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Review

Epigenesis of behavioural lateralization

in humans and other animals

S. M. Schaafsma1, B. J. Riedstra1, K. A. Pfannkuche1, A. Bouma2

and T. G. G. Groothuis1,*

1
Department of Behavioural Biology, University of Groningen, PO Box 14,

9750 AA Haren, The Netherlands
2
Department of Clinical and Developmental Psychology, University of Groningen,

Grote Kruisstraat 2-1, 9712 TS Groningen, The Netherlands

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.

Keywords: cerebral asymmetry; behavioural lateralization; development; handedness; plasticity;

genetic models

1. 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

asymmetry/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 modelling 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
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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 post-natal) environmental

factors than lateralization of cognitive functions. We will

first discuss the explanatory power of the existing

genetic models for human handedness, including 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.

2. EXPLANATORY POWER OF GENETIC MODELS

One of the most common ways to investigate

lateralization in humans is measuring 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 determined genetically. For each of

these potential problems, we will explore to what extent

environmental factors may be an alternative to the

genetic explanation.

(a)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 present) will be left- or right-handed with

language left- or right-lateralized all with equal proba-

bilities, 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); in

Annett’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 relative 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.

(b) Challenges for the models

(i) 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

LH

(a)

(b)

LH > RH RH > LH

1 1

2

2

3

LH RH RH

LH = RH

32

11

(c)

Figure 1. Distribution of lateralization of handedness in

proportion of individuals with a certain allele combination,

according to three genetic models: (a) Annett’s model for

hand skill, (b) McManus’ model and (c) Klar’s model, both

for hand preference. 1, homozygote chance; 2, heterozygote;

3, homozygote for right allele. For details see text.
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environmental factors, many investigators compared

monozygotic (MZ) with dizygotic (DZ) twins. MZ

twins are more likely to be concordant concerning

handedness than DZ twins (see Sicotte et al. (1999) for

a meta-analysis), 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 indepen-

dently of each other. However, just as many concordant

as discordant twins with this genotype are expected on

the basis of change, 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 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 supposedly 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

individuals 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).

(ii) 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; see references in Sicotte et al. (1999) and

Hopkins et al. (2000) for chimpanzees). 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), which could

affect lateralization in twins.

(iii) Sex differences

The second challenge concerning the genetic models of

handedness is that males show higher incidences of left-

handedness (11.6%) than females (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 recessive 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 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 chromo-

some (Kamping & Van Delden 1999). In the

case of genes being distributed over several chromo-

somes, inheritance as a single locus is, however,

not conceivable. However, in that case it may account
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for the random factor postulated to determine

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 homozygosity, 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 characteristic 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).

(iv) 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

interactions (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 differential exposure to gonadal steroid hormones

(reviewed in Pfannkuche et al. 2009).

(v) Inconsistencies with data

McManus (1985b) showed that a symmetrical bimodal

model can describe the handedness 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-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 ambilaterality, 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.

(c) 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.

(i) 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 §3c).

(ii) 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 environmental

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 background of a trait based on selective

breeding experiments without cross-fostering the
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offspring should be made with caution. These experi-

ments are not capable of distinguishing 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 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) investigated 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,

respectively, 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 pattern

of this trait thus remains unclear.

(d) In conclusion

Although several elegant genetic models for lateraliza-

tion of handedness and language 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 deviations

from the main pattern. These additions are not always

fully supported by independent 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 environmental 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 performed. 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.

3. 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

pressures 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).

(a) 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

predictor 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 §3b(ii)). 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, handedness 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 influences later in life, much as early
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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).

(b) Environmental factors: asymmetric

input of stimuli

(i) 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 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 asymmetrical 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 in §2.

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; Damerose & 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 dominated

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 preference. 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.

(ii) 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 lateralization

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 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).

(iii) Asymmetric light input in birds

Many bird species (galliformes, pigeons, parrots,

raptors and songbirds) show behavioural 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 exposure 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 hemisphere

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 lateralized 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 lateralization.
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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

lateralization has recently been questioned too (Hirnstein

et al. 2008). In addition, only one study has addressed

the question of whether manipulation of light exposure

during incubation 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.

(iv) 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 relation 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 §3e).

(c) Environmental factors: adoption in humans

and animals

In an attempt to disentangle between genetic and

environmental factors determining 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 established 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.Z3.12).

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 §§ 2a and 3b(i)(iv) and Pfannkuche 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.

(d) 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

(Hildreth1949;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

individuals and this will in time cause a shift towards

dextrality in left-handed individuals and strengthens
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right-handedness in right-handers (Porac & Coren

1981). (iv) Cerebral dominance development is

a continuous process that evolves throughout life

and causes the increase in right-handedness with age

(Brown & Jaffe 1975; Fleminger 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 development of lateralization within the individuals

are clearly needed.

(e) Environmental factors: social pressures

(i) 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 environmental 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. He 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

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 strengthened

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%).

(ii) Evidence for other animal species

To our knowledge, there are no studies that have tested

the possibility of social modulation 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 (G1) 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 barrier 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). Individuals showed consistent choices

between tests (r2Z0.69, p!0.0001, nZ58), 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; FZ12.66, p!0.001). This is the first

evidence suggesting that lateralization of visually

guided behaviours can be modulated by post-hatching

social interactions. 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 pressures were

altered. He found that in a non-biased environment (no

pressure) in which 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 (mimicking 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 heritability 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.

groups

m
ea

lw
o
rm

 d
et

o
u
r 

sc
o
re

0

0.2

0.4

0.6

0.8

1.0

Figure 2. Detour scores: each circle represents the group

mean (Cs.e.) of six chicks, which round a barrier to reach a

mealworm. Variation in lateralization was smaller within than

between groups (FZ12.66, p!0.001) indicating that later-

alization was modulated by post-hatching social interactions.
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4. 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 interactive 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 lateralization

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

handedness 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 studies

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 lateralization are also

inconclusive. Although the few selection experiments

in animals give some support for genomic heritability,

the results are ambiguous and the studies 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 suggests 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

criteria 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 differently 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 asymme-

trical 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 suggestion that pre- and post-natal head position

may affect lateralization by asymmetrical perception 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 development 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 lateralization and exposing them to

different environmental influences such as prenatal
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hormone 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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