This result is in agreement with Connolly and Bishop (1992) who 
compared handedness in  similar nonindustrial society (Jimi Valley, Papua New Guinea) 
and a Western population (Manchester, UK). They attributed their result to the fact that 
they investigated handedness with an inventory based on the daily lives of Western 
people and that the tasks were not completely appropriate for testing handedness of the 
people in the Jimi valley. However, we find the same results even though the tasks were 
developed for daily nonindustrial life of that specific society.

Connolly and Bishop (1992) also report that, during the performance of the tasks, 
there always was a crowd of people watching, a situation similar to ours. Following their 
reasoning, it is possible that the Papuans may have been more preoccupied with the idea 
that they should perform the task in a correct and timely manner, whereas the students 
may just have used the hand they normally use when performing a certain task. This 
might have caused the shift of hand preference to more extreme right-handedness. 
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In conclusion, our study contradicts the estimation of extremely high frequency 
of left-handedness in the Eipo society by Faurie & Raymond (2005). This weakens the 
support for the fighting hypothesis and is not in line with the general predictions of 
this hypothesis. Moreover, we found lower instead of higher levels of left-and mixed-
handedness in this society when compared to a Western population with much lower 
incidence of homicide. Since left-handedness is related to increased fitness costs, our 
finding may be explained by the lack of Western health care, resulting in increased selec-
tion pressures against left-handedness in the nonindustrial society investigated. Pos-
sibly, investigating the relationship between levels of health care and left-handedness 
between populations may be a next step to shed light on the variation and persistence of 
left-handedness in human populations. 
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Supplementary material
The Western sample and validation of the tests

To investigate whether the handedness index (HI) obtained from the student popula-
tion (102 men and 85 women; median = 19 years old, inter-quartile range = 1 year) was 
similar to other Western populations, the data was compared to data collected by Annett 
(2004) in a large UK sample with a broader age range and action tasks designed for a west-
ern society. This sample consisted of 785 secondary school children aged approximately 
between 11 and 17 years and 1603 university participants aged between 18 and 63 years. 
Annett found that 6 out of 12 items were highly correlated and she analysed these sepa-
rately in addition to analyses concerning all 12 tasks. In order to compare our data to the 
study of Annett we reduced the number of tasks from the 10-item inventory to a 6-item 
inventory by selecting the items that showed highest internal consistency. Internal con-
sistency was calculated as the coefficient of the correlation between a specific item and 
the handedness index of the other 9 items. The six items with highest internal consis-
tency comprised throwing a small stone far away (r = 0.888), punching a bag (r = 0.841), 
machete use (r = 0.819), crushing a small stone with a big stone (r = 0.812), hammering 
a wooden stick into the ground with a stone (r = 0.780) and sharpening a wooden stick 
with a knife (r = 0.778). The other r’s varied between 0.760 and 0.566. A new handedness 
index was calculated based on these 6 items and categorized into three groups which 
were also used by Annett: extreme right-handedness (HI = 1), mixed handedness (1 < HI < 
-1) and extreme left-handedness (HI = -1). These results were compared with Annett’s data 
(2004) by means of chi-square tests of independence. The percentages of left, mixed, and 
right-handers based on this new handedness index were not significantly different from 
the percentages of left, mixed, and right-handers found by Annett (Supplementary table 
1). This suggests that the student population is a representative sample of the Western 
population. 

Furthermore, a Spearman’s correlation between the handedness index obtained by 
means of the inventory of 10 tasks developed for the Papuan sample and the handedness 
index obtained through the standardized questionnaire with normative data of the Dutch 
population was performed. A strong correlation was detected between the handedness 
index obtained by means of the inventory of 10 actions developed for the Papuan sample 
and the handedness index obtained through the questionnaire (Pearson r = 0.94, N = 187, 
p<0.000001).

Supplementary table 1 • The percentages of hand preference categories in our Western stu-
dent sample and in Annett ’s (2004) sample and the associated chi-square tests of indepen-
dence

Consistent left-handers Mixed-handers Consistent right-handers

Students (this study) 4.3 14.9 80.7
Annet (2004) 5.2 17.3 77.6

χ2 0.30 0.66 1.00
p 0.585 0.4171 0.3177
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Handedness indices of the young and old Papuan population
In 1980 instances of armed inter and intra-group aggression reduced very much due 

to the activity of Christian missionaries. Consequently, the benefit of being left-handed 
may have been reduced. To investigate whether the handedness distribution changed 
since that time we split the data set in two: one group who had been 15 years or older in 
1980 (people who may have been involved in armed conflict) and one group who was 14 
years or younger in 1980. A Kolmogorov-Smirnov Exact test was used to check for dif-
ferences in the distribution of handedness between these two age classes. Additionally, 
chi-square tests of independence were used to investigate more specifically the differ-
ences in the proportion of left-handedness (HI < 0) in the two groups. These two analyses 
were done for both sexes together and separately for men as only men would have a direct 
frequency-dependent advantage of being left-handed. 

These analyses showed that the handedness index distribution of people that were 
aged ≥ 15 years in 1980 when the wars were abandoned was significantly different from 
the handedness index distribution of people from the younger group (mean ± SD = 0.89 
± 0.346, n = 148 and mean ± SD = 0.93 ± 0.315, n = 454 respectively; KS Exact test Z = 1.260, 
p < 0.001; Supplementary figure 1). The percentages of strong left-, left-, mixed-, strong 
right- and extreme right-handers are shown in Supplementary table 2. Chi-square tests of 
independence showed that this difference was not caused by differences in the proportion 

Supplementary figure 1 • Frequency 
distribution of the handedness index of 
Papuan people that were aged ≥15 years 
in 1980 (black bars) and younger ones (grey 
bars). No differences were found between 
the percentages of left- and mixed-handers 
between the younger and older genera-
tion. The younger generation is more oft 
en extreme right-handed compared to the 
older generation (χ2 = 14.40, p=0.0001).

Supplementary figure 2 • Frequency dis-
tribution in percentages of the handedness 
index of 602 Papuan subjects. Men: black 
bars, women: grey bars. No differences were 
found between the percentages of left - and 
mixed-handers between the sexes. How-
ever, men are more often extreme right-
handed than women (χ2 =4.35, p=0.037). 

Handedness Index Handedness Index
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of left-handers, nor in the proportion of mixed-handers. Rather, the difference lay in the 
fact that the younger generation was more extreme right-handed (Supplementary Table 
2).

When only men were considered (the sex directly involved in fights) we also found 
that the HI distribution of people that were aged ≥ 15 years in 1980 (mean ± SD = 0.890 ± 
0.381, n = 91) was significantly different from the HI distribution of younger group (mean 
± SD = 0.925 ± 0.351, n = 190; KS Exact test Z = 0.67, p = 0.031). Chi-square tests of indepen-
dence showed that this difference was again not caused by differences in the proportion 
left-handers, or in the proportion mixed-handers. Rather, the younger generation was 
more extreme right-handed (Supplementary Table 2). 

Investigating differences in handedness index between the sexes
A Kolmogorov-Smirnov Exact test was used to check for differences in the distribu-

tion of handedness between men and women in the Eipo society. This analysis showed 
that the handedness index distribution of men (mean ± SD = 0.914 ± 0.36, n = 281) sig-
nificantly differed from that of women (mean ± SD = 0.922 ± 0.287, n = 321) (KS Exact test 
Z=0.69, p=0.05; Supplementary figure 2).

Additionally, chi-square tests of independence were used to investigate differences in 
the proportion of left- and mixed-handers (HI<0 and -0.7<HI<0.7, respectively) between 
men and women. This showed that the sex difference found was not caused by differences 
in the proportion left-handers (2.2% women and 3.9% men used predominantly their left-
hand to perform the 10 tasks: χ2 = 1.55, p = 0.213), or in the proportion of non-right-handers 
(6.5% women and 5.0% men: χ2 = 0.67, p = 0.415),  but the difference lay in the fact that men 
are more extreme right-handed (84.7% women and 90.4% men used their right-hand on 
all 10 items: χ2 = 4.35, p = 0.037). 

Supplementary table 2 • Number of Papuan individuals and percentages of strong left-, left-, mixed-, 
strong right- and extreme right-handers born after 1965 and born in 1965 or earlier and the associated 
chi-square tests of independence for both sexes together and men only.

N % N % N % N % N %

Total >1965 10 2.2 13 2.9 13 2.9 431 94.9 410 90.3
= 1965 4 2.7 5 3.4 8 5.4 136 91.9 116 78.4

χ2

p

Men only >1965 6 3.2 7 3.7 2 1.1 182 95.8 177 93.2
= 1965 3 3.3 4 4.4 3 3.3 85 93.4 77 84.6

χ2

p
0

0.951

Strong right-handers
HI>0.7

1.89
0.17

0.74
0.39

Strong left-handers
HI<-0.7

0.12
0.726

0.023

0.1
0.749

2.14
0.143

14.4
0.0001

0.08
0.774

1.77
0.183

5.17

Left-handers Mixed-handers Extreme right-handers
HI<0  -0.7<HI<0.7 HI>0.9
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Abstract
The persistence of left-handedness in human populations has intrigued scientists for 

decades. Left-handedness is partially heritable and associated with health problems, which 
raises the question why natural selection has not driven it into extinction. Several authors 
suggest benefits for being left-handed. However, whether handedness really affects Darwin-
ian fitness is unclear and not yet studied in a non-industrial society where selection pressures 
on health and handedness are likely to be similar to the situation in which handedness has 
evolved. We measured both hand preference and hand skill (speed and accuracy) of both 
hands, as they measure different aspects of handedness, and investigated their association 
with the number of offspring and self-reported illness in a non-industrial society in Papua, 
Indonesia. We found a significant positive association between strength of hand preference 
and number of children who died within the first two years of life. On the other hand men 
who showed strong lateralization in hand skill sired more children and showed a trend to 
have more children alive than weakly lateralized men. For women we found no such effects 
Our results indicate that strength of handedness, independent of direction, has fitness impli-
cations and that the persistence of the polymorphism in handedness may be ascribed to 
balancing selection, either as sexual antagonism, or as balancing selection of skill versus pref-
erence. No relationships between health and handedness were found, perhaps due to disease 
related selective disappearance of subjects with a specific handedness.
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Introduction
Lateralization, the asymmetric distribution of function over the cerebral hemispheres, 

was long thought to be a human characteristic, but is now known to be a widely spread 
phenomenon throughout the animal kingdom. Population biases in behavioural later-
alization have been found in many non-human species, but the distribution of the most 
apparent lateralized behaviour in humans, handedness, is exceptionally skewed, with 
only about 4-13% left-handers (Raymond et al. 1996; Perelle & Ehrman 1994). This skew 
has intrigued scientists for decades but a satisfactory explanation for this polymorphism 
found in every human population investigated thus far has not yet been provided.

Despite ample scope for environmental factors affecting the development of handed-
ness (Schaafsma et al. 2009), heritability of handedness is substantial, varying between 
0.23 and 0.66 (Denny & Sullivan 2007). This indicates that natural selection could act on 
handedness if handedness is not a neutral trait. Several studies have investigated the costs 
and benefits of left-, mixed- or right-handedness and results confirm that handedness is 
not a neutral trait. Non-right-handedness (in the literature sometimes classified as left- 
and/or mixed-handers) has been associated with possible fitness costs such as extremely 
low birth weights, delayed maturation (but see Eaton et al. 1996), and birth stress (for 
references see Searleman et al. 1989; Llaurens et al. 2009). The latter can lead to hypoxia 
and brain damage that potentially affects neurodevelopment (Bakan 1977; Ross et al. 1987; 
Coren & Halpern 1991; Miller et al. 2005). Non-right-handedness has also been associated 
with auto-immune diseases (Searleman & Fugagli 1987; Morfit & Weekes 2001).

Besides these disadvantages, some advantages for these groups have also been found. 
Non-right-handers are more prevalent among the top of interactive sport competitors 
suggesting that non-right-handers have increased chances of winning these interactions 
compared with right-handers and this may translate to winning aggressive interactions 
too (Raymond et al. 1996). Furthermore, they are reported to be more common among 
(instrumental) musicians (Byrne 1974; Peterson 1979; Götestam 1990; Hassler & Gupta 
1993; Aggleton et al. 1994) and artists (Peterson 1979; Preti & Vellante 2007), and people 
of higher socio-economic status (higher income and position in companies; Faurie et al. 
2008) possibly leading to benefits in sexual selection (Miller 2000; Nettle & Clegg 2006). 
In addition, handedness is often found to be associated with cognitive performance, 
although the results are ambiguous. Non-right-handedness has been found to be associ-
ated with lower cognition related skills by some (Miller 1971; Coren et al. 1981; Crow et al. 
1998; Corballis et al. 2008; Siengthai et al. 2008; Rodriguez et al. 2010) but not by others 
(Hardyck et al. 1976; van der Elst et al. 2008). One study even found that healthy mixed- 
and left-handers are faster in a cognition related task compared to right-handers (Gun-
stad et al. 2007). Whether these associations translate into differential fitness in terms 
of reproductive success is unclear. McManus and Bryden (1992) reviewed the genetics of 
handedness and they found that parents of whom one was right-handed and one was 
left-handed reported to have fewer offspring than two right-handed parents and more 
than two left-handed parents (table 6 in McManus & Bryden 1992). Unfortunately, that 
observation could not be statistically tested. Faurie et al. (2006) investigated the asso-
ciation between handedness and reproductive success in French adults. They found an 
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interaction between direction of handedness and income, such that left-handed men 
with low income have the lowest number, and left-handed men with high income had the 
highest number of grandchildren relative to right-handed men. 

Apart from the scarcity of data on reproductive success, three other aspects may 
contribute to the lack of understanding the persisting human polymorphism in handed-
ness. First, many studies, like those of McManus and Bryden (1992) and Faurie et al (2006), 
have only investigated direction of lateralization. However, Nettle (2003) showed that the 
results of most studies finding right-handers to outperform left-handers in cognitive 
tasks are actually confounded by the fact that right-handers are generally more strongly 
lateralized than left-handers, and that it is strength of lateralization, independent of 
direction, that is associated with cognitive ability. This highlights that when inves-
tigating handedness attention should be paid to both direction and strength. Second, 
handedness can be measured in terms of preference (which hand is preferably used for a 
certain task) and in terms of performance or skill (is the task better performed with the 
right or the left hand) and both aspects are relatively independent as they do not show a 
strong correlation (Borod et al. 1984; Connolly & Bishop 1992; Steenhuis 1999; Doyen et al. 
2008). Most studies investigating handedness in relation to health problems or number 
of offspring, have investigated hand preference, whereas it can as well be asymmetry of 
hand skill that is under natural selection pressures. Third, although both the costs and 
benefits of left-, mixed-, and right-handedness have received attention, all studies were 
performed in Western societies. These societies may no longer be under the selection 
pressures in which handedness has evolved. 

In this paper we will investigate the association between both direction and strength 
of handedness and reproductive success, with handedness measured both in terms of 
preference and skill. Reproductive success of subjects was estimated based on the number 
of their children born, alive and deceased in the first two years of life. We also investi-
gated whether the associations found are mediated through serious health problems. The 
study was carried out in a nonindustrial society in the highlands of Papua, Indonesia. We 
measured hand preference on ten ecologically relevant tasks and asymmetry of hand skill 
by means of a pegboard task, and accuracy in a ball throwing task.

Methods
Subjects 

The Eipo people inhabit an area of about 150 km2 near the Eipomek river at approxi-
mately 4°25`-4°27` S, 140°00`-140°05` E. in the highlands of the Indonesian province of 
Papua, formerly known as Irian Jaya (New Guinea). The Eipo are horticulturists whose 
staple food consists of sweet potatoes and vegetables, complemented by the products 
of hunting, gathering and pig raising (Schiefenhövel 1976, 1991; personal observations, 
2009). Because of the remoteness and inaccessibility of the area the Eipo valley is located 
in, it has until recently been isolated from the outside world. The first brief contact with 
Europeans was in 1959 during the expedition led by Gaisseau (Saulnier 1960), and more 
frequent contacts only began in 1974 when the interdisciplinary German Research Team 
began fieldwork there. Nowadays, the area is still accessible by foot or light aircraft only. 
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Western health care was absent until 2005 when a health centre was built which now 
offers basic health care. 

The sample comprised 373 subjects (197 women and 176 men), and is a subsample of a 
larger dataset collected by the first two authors during a 3 months field survey executed 
in the three major villages of the valley in 2009-2010. Criteria for inclusion in this study 
was the minimum age, in this population, for women to give birth to their first born (18 
years of age) and for men to sire their first born (20 years of age).

Our study was approved by the ethical committee of the Psychology Department of 
the University of Groningen. All subjects were recruited on a voluntary basis. As most 
subjects were illiterate they received verbal information about the survey in their local 
language (Eipo yupe) and those who asked for additional information before, during or 
after their participation were further informed. The subjects were informed about the 
possibility to abort their participation at any point in time. Those subjects that did not 
explicitly give their consent or did not want to participate were excluded from the study 
and not recorded, and those who did were recorded. This process was approved by the 
ethical committee.

Interviews: health status and reproduction
Each subject participated in a 30 minute interview lead by one of the two first authors 

who was assisted by one of three local assistants who translated between the Indonesian 
and the local language. After establishing a subject’s name, we estimated the age of the 
subject as they do not record dates of births. Estimation of age was done by means of 
a series of major events in the community that the subject recollected, of which exact 
dates were known from documented records. Also the age of their first and last born 
was estimated and sometimes of other children too. When not all children’s ages were 
estimated, the ages were estimated by interpolation based on the ages of their siblings.

Number of children born and number of children deceased were recorded, as was the 
age of the child when it deceased. As in multiple instances both parents volunteered and 
also information was obtained concerning and from siblings, the data obtained could be 
verified. The subjects were also questioned whether they themselves ever experienced 
severe (almost lethal) illness or injury. After the interview and the measurements of 
handedness (see below), the height of the subject was measured using a straight bough 
on which a scale was drawn, since height has been shown to correlate with reproductive 
success (e.g. Pawlowski et al. 2000).

Handedness preference measures
Hand preference was observed during an inventory consisting of 10 ecological rel-

evant actions the subjects completed using the tools provided, and comprised both fine 
and gross motor skills. The tasks included: (1): one punch at a bag held up by an observer 
(mimicking giving someone a punch during a fight); (2):  sharpening a wooden stick with 
a knife (hand used to handle knife was recorded); (3): hammering a wooden stick into the 
ground with a stone (hand used to handle stone was recorded); (4): machete use (imitat-
ing cutting vegetation); (5): throwing a small stone far away; (6): picking up a nut and 
putting it in the mouth; (7): picking up a small bead and handing it over to the observer; 
(8): drawing a circle on the ground with a wooden stick; (9): chasing away an imaginable 
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fly located on the subject’s nose and (10): crushing a small stone with a big stone. The 
tasks comprised of both unimanual (nos. 1, 4, 5, 6, 7, 8, 9 and 10) and bimanual items (nos. 
2 and 3). The tools were bimanually placed precisely in front of the subject in such a way 
that no cue for left- or right-hand use was given by a bias in the placement of tools. A 
score of -1 per task was given when performed with the left hand and +1 when performed 
with the right hand. Due to the very low sample size of individuals with a left hand prefer-
ence (3 women and 7 men) direction of hand preference was omitted from the analyses 
(see below) and only strength of hand preference was investigated (see Schaafsma et al. 
2011 for discussion about the low level of left-handedness in this population).

Asymmetry in hand skill measures

Pegboard task
To measure the speed of fine motor control of both hands a pegboard task was used. 

This task was based on the apparatus designed by Annett (p. 208 Annett 1985) and was 
constructed of hardwood (40 cm x 21 cm x 2.5 cm) with 2 parallel rows of 10 holes (rows 17 
cm apart; holes spaced 3.75 cm apart each, Ø 0.5 cm, depth 1.2 cm). The pegboard was laid 
on a 50 x 40 cm plywood plate and placed on the lap of the subject who was sitting on a low 
flat rock. Ten steel pegs (Ø 0.45 cm, length 3 cm) were placed in the row of holes nearest 
to the subject. The subject fixated the apparatus in position with one hand, whereas the 
other performed the test (left and right hands in alternating order between the subjects). 
Subjects were instructed to move the pegs one by one to the equivalent hole at the other 
side of the pegboard, starting from the side of the hand used in the task. Each trial started 
with a practice trial moving 3 pegs forth and back. Next, the subject was instructed to 
move all pegs as fast as possible. The time to complete the task was recorded with a stop-
watch. Subsequently the board was rotated and the procedure was repeated for the other 
hand. If a peg was dropped the trial was repeated for both hands. 

Ball throwing task
To measure the accuracy of throwing of each hand, a ball throwing task was used. 

Subjects were standing 2.7 meters from a target (2 meters for a few elderly people lacking 
force) that was placed on eye height (approximately 1.5 meters). The target was a black 
cloth with bands printed on it. The white circle in the middle (Ø 7 cm) was surrounded by 
four circular bands (width 2.8 cm each and alternating black or white). The subjects were 
instructed to throw a tennis ball at the middle of the target and, if hit, rewarded with fifty 
points. Each adjacent circle was rewarded 10 points less compared to the band closer to 
the bull’s eye. The zero band was imagined to be the adjoining band of 2.8 cm width of 
the outer printed band. If the ball landed outside the zero band the scores -10 to -50 were 
estimated by imagining the landing position onto the target area. In the rare event that 
the landing positions was further away than -50 (i.e. more than 34 cm from the zero band) 
-50 was recorded. Subjects performed 5 trials with each hand (start with left or right hand 
was alternated between individuals). The score of each throw was observed from a posi-
tion just behind and slightly aside the participant and noted on a scale of -50 to +50. 
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Analyses

The dataset
The 197 women who participated in this study gave birth to 885 children of which 124 

died (98 before their 2nd birthday) and 176 men sired 815 children of which 118 died (103 
before their 2nd birthday) (Figure 1).

As was reported in earlier studies (Borod et al. 1984; Connolly & Bishop 1992; Steenhuis 
1999; Doyen et al. 2008), the asymmetry of hand skill as measured with the pegboard task 
(L-R) and with the ball throwing task (R-L) correlated only weakly with hand preference 
(Spearman’s r = 0.066 and r = 0.163, respectively). Out of 367 subjects 99 in the pegboard 
task and out of 369 subjects 153 in the ball throwing task showed better skill with the left 
hand than with the right hand.

Number of children born and alive
To model the relationship between the number of offspring born or surviving and 

handedness scores of the parents we corrected for parental age and age squared as the 
relationship between parental age and these two dependent variables was quadratic. We 
also included parent’s height in the analyses as height is shown to be related to number of 

Figure 1 •  Histograms of number of children per age group at the time of research (grey) 
and deceased within the first two years of life (black) of mothers (left panel) and fathers (right 
panel).
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offspring (e.g. Pawlowski et al. 2000). The effect of handedness measures on the number 
of offspring, total born or still alive, was modelled with a negative binomial regression 
model with a logarithmic link (McCullagh & Nelder 1989)  in the software program SPSS 
16.0. 

Due to the unexpected low sample size of individuals with a left hand preference 
(n=10) (see Schaafsma et al. 2011) we could not investigate the association between direc-
tion of hand preference and the number of offspring.

To analyze the predictive value of the strength of parental hand preference we used the 
following model: Number of offspring = age + age2 + height + strength of hand preference. 
Strength of hand preference was defined as the absolute value of the total score on the 
handedness test battery for preference. The data concerning hand skill asymmetry (ball 
and pegboard tasks) were modelled: Number of offspring = age + age2 + height + (score 
L+R) + direction of hand skill asymmetry (left or right) + strength of hand skill asym-
metry + interaction between direction and strength of hand skill asymmetry. Following 
Nettle (2003) the left plus right hand score (L+R) score was incorporated to control for the 
overall performance in the task independent from the asymmetry. Direction of hand skill 
asymmetry was defined as 0 for individuals who were faster or more accurate with the left 
hand on the pegboard task or ball throwing task, respectively, and 1 for individuals who 
were faster or more accurate with the right hand. Strength of hand skill asymmetry was 
defined as the absolute value of the right hand score minus the left hand score (seconds in 
the pegboard and score of the ball throwing task). The interaction effect of strength times 
direction of handedness was included in the model to be able to differentiate between 
possible differential effects of strength of handedness between left- and right-handers 
on number of children. In order to interpret the main effects of direction and strength 
of handedness on the number of children the models were rerun without the interaction 
effect.

The analyses were performed for men and women separately because the response 
variables of men and women were not independent as in some cases both parents of the 
same children were included in this study, while the effects of handedness may be sex 
dependent. The fit of the models with the data was satisfactory, no overdispersion was 
present (scaled deviance/df <1.5 in all models).

Mortality of children in the first two years of life
In the first two years of life mortality is very high in this population (Figure 1). There-

fore we investigated whether parental handedness influenced the survival chances in the 
first two years of life. In this analysis we had to consider the hierarchical structure of the 
data since the survival of children from the same parent may be not independent. We 
used two separate (fathers and mothers) two-level hierarchical logistic regression models 
(level 1 estimated variation in mortality at the child level, level 2 estimated variation at 
the parent level) using RIGLS (restricted iterative generalized least squares) estimation 
(MLWin 2.02, Rasbash et al. 2009) for binomial models as survival analysis. Again, the 
models were corrected for parental age and, when asymmetry of hand skill was addressed, 
total score on the tasks (L+R).
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Self-reported illness
As we found a sex-specific effect of strength of handedness on reproductive success 

(see Table 1 and section Reproductive success) we investigated whether this effect could 
be mediated by individual’s chance of ever having been exposed to severe illness. We 
used a logistic regression model for binary response variables (1: suffered from almost 
lethal illness; 0: did not suffer from almost lethal illness) in the software program SPSS 
16.0. We included sex and controlled for the age of the subject, as older individuals would 
have had more time to have suffered from illnesses, and for total score on the tasks (L+R) 
when asymmetry of hand skill was addressed. The fit of the models with the data was sat-
isfactory as no overdispersion was present (scaled deviance/df <1.5 in all models). These 
analyses were conducted on both sexes together. As no significant effect of sex was pres-
ent, the models were not rerun per sex.

Results
Reproductive success

In females neither hand preference nor skill asymmetry had a statistically significant 
influence on any of our measures of reproductive success (Table 1). In contrast, in men 
several statistically significant associations between handedness and components of 
reproductive success were found (Table 1). A positive relationship was found between 
strength of hand skill as measured with the pegboard task and the number of children 
born (Figure 2). No relationship between child mortality during the first two years of 
life and this aspect of handedness was found in men. As to be expected on the basis of 
these results, strongly lateralized men, as measured with the pegboard task, showed a 
trend to have more children alive than weakly lateralized men, but this trend just did 
not reach statistical significance (p = 0.066, Table 1). Furthermore, men with a strong 

Figure 2 • The relationship in fathers between 
strength of hand skill, measured with the peg-
board task and categorized in 10 groups of 
equal widths, and number of children born 
(mean and standard errors), corrected for pater-
nal age, squared paternal age, height, total 
score on pegboard task (left hand + right hand) 
and direction of handedness as measured in the 
pegboard task.
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hand preference had significantly more children that died before the age of 2 (Figure 3). 
However, this did not significantly affect the number of children alive. No relationships 
between handedness as measured with the ball throwing task and components of repro-
ductive success were found (Table 1). 

Remarkably, eight out of the nine associations between the strength of handedness 
and proxies for reproductive success for men and women were opposite in direction 
(binomial test: p = 0.030).

Self-reported illness
26.3% of the subjects reported to have suffered at least once from a severe illness 

during their lifetime. Weakly lateralized subjects, as measured with the ball throwing 
task, showed a non-significant trend (p = 0.072) to have suffered less from a severe illness 
(Table 2). Other associations were far from statistically significant.

Figure 3 • The relationship in fathers between 
strength of hand preference, and number of 
children deceased in the first two years of life 
(mean and standard errors), corrected for pater-
nal age and direction of hand preference

Table 2. Regression analyses of the associations between different measures of handedness and 
self-reported illness Bs, standard errors, Wald statistics and p-values are presented. For further 
details see table 1

Hand preference Pegboard task Ball throwing task
Predictor B SE Wald p Predictor B SE Wald p Predictor B SE Wald p

Strength x Sex -1,603 2,070 0,600 0,439 Strength x sex -0,291 0,202 2,082 0,149 Strength x Sex 0,002 0,004 0,160 0,689
Strength 0,101 1,015 0,010 0,921 Strength -0,084 0,105 0,639 0,424 Strength -0,004 0,002 3,245 0,072 (*)
Sex 0,409 0,251 2,663 0,103 Sex 0,331 0,253 1,714 0,190 Sex 0,388 0,257 2,269 0,132

Men Strength -1,494 1,596 0,877 0,345 Strength -0,159 0,138 1,324 0,250 Strength -0,003 0,003 1,095 0,295

Women Strength 1,587 1,606 0,978 0,323 Strength 0,014 0,160 0,007 0,932 Strength -0,005 0,004 1,561 0,211
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Discussion
This study presents data on the association between direction and strength of hand-

edness and reproductive success in a nonindustrial society. We studied both asymmetry 
of skill of the hands and hand preference and as these two only weakly correlated (Borod 
et al. 1984; Connolly & Bishop 1992; Steenhuis 1999; Doyen et al. 2008; this study), these 
two measures probably reflect two different facets of lateralization and will therefore be 
discussed separately.

Hand preference
We found in men that strength of hand preference was significantly and positively 

associated with the number of children who died within the first two years of life. How-
ever, this did not result in a negative relationship between strength of hand preference 
and number of offspring alive. Neither was there a positive relationship between strength 
of hand preference and number of children sired. The discrepancy can be caused by a 
reduction of statistical power in the latter two analyses. Since the majority of children 
survived, the number of deceased children does only marginally affect the number of 
surviving children. In addition, although the B-value for the number of children sired is 
positive, it is considerably smaller than the negative B-value for the number of children 
survived (Table 1). Although the latter is not significant, the effect size might not be irrel-
evant for natural selection over many generations. We cautiously conclude therefore that 
men with a relatively strong hand preference may have a fitness disadvantage due to a 
higher number of children that died in the first two years of life.

Our sample consisted of a surprisingly low number of individuals with a left hand 
preference (3 women and 7 men, for a discussion of this finding see chapter 6). Therefore, 
an effect of direction of preference on number of children could not be investigated. Thus, 
we can not support or oppose the observation of McManus and Bryden (1992) and Faurie 
et al. (2006) concerning direction of handedness and reproductive success. However, as 
in general left-handers are less strongly lateralized than right-handers (e.g. Nettle 2003), 
it may well be possible that in the studies of Faurie et al (2006) and McManus and Bryden 
(1992), who only had information on direction and not on strength of handedness, it was 
actually strength, like in our study, and not direction of handedness that was underlying 
their observed association between handedness and reproductive success.

Asymmetry of hand skill
In contrast to associations concerning the direction of hand preference, associations 

concerning the direction of hand skill could be reliably investigated as sample sizes of 
both groups (performing better with left hand or performing better with right hand) were 
substantial. We found no associations between direction of lateralization and reproduc-
tive success, suggesting that direction of lateralization does not affect Darwinian fitness. 
Like was the case for hand preference, we did find significant associations concerning 
the strength of asymmetry of hand skill. Strongly lateralized men, as measured in the 
pegboard task, sired more children and showed a trend to have more living children than 
weakly lateralized men. Therefore, we conclude that strength of lateralization in skill, 
independent of direction, is positively associated with reproductive success. Since this 
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was found for the pegboard and not for the ball throwing task the results suggests that 
lateralization of fine motor skills is most strongly under natural selection.

Persistence of polymorphism in handedness
We found that strong lateralization in hand skill is an advantageous trait in men. 

Apparently natural selection has however not rendered weak lateralization to go extinct 
as we still find weakly lateralized individuals in this nonindustrial society. We did not 
have the opportunity to investigate subsequent generations and therefore we do not have 
the full picture concerning the fitness of our subjects. Hence, we can not be certain that 
eventually both strongly and weakly lateralized individuals yield the same Darwinian fit-
ness revenues. However, the differential reproductive success found in this study between 
strongly and weakly lateralized individuals reported in our study may be accurate and 
can be maintained due to sexual antagonism. When a trait has negative effects in one sex 
it can persist in a population when it is advantageous in the other sex. Although we found 
no significant associations between strength of lateralization and reproductive success 
in women, we did find that eight out of nine associations between strength of handed-
ness and reproductive success were opposite in direction for men and women, suggest-
ing sexual antagonism. Natural selection favouring strong lateralization in hand skill in 
men may thus be confined due to possible detrimental effects on reproductive success of 
women. As men show more variation in reproductive success than women, larger sample 
sizes are needed to find associations between traits and reproductive success in women 
than in men. Such studies may shed light on the possibility of sexual antagonism driving 
the persistence of different phenotypes of left-handedness.

Our results indicate that for men it is advantageous to be strongly lateralized on skill, 
but detrimental to have a strong hand preference. This seemingly contrasting result could 
also play a role in the persistence of different phenotype of handedness. Although the 
correlation between hand preference and asymmetry in hand skill is low, it is significant 
and asymmetry of skill is thus to a small degree positively related to the preference to use 
the hand with the better performance. As strong hand preference may have detrimental 
effects this could result in a form of balancing selection possibly leading to the persis-
tence of the different phenotypes of handedness. Furthermore, the differential selection 
pressures on asymmetry of hand skill and hand preference may be the underlying reason 
of the weak correlation between the two facets of handedness.

In order to examine whether the associations we found between strength of lateraliza-
tion and reproductive success is mediated by the health of individuals we also investigated 
whether lateralization affected the chances of individuals to ever having experienced a 
severe illness. We included sex as the effects of lateralization on fitness were different for 
men and woman. Lateralization did not in any way affect risk of severe illness, although 
in one case (lateralization of ball throwing) the p-value was lower than 0.1. However, lat-
eralization of ball throwing did not display any relationship with fitness aspects. This 
suggests that the associations we found between strength of lateralization and reproduc-
tive success are not mediated by ever having experienced a severe illness. 

Many studies have found a relationship between handedness and illnesses (see intro-
duction) and the reason we did not find such an association may be explained in two 
ways. Individuals suffering from severe diseases may have died from these diseases, 
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resulting in selective disappearance if handedness and health are associated (Chapter 8, 
this thesis). Additionally, as no written records of health history were available and we 
had to rely on self-reported data, we could not differentiate between different kinds of 
illnesses, nor evaluate their severeness.

Our study shows that handedness should not be investigated solely in terms of direc-
tion, but also in terms of strength. Although this study lacks power concerning the 
effect of direction of hand preference due to low numbers of left-handed individuals, 
we did have a large data set for analysing the effect of direction of hand skill on fitness. 
However, even in this case predictive factors on fitness proxies did only entail strength 
and not direction of handedness.  Our results open new research avenues for the study of 
the persistence of variation of handedness. Studies focussing on the differential fitness 
revenues of handedness between the sexes, and between hand preference and skill will 
shed more light on the possibility of these specific forms of balancing selection being 
the mechanism underlying the different phenotypes of handedness.
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Chapter 8

Abstract
A minority of left-handers is present in all societies investigated. Left-handedness is a heri-

table trait and associated with Darwinian fitness cost. An evolutionary hypothesis explaining 
the persistence of left-handedness is the fighting hypothesis, which postulates that left-hand-
ers have a frequency-dependent benefit in fights. This was supported by the finding of a posi-
tive correlation between the proportion of left-handedness and homicide in 12 nonindustrial 
human societies. However, our recent study challenged this idea and since left-handedness is 
associated with health problems we investigate whether public expenditure on health care is 
a better explanatory factor for the variation among societies in proportion of left-handedness. 
Public expenditure on health care was a significant explanatory factor and explained varia-
tion in proportions of left-handedness significantly better than the number of homicides. This 
suggests that the persistence of left-handedness is at least partly the by-product of patholo-
gies on which selection pressures can not act upon. Our study provides a new framework for 
explaining the development, function and evolution of human left-handedness, having also 
consequences for the study of behavioural lateralization in other animal species
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Introduction
Left-handedness is present in all societies investigated with low relative frequencies 

of around 10 % (Cashmore et al. 2008). Left-handedness is a heritable trait and associated 
with fitness cost (see references in Llaurens et al. 2009). This led behavioural ecologists 
and psychologists to speculate on the intriguing question of why left-handedness has 
not yet gone extinct. One explanation is provided by the fighting hypothesis (Raymond 
et al. 1996), proposing that left-handers have a frequency-dependent advantage in fights, 
since being the rarer phenotype may increase winning chances as almost all people have 
predominantly experience with right-handers. This can results in higher chances of 
left-handers to survive a fight, and also increase their fitness indirectly by an increase in 
dominance and social rank which can in turn positively affect female mate choice. 

Support for this theory was twofold. First, Raymond and colleagues (Raymond et al. 
1996) found that in physical interactive sports (e.g. fencing, tennis) the percentage of 
left-handers is substantially increased compared to non-physical interactive sports (e.g. 
gymnastics). Second, in a cross-cultural study among non-industrial societies, Faurie 
and Raymond found that when homicide levels are elevated, making winning fights 
more important, the percentage of left-handedness is increased concurrently (Faurie & 
Raymond 2005). However, most of the handedness data used in this studies were either 
based on film material not intended for laterality research or on indirect measures only 
and recently it was found that the Eipo, one of the societies showing very high levels of 
left-handedness and homicide in the study by Faurie and Raymond (Faurie & Raymond 
2005), did actually show low levels of left-handedness when they were tested for hand-
edness directly and in more detail (Schaafsma et al. 2011). When the data of the cross-
cultural study by Faurie and Raymond (Faurie & Raymond 2005) were corrected for our 
estimation of left-handedness in this particular population (Schaafsma et al. 2011), the 
original correlation between homicide and left-handedness was no longer significant 
(Spearman’s correlation coefficient rs= 0.83, p = 0.01 to rs = 0.643, p = 0.09) undermining 
the fighting hypothesis.

Left-handedness is at least to a certain extent associated to possible Darwinian fit-
ness costs (e.g. low birth weight: Powls et al 1996, Elia et al 2007; intellectual disabilities:  
Grouios et al. 1999; developmental disorders: Geschwind and Galaburda 1985, Gangestad 
and Yeo 1997; and higher accident proneness: Daniel & Yeo 1994), and can provide an 
alternative explanation for the persistence of left-handedness. Increased selection against 
pathologies in these non-industrial societies lacking elaborate health care, and therefore 
indirectly also against left-handedness, could explain the lower levels of left-handedness 
found in the Eipo society (Schaafsma et al. 2011). Furthermore, McManus and colleagues 
(2010) showed that left-handedness was about 3% between 1880 and 1900. The rise of per-
centages of left-handers in Western societies following this period may have been a result 
of the professionalization of public health that started in Britain around the latter half of 
the 19th century (Starr 2009). 

To further investigate whether the fighting or health care hypothesis provide the 
best explanation for variation in levels of left-handedness we examined the relationship 
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of homicide rate and health care with percentages of left-handedness among Western 
societies. Percentages of left-handers vary substantially among Western populations 
(Cashmore et al 2008; McManus et al 2010). This variation, together with variation in 
homicide and health care intensity provides opportunity to investigate whether the 
fighting or health care hypothesis can best explain the levels of left-handedness in West-
ern populations. 

Methods

Handedness measures 
Data on handedness was obtained from the 1994 study of Perelle and Ehrman (Perelle 

& Ehrman 1994) who reported handedness scores, obtained from the same handedness 
questionnaires, from 12 Western countries (Australia, Belgium, Canada, UK, France, 
Italy, Mexico, The Netherlands, New Zealand, Spain, Turkey, USA). Respondents cat-
egorized their handedness based on self perception (strongly left-handed, moderately 
left-handed, ambidextrous, moderately right-handed and strongly right-handed) and 
also indicated their writing hand. Our analyses were performed on both self-perceived 
left-handedness and left hand writing.

Figure 1. Percentages of left-handedness (self-proclaimed handedness (upper panels), left-hand 
writing (lower panels)) as a function of homicide rate (left) and public health (right) in Western 
societies. Homicide rate and public health are from the year 1998.
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Homicide measure
Numbers on total recorded intentional successful homicides (and its percentage com-

mitted with a firearm) were taken from the United Nations Survey of Crime Trends and 
Operations of Criminal Justice Systems. We used data of the year 1998 as this is the year 
in which data were available of all countries reported in the Perelle and Ehrman study, 
except for Belgium, and closest to the year handedness measurements were conducted in. 
Data concerning Belgium was taken of 1995 (a year that data of 3 countries reported in the 
Perelle and Ehrman study were missing and was therefore not used as the main resource 
of data concerning homicide). Turkey was not included in the models as no data were 
available for both years. This yielded a sample size of 11.  Correlations of the variable over 
time was very high (homicide rate in 1998 - latest available year 2006 (Italy, Mexico and 
The Netherlands) or 2008 (all other countries): r = 0.989, n = 11, p<0.001). Furthermore, the 
analyses were repeated omitting the United States of America and Mexico as homicides 
committed with a firearm were extreme outliers (1998: 3.37 (USA) and 3.45 (Mexico) com-
pared to mean = 0.24, stand error = 0.07 stand dev = 0.165 for all other countries known 
(Spain, UK, New Zealand, Australia, Canada)) and the use of fire arms are likely to be 
irrelevant to test the fighting hypothesis. 

Health measures
Data concerning public expenditure on health care (US$ PPP) in 1998 (except for Bel-

gium, data was not available for that year, and data of 1996 was used) were taken from the 
Organisation for Economic Co-operation and Development (http://stats.oecd.org). This 
yielded a sample size of 12. Correlations of the variable over time was very high (health 
care 1995-2007 (excluding NL as no data was available): r = 0.748, n = 11, p = 0.008).

Statistics
Using SPSS 16, we applied linear regression models to investigate the explanatory 

power of the different variables. As no differences in the number of variables were used 
we could simply compare the R2 among the different models. Using Microsoft Office 
Excel 2003, a Steiger’s Z-test for correlated correlations (Steiger 1980) was executed to test 
whether the fighting and health care hypotheses significantly differed from each other. 
This test requires the same sample size on both variables, so data of Turkey was omitted 
resulting in a sample size of 11.

Results
A significant positive correlation was found between public expenditure on health 

care (US$ PPP) and level of handedness (both self-proclaimed left-handedness and left-
hand writing) whereas a no correlation was found between total recorded intentional 
successful homicides and handedness measures (figure 1). The R2 in the model with homi-
cide as predictor decreased for self-proclaimed handedness and increased for left-hand 
writing (and the r-values of both models changed from negative to positive) when USA 
and Mexico were omitted due to their extreme incidence of fire arm induced homicide (R2 
= 0.073, p = 0.482 R2 = 0.256, p = 0.165 respectively) and remained far from significant. The 
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correlation between handedness and health care significantly differed from the correla-
tion between handedness and homicide rate (self-proclaimed handedness Z = -2.19, n = 11, 
p = 0.028; left-hand writing Z = -2.18, n = 11, p = 0.029). This difference disappeared when 
the USA and Mexico were taken out of the model (Z = -0.92, n = 9, p = 0.358 and Z = 0.428, 
n = 9 p = 0.668 respectively) possibly due to the decreased sample-size.

Discussion
The persistent low frequency of left-handedness in all human populations has 

intrigued scientists for decades. Since recent data from a non-industrial society under-
mine the importance of the fighting hypothesis (Schaafsma et al. 2011/ chapter 6, this 
thesis) we proposed, as an alternative, the health care hypothesis, explaining variation 
in left-handedness by variation in health care, as left-handedness may at least partially 
be a by-product of health problems (see introduction). When selection pressures against 
pathologies relax due to expanding health care in Western societies it can be expected that 
the percentage of left-handedness will increase concurrently. Indeed we found a positive 
correlation between percentage of left-handedness and public expenditure on health 
care. Moreover, public expenditure on health care was a significantly better explanatory 
factor for variation in left-handedness than the number of homicides in the society (in 
which the r-values of these models were even negative) therefore favouring the health 
care hypothesis over the fighting hypothesis. The correlation of public expenditure on 
health care between years was very high indicating that these findings are robust.

The finding that left-handers are overrepresented in interactive sports (Raymond et 
al. 1996) has been used to support the fighting hypothesis. However, this finding can 
be caused by the possibility that left-handers are more aggressive, as has been demon-
strated for soccer players (Dane & Sekertekin 2005), or have better motor skills (reviewed 
in Harris 2010). For these reasons left-handers may be more likely to perform interac-
tive sports and can therefore increase in frequency even without a frequency-dependent 
benefit. However, even when a frequency-dependent advantage for left-handers in fights 
does exist, this seems to be unlikely to be the evolutionary force explaining current per-
centages of left-handedness in Western societies as McManus and colleagues showed 
that percentages of left-handedness rose since 1900 (McManus et al. 2010). Faurie and 
Raymond stated that in Western societies “the level of violence has dramatically changed, 
as well as the type of violence (predominant use of long-range and powerful weapons, 
which probably do not offer a particular advantage to left-handers)” (Faurie & Raymond 
2005). Based on this assumption it would be expected that, following the decrease of 
the advantage for left-handers in fights, the percentage of left-handers would decrease 
over time. This is in contrast to the increase of percentages of left-handedness over time 
since 1900 (McManus et al. 2010), undermining the fighting hypothesis. This rise could 
however be explained by the professionalization of public health that started in Britain 
around the latter half of the 19th century (Starr 2009).

The higher levels of left-handedness before 1880 in Western societies as reported 
by McManus and colleagues (2010) could theoretically be explained by the fighting 
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hypothesis. Some support for this theory could be found in the fact that when we analysed 
our data set without two countries with high rates of homicide conducted with a firearm 
the R2 of the model explaining left hand writing increased. However, it did never equal the 
R2 values of the models with health care as an explanatory variable. Furthermore, the R2 of 
the model explaining self-proclaimed handedness decreased when we analysed the data 
set without the two countries with high rates of homicide conducted with a firearm.

In conclusion, although the frequency-dependent benefit may perhaps explain the 
overrepresentation of left-handers in interactive sports, we believe it is the association 
between left-handedness and health problems that evolution could not completely select 
against that is the driving force underlying the persistence of left-handedness in human  
populations.
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Abstract
In this thesis I aimed to contribute to the understanding of lateralization by investigating 

both the proximate and the ultimate mechanisms underlying this phenomenon. Lateraliza-
tion is a fundamental aspect in the organization of brain and behaviour, but there is ample 
variability in both direction (right versus left) and strength (independent of direction) of later-
alization between individuals and species. In order to fully understand the existence of a trait 
such as lateralization one has to answer all of Tinbergen’s “four questions” concerning function, 
evolution, causation and development. The first two address ultimate explanations at the spe-
cies level; the latter two address the proximate explanations at the individual level. Although 
this thesis did not answer all four questions to the full extent it contributed to answers to all 
of them.
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Proximate factors underlying 
lateralization

The first part of this thesis addressed the proximate questions concerning lateraliza-
tion. In chapter 2 the literature on the ontogeny of lateralization was reviewed. Insight 
into the ontogeny of lateralization is highly relevant to the understanding of both its 
evolution and the possible constraints it may have on plasticity as well as its adaptive 
flexibility. Lateralization is a heritable trait and scientists have modelled this heritabil-
ity and presented various genetic models. However, the extent of the genomic compo-
nent in the inheritance pattern is still unclear. Although, for example, cross-fostering 
studies suggest that handedness is a heritable trait, this trait is, at least in non-human 
primates, transferred by non-genomic heritability. After reviewing the predominant 
genetic models concerning lateralization, and some of the challenges to them, such as 
the existence of monozygotic twins that are discordant for handedness and sex differ-
ences in frequency of left-handedness in humans, and after discussing the experimental 
work performed in non-human animals, chapter two concluded that there are ample 
indications that environmental factors influence the individual development of lateral-
ization. Although in humans predispositions for handedness are already present in the 
womb, handedness is still open to environmental influences later in life, and in chapter 
two these environmental effects were subsequently reviewed. Head position in human 
babies seems to be causative to handedness. In addition, head position in the egg in birds 
may also be causative to lateralization, but this effect is not yet disentangled from effects 
of asymmetric light input in the eyes due to the fact that one eye faces the translucent 
egg shell, whereas the other faces the bird’s body. Although it is known that this asym-
metric light input increases lateralization in birds (Rogers 1996), the generality of this 
effect in nature remains unclear due to the large variability of egg shell properties, nest-
ing sites (e.g. caves, field) and incubation patterns between species. We suggest that to 
disentangle the effects of asymmetric light input and head position, fMRI techniques 
can be successfully used to identify the head position in eggs without exposing them 
to light. Another possible environmental factor influencing lateralization is cradling. 
But, although cradling bias can potentially have an effect (Damerose & Vauclair (2002) 
found that right-handed mothers preferentially cradle the baby with the left arm thereby 
causing asymmetric input of stimuli and restraint of movement of the baby’s right arm), 
longitudinal studies are lacking and no effect has been shown. Furthermore, it has been 
suggested that population level lateralization could be beneficial in social interactions, 
but whether social interactions influence individual lateralization is unknown. We pre-
sented preliminary data investigating this possible influence in young chicks housed in 
10 groups and we showed that variation in lateralization in visually guided behaviour was 
larger between than within groups. This is the first evidence suggesting that lateraliza-
tion of visually guided behaviours can be modulated by post-hatching social interactions. 
In humans, effects of social interactions can be found in overt or covert social pressure 
to use, for example, a certain hand. The increase of frequency of right-handers with 
age has been attributed to these overt and covert pressures as social pressures against 
left-handedness diminished over the course of recent history, although other theories 



Chapter 9

152

postulate that changes in the percentage of right-handers with age are caused by selec-
tive disappearance. Although the latter explanation seems less plausible (e.g. Harris 1993; 
Freitas & Martin 2002), no longitudinal studies exist that could differentiate between the 
explanations for this age-dependent phenomenon. Collins (1975) investigated the effect 
of covert pressures resulting from a right-biased world in mice and found that 90% of 
mice in a right-biased world (mimicking the right-biased world humans live in) showed a 
right-paw preference in contrast to no population bias in a non-right-biased world. This 
result came about due to a change in paw use in weakly left-pawed mice, suggesting that 
direction and strength of handedness are not independent factors. 

Chapter two showed that the extent to which environmental factors influence lateral-
ization may be bigger than was previously thought. However, the interaction between the 
genetic and environmental influence has not been explicitly investigated. More insight 
into this gene-environment interaction could be obtained by, for example, varying the 
environment in animal models in which the genetic background relevant for direction or 
strength of lateralization has been altered. Furthermore, longitudinal studies in human 
and non-human species may provide crucial knowledge of the typical development of 
lateralization and the effects of early environmental factors on lateralization later in 
life. Knowledge about the typical ontogeny of lateralization may also help explain the 
underlying mechanisms and functionality of atypical lateralization, like human left-
handedness.

Based on the sex differences in human lateralization several hypotheses have been 
postulated that suggest a role in the ontogeny of lateralization for another factor: prena-
tal testosterone (reviewed in Pfannkuche et al. 2009). Although lateralization is known 
to be a fundamental principle of brain and behaviour in vertebrates, animal studies that 
could differentiate between the various hypotheses are scarce and results are ambiguous. 
This ambiguity may be caused by confusion between the effect of prenatal testosterone 
and the effect of testosterone later in life. Chapters 3 and 4 investigated the effect of pre-
natal and postnatal testosterone respectively.

In chapter 3 we found, by mimicking increased levels of maternal testosterone that, 
in a visually guided behaviour test using a predator as stimulus, prenatal testosterone 
affected lateralization in female but not in male cichlid fish. Control fish showed a signif-
icant population bias to view their mirror-image with their left eye and a non-significant 
population bias to view a predator with the right eye; both results concerning direction 
of lateralization are in accordance with the literature. Testosterone treated females dif-
fered significantly from control females; they showed a population bias to view a preda-
tor with the left eye, thus using the right cerebral hemisphere. Our results do not support 
the sexual differentiation hypothesis (Hines & Shipley 1984) as lateralization of females 
treated prenatally with testosterone did not shift towards that of males compared to 
control treated females. Furthermore, our results do not support the Geschwind and 
Galaburda hypothesis (Geschwind & Galaburda 1985) as no increase of right hemisphere 
dominance while viewing a predator was found in testosterone treated males (although 
this effect was observed in females) and no increase of strength of lateralization when 
viewing the mirror image was found. Moreover, the Geschwind and Galaburda hypoth-
esis is based on sex differences in humans, whereas no significant sex differences were 
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observed in the control cichlid fish. The callosal hypothesis (Witelson & Nowakowski 
1991) was not considered as fish have no anatomic structure homologous to the corpus 
callosum. As we found an effect of prenatal testosterone on females only, we suggested 
that mothers can influence the lateralization pattern of their daughters but not that of 
their sons. 

Next, in chapter 4, we investigated whether testosterone also affects lateralization 
later in life. We found that testosterone treated fish showed a population bias to view a 
predator with the right eye, thus using the left cerebral hemisphere. Postnatal testos-
terone only affected male cichlid fish; control males did not show a population bias to 
view a predator with a specific eye, whereas testosterone treated males showed a popula-
tion bias to view a predator with the right eye. This latter directional preference is in 
accordance with the literature on directional preference in viewing a predator. Strength 
of lateralization was not significantly affected by either prenatal or postnatal testoster-
one. In chapter 3 we suggested that various mechanisms may underlie the inheritance 
of strength and direction of lateralization. We found that prenatal testosterone affected 
direction, but not strength of lateralization in visually guided behaviour using a preda-
tor as stimulus in females. Strength of lateralization has been shown to be heritable in 
cichlids (Brown et al. 2007), possibly under genomic control, wheras we showed that 
direction of lateralization is controlled by (heritable) environmental factors such as pre-
natal gonadal hormones (chapter 3). Additionally, our finding that prenatal testosterone 
affects lateralization in one domain (predator viewing) but not in another (conspecific 
viewing) is in concordance with literature on humans in which prenatal testosterone 
correlated differently with lateralization patterns of language and handedness (Lust et 
al. 2011). Our results support the suggestion that population level lateralization has other 
costs and benefits associated with anti-predatory behaviours than with social behav-
iours. Strong population lateralization in anti-predatory behaviour could be exploited 
by the predator, whereas strong population lateralization in social interactions may be 
advantageous (Sovrano et al. 1999). Therefore, the combination of a high environmen-
tally induced flexibility in the direction of lateralization when viewing predators, and a 
lower flexibility in the direction of lateralization when viewing conspecifics may have an 
adaptive advantage.

 The effect of postnatal testosterone on lateralization was investigated in a rota-
tional preference test using a predator as the stimulus. We found that, in males, later-
alization could be changed well after the neonatal period (chapter 4). We speculate that 
within species a change in life history stage from fish being more solitary to becoming 
more social, inducing males to come together on the breeding grounds, making synchro-
nous escape movements away from predators beneficial. Such an association between 
sociality and lateralization was also found in the interspecific variation in lateralization 
that correlated with variation in the tendency to shoal (Bisazza et al. 2000), which may 
also vary with predation pressure and other environmental variables (Brown & Warbur-
ton 1997). 

As chapter 3 showed that maternal testosterone is able to alter the lateralization pat-
tern of females but not of males, and chapter 4 showed that postnatal testosterone is 
able to alter the lateralization pattern of males, but not of females, it seems that in both 
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sexes lateralization is affected by testosterone, but that the underlying mechanisms are 
different between the sexes. This highlights that lateralization in general and the effect 
of gonadal hormones specifically should be investigated with respect to the sex and age 
of the animal.

Lateralization may also be influenced by practicing more with one side of the body 
than with the other. We investigated the potential effect of training on lateralization in 
chapter 5 in a non-industrial human population in which only a part of the population 
(had) attended school. In school specific motor tasks (such as writing) are practiced 
repeatedly with one hand. We tested the effect of schooling on hand preference and 
hand skill asymmetry. These two measures show only a weak correlation (e.g. Connolly 
& Bishop 1992; Steenhuis 1999; chapter 5), and can therefore be seen as two fairly inde-
pendent aspects of cerebral lateralization. When controlled for sex and age, factors that 
have been shown to affect lateralization (Gilbert & Wysocki 1992; Papadatou-Pastou et 
al. 2008; chapter 5), we found that subjects who (had) attended school had a stronger 
right-hand preference than do individuals who had not attended school. Overall hand 
skill, independent of lateralization, was better in schooled individuals compared to non-
schooled individuals. Although schooling predicted hand preference, it did not predict 
asymmetry of hand skill as was tested in three tasks: ball throwing, pegboard and hand 
grip force. The differences found between schooled and non-schooled individuals may be 
explained in two ways that are not mutually exclusive. First, schooling could affect hand 
preference, possibly mediated by social pressures of teachers to use the right hand for 
writing, or by reinforcement of initial preferences due to increased usage of the preferred 
hand when specialized tasks like writing are conducted. Second, going to school in this 
society implies that an individual does not participate in the daily routine of working in 
the gardens situated on steep slopes, or going up into the forests for hunting and trap-
ping, both activities that promote the use of both hands. In other words, in addition to 
being an effect of more frequent unilateral use of upper limbs due to practicing a specific 
hand in school, the difference in hand preference between the schooled and non-schooled 
individuals may be caused by more frequent bilateral use in the living environment of 
non-schooled individuals. Since hand preference was associated with school attendance 
and asymmetry in hand skill was not, we conclude that asymmetry in hand skill is not the 
major determinant of hand preference. 

 In chapters two to five we clearly showed that, although lateralization may have 
a genetically determined aspect, it shows phenotypic plasticity both early in life (chapter 
3) and well after the prenatal period (chapter 4 and 5). 

Ultimate factors underlying 
lateralization

The second part of this thesis addressed ultimate questions concerning lateralization. 
Raymond and colleagues (1996) postulated an intriguing evolutionary hypothesis for the 
polymorphism in handedness: the fighting hypothesis. This hypothesis states that, even 
though there are costs associated with left-handedness (see Llaurens et al. 2009 and refer-
ences therein), left-handedness could be maintained in populations due to a frequency-
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dependent advantage for left-handers in fights. Evidence supporting this hypothesis was 
presented in a cross-cultural study correlating incidence of homicide with percentages 
of left-handedness in non-industrial societies (Faurie & Raymond 2005). However, the 
estimates of frequency of left-handedness in two out of the three societies with the high-
est homicide rates were based on indirect measures and were therefore unreliable. In 
chapter 6 we investigated this fighting hypothesis in more detail by measuring handed-
ness, using 10 ecologically relevant tests, in a non-industrial population in which homi-
cide rates were reported to be very high. The same population, the Eipo population in 
Papua, Indonesia, was incorporated in Faurie & Raymond’s (2005) cross-cultural study, 
and the estimate concerning the frequency of left-handedness was based on pierced ears, 
an indicator for bow and arrow use, visible in photographs of men. In contrast to their 
estimate (20.4% left-handers) and to the expectations based on the fighting hypothesis 
we found very low levels of left-handedness (3.6%). As the fighting hypothesis mainly 
concerns the male part of the population old enough to have experienced the high pres-
ence of aggression common before the activity of Christian missionaries, we repeated 
the analyses for the older individuals and for men only (see chapter 6, supplementary 
material). However, this did not significantly change the results. The percentage of 
left-handers in our study significantly differed from the estimated percentage of left-
handers by Faurie and Raymond (2005) and replacing their indirect estimate by our data 
eliminated the significant correlation in the cross-cultural study by Faurie and Raymond 
(chapter 8). Taken together with the probability of erroneous estimates for other popu-
lations in this study (caused by the use of indirect indicators of left-handedness), and 
flaws in data collection (high estimates of left-handedness among the Yanomamö were 
not based on the number of individuals that were left-handed – no left-handers were 
found, although no handedness could be statistically obtained of most individuals – but 
on the percentage of bouts that were performed with the left hand in tasks by all subjects 
added up (data in Marchant et al. 1995)) we conclude that the fighting hypothesis can 
no longer be sustained as the evolutionary driving force behind the persistence of left-
handedness in humans.

Next, in chapter 7, we further investigated possible functional explanations for the 
existence of the polymorphism in handedness by investigating the association between 
fitness variables and aspects of handedness, asymmetry of hand skill and hand preference, 
in the non-industrial Eipo society. We found no significant associations between fitness 
variables and handedness in women, but we did in men. The asymmetry of hand skill as 
measured with the pegboard task was positively associated with the number of children 
born. In addition, a trend for a positive relationship between asymmetry of hand skill 
as measured with the pegboard task with the number of children alive at the time of the 
research was found. Strongly lateralized men thus had a fitness advantage over weakly 
lateralized men. On the other hand, in hand preference, a significant positive association 
was found between the strength of hand preference and the number of children that died 
before the age of two. We cautiously conclude that men with a relatively strong hand 
preference may have a fitness disadvantage due to a higher number of children that died 
in the first two years of life, possibly resulting in a decrease of number of children alive 
(although the latter relationship was not statistically significant). For men, it thus seems 
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to be advantageous to be strongly lateralized in hand skill, but disadvantageous to be 
strongly lateralized in hand preference.

Due to the low number of individuals with a left hand preference in this non-indus-
trial population (chapter 6) we have not been able to investigate associations between 
direction of hand preference and reproductive success. By contrast, it was possible for 
us to investigate the associations between the direction of hand skill and reproductive 
success, since a considerable number of individuals performed better with the left than 
with the right hand, again stressing the weak correlation between hand preference and 
asymmetry of hand skill (see also chapter 5). However, in our findings concerning the 
relationship between asymmetry of hand skill and reproductive success, again only asso-
ciations concerning strength of lateralization, independent of direction, were found.

As stated above, we found that strong lateralization in hand skill is an advantageous 
trait in men. However, as we still find weakly lateralized individuals in this non-industrial 
society, natural selection has apparently not rendered weak lateralization in hand skill 
extinct. This may possibly be a result of sexual antagonism, a specific form of balancing 
selection. Sexual antagonism may explain the persistence of traits in a population that 
have negative effects in one but positive effects in the other sex. Although we found no 
significant associations between strength of lateralization and reproductive success in 
women, we did find that eight out of nine associations between strength of handedness 
and reproductive success were opposite in direction for men and women, suggesting 
sexual antagonism. Natural selection favouring strong lateralization in hand skill in men 
may thus be counteracted due to possible detrimental effects on reproductive success 
in women. As men show more variation in reproductive success than women (Brown et 
al. 2009), larger sample sizes are needed to find significant associations between traits 
and reproductive success in women than in men. Studies including higher numbers of 
women may shed light on the possibility of sexual antagonism driving the persistence 
of different phenotypes of handedness. Additionally, the variation in handedness may 
be maintained due to balancing selection between the weak, but significant correlation 
between hand preference and hand skill asymmetry, the former having negative and the 
latter having positive effects on fitness in men.

In contrast to many studies showing a relationship between diseases and handedness 
(see references in chapter 7), we found no evidence that health issues were underlying the 
associations between handedness and reproductive success. This may mean that health 
issues played no role in these associations in the Eipo population, but there are two alter-
native explanations, First, individuals suffering from severe diseases may have died from 
these diseases due to lack of sufficient health care, resulting in selective disappearance 
if handedness and health issues are associated. Second, as no written records of health 
histories were available and we had to rely on self-reported data, we could not differenti-
ate between different kinds of illnesses, nor objectively evaluate their severeness. 

We showed that most probably selection pressures act on strength of lateralization 
and not on direction, as only variance in strength is correlated with aspects of fitness. 
Furthermore, we suggest that studies focussing on the differential fitness revenues of 
handedness between the sexes, and between hand preference and asymmetry of hand 
skill will shed more light on the mechanisms underlying the different phenotypes of 
handedness. 
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The fighting hypothesis (Raymond et al. 1996), the only evolutionary explanation 
that was postulated for the polymorphism in handedness in all human populations, 
concerns only the direction of hand preference and only in one sex. We have shown that 
this hypothesis cannot explain the persistence and variation in frequency of left-hand-
edness (chapter 6), although the underlying idea (left-handers have increased chances 
to win fights) may still be valid. In chapter 6 we suggested an alternative explanation 
of why a low frequency of left-handers was found in this population that until recently 
lacked Western health care: the persistence of left-handedness may be related to health 
problems. In chapter 7 we investigated this in the same non-industrial society and found 
no such association. However, the results were possibly hampered by maladministra-
tion of diseases, or selective disappearance, and by the very low number of people with 
a left hand preference. As left-handedness may at least partially be a by-product of 
health problems, we postulate the health care hypothesis that states that frequency of 
left-handedness may rise when selection pressures operating against diseases diminish 
due to expanding health care. To examine our health care hypothesis we investigated 
whether Western health care may influence frequencies of left-handedness in popula-
tions as an alternative or in addition to homicide rate (the measure used in the cross-
cultural study supporting the fighting hypothesis). We performed a cross-cultural study 
among 12 Western populations of which samples with known hand preference were 
available (collected by Perelle & Ehrman 1994) and public expenditure on health care and 
homicide rate were known. The results were presented in chapter 8. A regression analysis 
showed that public expenditure on health care was positively and significantly related to 
percentages of left-handedness in a population, supporting our health care hypothesis. 
Additionally, this association was significantly stronger than the association between 
left-handedness and homicide rate, the measure used by (Faurie & Raymond 2005) in the 
cross-cultural study investigating the fighting hypothesis.

McManus and colleagues (2010) found increasing levels of left-handedness since 
1900. Our health care hypothesis could explain this increase as it coincides with the pro-
fessionalization of public health that started in Britain around the latter half of the 19th 
century (Starr 2009). 

In conclusion
 Lateralization is most likely a polygenic trait (chapter 2) and both prenatal (chap-

ter 3) and postnatal factors (chapters 4 and 5) can sex-specifically influence the ontogeny 
of lateralization. Cerebral lateralization can be measured both in terms of direction (left 
versus right) and strength (independent of direction), and these are only weakly cor-
related, creating room for differential selection on both aspects (chapter 7). Cerebral 
lateralization is expressed in behaviour, both in the individual’s preference to use one 
side of the body over the other and in asymmetry of skill (chapters 5, 7). Preference and 
asymmetry of hand skill are also only weakly correlated and indeed seem to be under 
different natural selection pressures (chapter 7). This multidimensional aspect, together 
with sexual antagonism, could contribute to the balancing selection that is responsible 
for the stable polymorphism that lateralization in handedness seems to be (chapter 7). 
Clearly, lateralization is not a unitary entity, making understanding it more difficult but 
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also making the phenomenon more intriguing. The fighting hypothesis is unlikely to be 
the evolutionary driving force underlying the polymorphism of handedness (chapter 6). 
More likely, health care may contribute to the non-genetic variation between individuals 
and populations by affecting the development (part one of this thesis) of lateralization 
neonatally (e.g. via birth stress) or postnatally (e.g. via somatic injuries). Also, health 
care may contribute to selective disappearance of individuals with a certain lateraliza-
tion pattern and thereby influencing the frequency of left-handedness in human popula-
tions (chapter 8).
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Inleiding
Lateralisatie duidt op de hemisfeerspecifieke specialisatie van functies.  Dit betekent 

dat de twee hersenhelften zich specialiseren in verschillende functies. Deze lateralisatie 
van de hersenen komt onder andere tot uiting in asymmetrische gedragingen. Daarbij 
kun je bijvoorbeeld denken aan links- of rechtshandigheid bij mensen. Hersenlateralisatie 
werd lang gezien als een typisch menselijke eigenschap en de oorzaak waardoor alleen de 
mens taal konden ontwikkelen. Nader onderzoek maakte echter duidelijk dat lateralisatie 
in het hele dierenrijk voorkomt. Zo blijkt dat ook bijvoorbeeld vissenhersenen gelatera-
liseerd zijn, hetgeen tot ook uiting komt in hun gedrag. Een voorbeeld is, dat veel vissen 
bij voorkeur het linker dan wel het rechter oog gebruiken om naar bepaalde stimuli te 
kijken.

Doordat lateralisatie blijkt voor te komen in de hersenen en het gedrag van alle 
gewervelden (en zelfs ook van een aantal ongewervelden), is het mogelijk om dieren te 
gebruiken als modellen voor de situatie bij mensen of bij andere dieren. Diermodellen 
kunnen helpen antwoorden te vinden op de vier fundamentele vragen die je kunt stellen 
in de gedragsbiologie: vragen naar oorzaak (causatie), ontwikkeling, evolutie en functie 
van lateralisatie. Met andere woorden: hoe werkt lateralisatie? Hoe ontwikkelt het zich in 
een individu? Hoe is het ooit ontstaan? En waar is het goed voor? Vaak worden de eerste 
twee vragen de ‘proximate vragen’ genoemd en de laatste twee de ‘ultimate vragen’. In 
hoofdstuk 1 geef ik een overzicht en inleiding tot de vraagstellingen die worden behan-
deld in deze dissertatie. Ik probeer een bijdrage te leveren aan het begrip van lateralisatie 
door zowel proximate (deel 1) als ultimate (deel 2) factoren te onderzoeken. 

Lateralisatie is gedeeltelijk erfelijk. Door een wisselwerking met omgevingsfactoren 
kan echter één en dezelfde genetische blauwdruk tot verschillende kenmerken leiden. 
Deze fenotypische plasticiteit kan een belangrijke rol spelen in de ontwikkeling. In Deel 
1 van deze dissertatie hoofdstukken 2 tot en met 5, onderzoek ik de ontwikkeling van 
lateralisatie en de factoren die daarin een rol spelen. Aangetoond is dat lateralisatie de 
efficiëntie van hersenen bevordert, doordat het verdubbeling van functies grotendeels 
overbodig maakt. Daardoor wordt neurale ruimte bespaard en kunnen de hersenen meer-
dere processen simultaan verwerken. Het is echter niet duidelijk hoe het komt dat het 
merendeel van een populatie vaak naar dezelfde kant toe is gelateraliseerd – de meeste 
mensen zijn bijvoorbeeld rechtshandig. In Deel 2 van deze dissertatie, hoofdstukken 6 
tot en met 8, ga ik in op de meer functioneel en evolutionair georiënteerde vragen over 
lateralisatie. 
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Deel 1: De oorzaak en ontwikkeling  
van lateralisatie
Genetische en niet-genetische factoren spelen een rol

In hoofdstuk 2 vatten mijn medeauteurs en ik de bestaande literatuur over de 
genetische basis van lateralisatie samen. Wij richten ons hierbij op links- en rechtshan-
digheid (kortweg ‘handigheid’ genoemd in de rest van deze tekst) bij mensen, aangezien 
hier verreweg het meeste over bekend is omdat het de duidelijkste gedragsmatige uiting 
van lateralisatie is. Uit de literatuur concluderen wij dat lateralisatie genetisch erfelijk is, 
maar dat de mate van genetische overerving niet bekend is en dat de huidige genetische 
modellen niet voldoen. Vervolgens bestuderen wij in hoeverre de ontwikkeling van later-
alisatie in het individu beïnvloed kan worden door niet-genetische factoren, zoals onder 
andere leeftijd, hoofdpositie tijdens de prenatale periode en asymmetrische input van 
externe prikkels als licht. Ook presenteren wij in dit hoofdstuk voorlopige resultaten van 
een experiment dat aantoont dat sociale interacties lateralisatie kunnen beïnvloeden. 

De effecten van prenataal testosteron op lateralisatie
Lateralisatie heeft twee aspecten die door genen of de omgeving beïnvloed kunnen 

worden: richting en sterkte. Richting is het meest in het oog springende aspect van later-
alisatie en kan omschreven worden met ‘links’ of ‘rechts’. De sterkte van lateralisatie is de 
mate waarin een individu afwijkt van geen lateralisatie, onafhankelijk van de richting. 
In hoofdstuk 3 en 4 onderzoeken wij één specifieke factor die de richting en de sterkte 
van lateralisatie mogelijk zou kunnen beïnvloeden. Die factor heeft te maken met sek-
severschillen. Zo zijn mannen vaker linkshandig dan vrouwen, maar zijn rechtshandige 
mannen vaak sterker gelateraliseerd (sterker rechtshandig) dan rechtshandige vrouwen. 
Omdat mannen in de baarmoeder worden blootgesteld aan meer testosteron dan vrou-
wen, wordt er vaak aan dit hormoon gedacht als mogelijke veroorzaker van het seksev-
erschil in lateralisatie.

In hoofdstuk 3 onderzoeken wij of prenatale testosteronspiegels bij vissen van inv-
loed zijn op lateralisatie. Onze resultaten laten zien dat bij de geteste vissoort een ver-
hoogde prenatale blootstelling aan testosteron alleen een effect heeft op de lateralisatie 
van vrouwtjes en niet van mannetjes, en alleen in één van de twee geteste functies. De 
resultaten onderbouwen geen van de bestaande theorieën over de effecten van prenataal 
testosteron op lateralisatie. Ons onderzoek laat onder andere zien dat moeders via de 
testosteronspiegel wel het lateralisatiepatroon van hun dochters kunnen beïnvloeden, 
maar niet dat van hun zonen.

Ook tonen wij in hoofdstuk 3 aan dat prenataal testosteron lateralisatie kan beïn-
vloeden in één domein (kijken naar roofvis) en niet in een andere (kijken naar eigen 
spiegelbeeld).



Chapter 10

164

De effecten van postnataal testosteron op lateralisatie
De meeste studies, inclusief die in hoofdstuk 3 van deze dissertatie, hebben zich 

gericht op de invloed van testosteron op lateralisatie tijdens de prenatale periode. Het is 
echter goed mogelijk dat testosteron ook later in het leven van invloed is op de laterali-
satie. Dit is onderzocht in hoofdstuk 4. In dit hoofdstuk beschrijven wij hoe we experi-
menteel de postnatale  testosteronspiegels verhogen in net geslachtsrijpe vissen. Weer 
vonden wij een seksespecifiek effect van testosteron, maar nu andersom; alleen mannen 
reageerden op verhoogd postnataal testosteron. 

In hoofdstuk 3 en 4 vinden wij seksespecifieke effecten van pre- en postnataal tes-
tosteron op lateralisatie. Wij vinden in beide studies echter alleen effecten op de richt-
ing, niet op de sterkte van lateralisatie. De ontwikkeling van de sterkte van lateralisatie 
verloopt blijkbaar anders dan de ontwikkeling van de richting. Alleen in de laatste speelt 
testosteron een rol. Bovendien suggereren de verschillen in effecten bij mannetjes en vrou-
wtjes, dat de werking van pre- en postnataal testosteron verschilt tussen de seksen. Beide 
studies laten zien dat onderzoek naar lateralisatie in het algemeen, en naar de effecten 
van testosteron op lateralisatie in het bijzonder, rekening gehouden moet worden met de 
sekse van het dier, iets wat in de meeste studies niet het geval is.

De effecten van scholing op lateralisatie
Een andere factor die de ontwikkeling van lateralisatie kan beïnvloeden is training. 

Het is bijvoorbeeld voorstelbaar dat een lichte voorkeur voor het gebruik van de rechter-
hand wordt versterkt, doordat die hand, juist als gevolg van die voorkeur, vaker gebruikt 
wordt. Zo kan handigheid bij mensen soms al in de baarmoeder worden vastgesteld, al is 
de voorkeur, als die al aantoonbaar aanwezig is, zwak. Ook externe factoren, zoals sociale 
druk, kunnen bijdragen aan training van de rechterhand. Dergelijke training van één 
kant van het lichaam, zoals de rechterhand, zou lateralisatie mogelijk op twee manieren 
kunnen beïnvloeden. Ten eerste kan het verschillen in prestatie versterken, bijvoorbeeld 
als de rechterhand steeds sterker en sneller wordt dan de linker. Daarnaast kan het de 
voorkeur voor het gebruik van een hand versterken. Beide mogelijke invloeden van train-
ing worden bestudeerd in hoofdstuk 5.

Op school wordt tijdens het leren van specialistische taken als schrijven één van de 
twee handen substantieel en dagelijks getraind. Scholing is daarom een handvat waarmee 
de relatie tussen training en lateralisatie bij mensen kan worden bestudeerd. Zulk onder-
zoek kan alleen uitgevoerd worden in een populatie waarvan een substantieel deel nooit 
naar school gaat of is geweest. De pre-industriële (of, beter gezegd, niet-industriële) 
Eipo-gemeenschap is één van de weinige populaties op aarde waarin dit (nog) het geval is. 
De Eipo-vallei ligt in de hooglanden van de Indonesische provincie Papoea – niet te ver-
warren met het autonome land Papoea-Nieuw-Guinea dat de andere helft van hetzelfde 
eiland Nieuw-Guinea beslaat. Sinds 1981 heeft de Eipo-bevolking toegang tot een lagere 
school, maar hoewel scholing gratis is, gaan velen er niet naartoe.

Ons onderzoek laat zien dat scholing samenhangt met handvoorkeur; mensen die 
minstens 1 jaar naar school zijn geweest, hebben een sterkere voorkeur om hun rechter-
hand te gebruiken bij  verschillende taken dan mensen die nooit naar school zijn gewe-
est. Dit verschil zou, enerzijds, een direct gevolg kunnen zijn van scholing, doordat in 
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school druk op de leerling wordt uitgeoefend. Die druk kan openlijk (bijvoorbeeld door 
de leraar) of verscholen (scharen en andere gebruiksvoorwerpen zijn vaak alleen ges-
chikt voor rechtshandig gebruik) zijn. Of doordat door herhaling tijdens het leerproces 
de eigen voorkeur versterkt wordt. Anderzijds zou, naast scholing, ook een andere lev-
ensstijl het verschil kunnen veroorzaken tussen mensen die minstens een jaar scholing 
hebben gevolgd en mensen die nooit naar school zijn geweest. De laatste groep werkt 
bijvoorbeeld op steile hellingen in de tuinen of ze jagen in het bos. In dergelijke situ-
aties wordt het gebruik van beide handen, vaak zelfs voor dezelfde taken, veel sterker 
gestimuleerd dan op school en dit zou een bijkomende oorzaak kunnen zijn van het 
gevonden verschil.

Wij vonden een relatie tussen schoolgaan en handvoorkeur. We vonden echter geen 
samenhang tussen schoolgaan en lateralisatie van handprestatie. Dit suggereert dat 
verschil in prestatie tussen de handen geen doorslaggevende factor zou zijn voor hand-
voorkeur; met andere woorden, dat je beter presteert met een bepaalde hand, bepaalt 
niet wezenlijk welke hand je bij voorkeur gebruikt.

Tot slot
Lateralisatie heeft een erfelijke component. In hoofdstukken 2 tot en met 5 laten wij 

echter duidelijk zien dat fenotypische plasticiteit een belangrijke rol speelt. Zowel in de 
prenatale fase  (hoofdstuk 3) als ver na de geboorte (hoofdstuk 4 en 5). 

Deel 2: De evolutie en functie van 
lateralisatie
De gevechtshypothese: een hypothese over het bestaan van 
linkshandigen

Het tweede deel van deze dissertatie richt zich op ultimate vragen en onderzoekt een 
specifieke uiting van hersenlateralisatie: links- en rechtshandigheid. Linkshandigen 
zijn aanwezig in alle menselijke populaties, maar zij zijn altijd in de minderheid. Nu is 
handigheid een erfelijke eigenschap en er zijn verbanden aangetoond tussen linkshan-
digheid en bepaalde gezondheidsproblemen. Als deze problemen er toe leiden dat zij 
minder bijdragen aan de volgende generaties dan is het de vraag hoe het komt dat link-
shandigheid niet in de loop van de evolutie is verdwenen.

Onderzoekers hebben aan de hand van de ‘gevechtshypothese’ deze evolutionaire 
vraag geprobeerd te beantwoorden. Deze hypothese is gebaseerd op de observatie dat 
linkshandigen meer kans hebben om een man-tot-man gevecht te winnen, doordat zij in 
de populatie in de minderheid zijn. In een gevecht is er daardoor altijd maar een kleine 
kans om een linkshandige tegen te komen, en vechters hebben dus minder ervaring met 
zo’n tegenstander. Dit voordeel zien we terug in de vechtsportstatistieken: in man-tot-
man vechtsporten is het percentage linkshandigen in de top van de sport zeer hoog. De 
gevechtshypothese stelt dus dat linkshandigheid nog bestaat, doordat linkshandigen 
evolutionair voordeel hebben in samenlevingen waar vechten belangrijk is. 



Chapter 10

166

In hoofdstuk 6 testen wij deze hypothese. Dit doen wij door handigheid te onder-
zoeken in een populatie waar tot voor kort veel man-tot-man gevechten voorkwamen, 
vanwege stammenoorlogen en gevechten binnen gemeenschappen. Gebaseerd op de 
gevechtstheorie verwachtten wij dat de frequentie van linkshandigheid, in vergelijking 
met andere populaties, zeer hoog was. Dat was echter niet het geval; het aantal link-
shandigen in de populatie was zelfs erg laag. Onze resultaten maken de gevechtstheorie 
als evolutionaire verklaring voor het voorkomen van linkshandigen in populaties erg 
onwaarschijnlijk. 

Verbanden tussen handvoorkeur, handprestatie en evolutionaire 
fitness

In hoofdstuk 7 gaan wij verder op zoek naar een evolutionaire verklaring voor het 
voorkomen van links- en rechtshandigheid en ook voor de grote variatie in de sterkte van 
lateralisatie. Wij richten ons hierbij niet alleen op de voorkeur voor handgebruik, maar 
ook op verschillen in prestatie van de handen. Dit laatste aspect zou evolutionair gezien 
net zo belangrijk kunnen zijn als handvoorkeur, maar wordt vaak genegeerd in onder-
zoeken. In dit hoofdstuk onderzoeken wij het verband tussen handvoorkeur en -prestatie 
en maten van fitness, zoals voortplantingssucces en gezondheid. In Westerse en andere 
moderne samenlevingen zijn betekenisvolle fitnessmaten lastig te verzamelen, doordat 
voorbehoedsmiddelen en gezondheidzorg deze maten sterk beïnvloeden. Vandaar dat 
ook dit onderzoek in de Eipo-gemeenschap is uitgevoerd, waar voorbehoedsmiddelen 
niet aanwezig zijn en pas sinds 2005 basale gezondheidszorg toegankelijk is.

Wij konden geen verbanden ontdekken tussen lateralisatie en fitness in vrouwen, 
maar in mannen vonden wij die wel. Onze resultaten suggereren dat mannen met een 
relatief lichte handvoorkeur evolutionair gezien beter af zijn dan mannen met een sterke 
handvoorkeur. Verder suggereren onze resultaten dat mannen die sterk asymmetrisch 
zijn in handprestatie evolutionair gezien beter af zijn dan mannen met meer gelijke hand-
prestatie. Beide zijn metingen van sterkte van lateralisatie. Wij vonden geen verbanden 
tussen fitness en richting van lateralisatie van prestatie. Helaas bleek het onderzoeken 
van richting van handvoorkeur onmogelijk door het lage percentage linkshandigen in 
deze populatie (hoofdstuk 6). Wij kunnen dus niet aantonen dat de richting van later-
alisatie (dus links- of rechtshandigheid) evolutionair belangrijk zou zijn. Wel vonden wij 
dat sterkte van lateralisatie een evolutionaire rol speelt. 

Kan de gezondheidszorghypothese de frequentie van linkshandigen 
verklaren?

Wij vonden een laag percentage linkshandigen in een niet-industriële samenleving 
(hoofdstuk 6) waarin tot zeer recent moderne gezondheidszorg geheel afwezig was. Ook 
is in veel studies een verband gevonden tussen linkshandigheid en gezondheidszorg, 
hoewel de gevonden relaties vaak toegeschreven kunnen worden aan verschil in sterkte 
van lateralisatie in plaats van richting (zie hoofdstuk 7).

Wij speculeerden dat gezondheidszorg, in aanvulling op of als alternatief voor de 
gevechtshypothese, het percentage linkshandigen in een populatie kan beïnvloeden. Dit 
hebben wij onderzocht in hoofdstuk 8, een literatuurstudie naar twaalf westerse landen 
waarvan de percentage van linkshandigen bekend zijn, evenals de publieke uitgaven voor 
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gezondheidszorg en het aantal opzettelijke gedode individuen (moord/doodslag). Deze 
laatste maat werd gebruikt door de opstellers van de gevechtshypothese. Hoofdstuk 8 
laat zien dat de hoogte van publieke uitgaven voor gezondheidszorg, in tegenstelling tot 
het aantal opzettelijke gedode individuen, significant en positief gecorreleerd is met het 
percentage linkshandigen in populaties. Deze bevinding ondersteunt dus onze hypoth-
ese dat een laag niveau van gezondheidzorg, zoals in de Eipo-populatie, kan leiden tot 
weinig linkshandigen in een populatie.

Conclusies
Lateralisatie is een erfelijke eigenschap waarin hoogstwaarschijnlijk meerdere genen 

een rol spelen (hoofdstuk 2). Zowel prenatale (hoofdstuk 3) als postnatale factoren 
(hoofdstuk 4 en 5) kunnen, seksespecifiek, de ontwikkeling van lateralisatie bij een indi-
vidu beïnvloeden. Lateralisatie van bepaalde vormen van gedrag kan enerzijds gemeten 
worden als voorkeur voor het gebruik van een bepaalde kant (hand, oog, etc), anderzijds 
als verschil in prestatie tussen links en rechts. Deze twee maten hangen slechts licht met 
elkaar samen en lijken op verschillende manieren beïnvloed te worden door natuurlijke 
selectie (hoofdstuk 7). Dit verschil in selectiedruk zou, samen met verschillen in evo-
lutionaire voordelen van lateralisatie tussen mannen en vrouwen, kunnen verklaren 
waardoor verschillende varianten van lateralisatie naast elkaar kunnen blijven bestaan 
(hoofdstuk 7).

Het voordeel dat linkshandigen hebben in gevechten lijkt op dit moment niet, zoals 
voorgesteld in de gevechtshypothese, de evolutionaire kracht te zijn achter het voort-
bestaan van linkshandigheid in populaties (hoofdstuk 6). Gezondheidszorg lijkt een 
waarschijnlijker kandidaat. Gezondheidszorg zou kunnen bijdragen aan de variatie 
tussen individuen en populaties door direct de prenatale en postnatale ontwikkeling 
in het individu te beïnvloeden. Daarnaast zou gezondheidszorg natuurlijke selectie 
kunnen tegenwerken en daarmee de frequentie van linkshandigheid in de populatie 
kunnen beïnvloeden, bijvoorbeeld door de behandeling van ziektes die verband houden 
met linkshandigheid (hoofdstuk 8). 
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