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a b s t r a c t

According to the Geschwind Galaburda theory of cerebral lateralization, high intrauterine

testosterone levels delay left brain hemisphere maturation and thus promote left

handedness. Human circulating testosterone levels are higher in the male fetus and also

varywith length of photoperiod. Therefore, a higher prevalence of left handedness, coupled

with seasonal anisotropy (i.e., a non uniform distribution of handedness across birth

months or seasons), may be expected among men. Prior studies yielded inconsistent evi

dence for seasonal anisotropy and suffered from confounding and a number of shortcom

ings affecting statistical power. This study examined hand preference and associations of

handedness with sex, age, and season of birth in independent discovery (n ¼ 7658) and

replication (n¼ 5062) samples fromCentral Europewith latent class analysis (LCA).We found

clear evidence of a surplus of left handed men born during the period November January,

which is consistent with predictions from the Geschwind Galaburda theory. Moreover,

seasonal anisotropy fully accounted for the higher prevalence of left handedness among

men, relative to women. Implications of these findings with regard to seasonal anisotropy

research and handedness assessment and classification are discussed.

1. Introduction

Limb preference and handedness are phenomena of many

biological species. In humans, a dominant preference of the

right limb for manual tasks is culturally universal (with a

prevalence rate of right handedness of about 90%; Coren,

1993; Peters, Reimers, & Manning, 2006) and has been linked

to brain lateralization.Whilst the genetic bases of handedness

are still under debate (McManus, Davison, & Armour, 2013;

Medland et al., 2009), there have been numerous accounts

investigating its associations with human capacities and

traits.

However, research into handedness has also produced

some fickle and elusive results. Whilst a higher prevalence of

left handedness among men appears to be a robust finding
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(Papadatou Pastou, Martin, Munaf�o, & Jones, 2008), the evi

dence for some assumed biological underpinnings of left

handedness appear inconclusive. The cerebral lateralization

theory of Geschwind Galaburda (Geschwind & Galaburda,

1985a, 1985b, 1985c, 1987) posits that high intrauterine levels

of testosterone promote the development of left handedness

because of differential effects of testosterone on brain hemi

sphere maturation; specifically, left brain hemisphere matu

ration is delayed. Male brains are exposed to substantially

higher testosterone levels than female brains during prenatal

development; hence, a sex effect for handedness may be ex

pected. Furthermore, the secretion of sex hormones is higher

during seasons with a long photoperiod, i.e., extended day

length (Macchi & Bruce, 2004). As a consequence, the theory

also suggests a birth seasonality effect, i.e., seasonal anisot

ropy, with regard to handedness.

There is direct (Lombardo et al., 2012) and indirect (Beaton,

Rudling, Kissling, Taurines, & Thorne, 2011) evidence for as

sociations of intrauterine testosterone levels with brain

development and left handedness in men. In contrast, evi

dence for seasonal anisotropy is highly inconsistent: studies

have reported anisotropy for widely different periods of the

year, alternately affecting either men, or women, or both

sexes likewise, or have found no effect at all (Stoyanov,

Nikolova, & Pashalieva, 2011). One meta analysis (Jones &

Martin, 2008), based on 48581 participants from 11 primary

studies, has concluded that in the Northern hemisphere more

left handed men are born during the period MarcheJuly. This

meta analysis has been criticized with regard to the handed

ness classification in the primary studies (Beaton, 2008).

Indeed, its conclusion runs counter to expectation, because in

the Northern hemisphere the photoperiod is the longest dur

ing MayeJuly. However, the critical period of testosterone

induced human sexual differentiation does not occur perina

tally, but much earlier prenatally, during gestational weeks

8e24; afterwards, plasma testosterone levels are generally low

(Baron Cohen, Lutchmaya, & Knickmeyer, 2004). The peak of

embryonic neuronal migration also occurs during gestational

week 12e20 (Tau & Peterson, 2010). Testosterone induced ef

fects on brain lateralization thus likely take place early during

embryonic development. For the Northern hemisphere one

would therefore expect more left handed men to be born

during NovembereJanuary, not during MarcheJuly, as sug

gested by the meta analysis. Some studies indeed have re

ported a higher prevalence of left handedness or non right

handedness among men born in winter and/or autumn

(Badian, 1983; Preti, Lai, Serra, & Zurrida, 2008; Stoyanov et al.,

2011). However, in light of the accumulating inconsistent

findings in general, more evidence is clearly needed. More

over, studies on this theme need to take into account specific

validity threats and statistical power considerations, as elab

orated below.

Whilst the effects of sex hormones and sex chromosomes

on brain differentiation are likely more complex than previ

ously thought (Lentini, Kasahara, Arver, & Savic, 2012; Lust

et al., 2011), available research in this area suffers from at

least three different sources of bias and confoundingwhich all

threaten reliability and decrease statistical power. First,

sample size is a pervasive problem in all handedness related

research. The skewed 10:90 handedness ratio lowers the

power of statistical tests by about 50%, as compared to an

optimally powered 50:50 ratio. Alternatively, oversampling

left handers may result in dissimilarity of sampled pop

ulations and thus introduce additional bias.

Second, handedness classification is often problematic.

Hand preference in writing is molded by social and cultural

pressure (Preti et al., 2011), which might lead to an underes

timation of the true associations of handedness with other

variables, when handedness classification is solely based on

the hand used for writing (Papadatou Pastou et al., 2008). More

reliable multi item inventories, like the Edinburgh Handed

ness Inventory (EHI; Oldfield, 1971) or the Lateral Preference

Inventory (LPI; Coren, 1993), still use arbitrarily adopted

criteria and either a dichotomy (right/left, right/non right) or a

trichotomy (right/mixed/left) for handedness classification.

This may prohibit direct comparisons between studies and

thus renders meta analytical results questionable (Beaton,

2008). Moreover, such varying classification criteria may

even lead to different conclusions derived from the same data

(Denny, 2008; Kelley, 2012). What is more, scoring and classi

fication typically assigns equal weight to all items within an

inventory. However, psychometrically this may be inappro

priate (Dragovic, 2004). Existing taxometric (Dragovic,

Milenkovic, & Hammond, 2008) and latent class analyses

(Büsch, Hagemann, & Bender, 2009; Dragovic & Hammond,

2007; see Methods) suggest that handedness in actual fact is

discrete and thus support classification approaches. However,

studies on handedness associations with other variables

seldom make use of latent variable analyses that would allow

for a differential weighting of indicators and the direct

modeling of handedness.

Third, photoperiod in the Northern hemisphere is longest

during MayeJuly, shortest during NovembereJanuary, and

intermediate during FebruaryeApril and AugusteOctober.

Some studies have based their analyses either on the four

meteorological seasons (winter: DecembereFebruary; spring:

MarcheMay; summer: JuneeAugust; autumn: Septem

bereNovember; e.g., Stoyanov et al., 2011) or on the astro

nomical seasons (winter: December 21/22eMarch 19/20;

spring: March 20/21eJune 20; summer: June 21eSeptember 21/

22; autumn: September 22/23eDecember 20/21; e.g., Tonetti,

Adan, Caci, Fabbri, & Natale, 2012). Other studies have con

trasted half year periods (meteorological autumn and winter

versus spring and summer; Jones&Martin, 2008) or have used

a monthly resolution for analysis (e.g., Milenkovi�c, Rock,

Dragovi�c, & Janca, 2008). However, the meteorologically or

astronomically defined seasons match with the seasons, as

defined by photoperiod variation, by atmost about two thirds,

and monthly analyses neglect the non independence of

consecutive months.

In the present study an attempt was made to overcome all

of the above shortcomings. Given the inconsistency of past

research, we investigated handedness and its seasonal

anisotropy in a discovery sample as well as in an independent

replication sample, in order to assess the replicability of our

own initial findings. Independent discovery and replication

samples within the same study are now considered best

practice in genome wide association studies, in order to guard

against false positive findings and to demonstrate the

robustness of an effect, if the replication is successful
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seasonal anisotropy fully explained the higher prevalence of

left handedness among in men, relative to women.

Thus, even though previous results on seasonal anisotropy

were inconsistent, this study provides clear evidence in sup

port of one prediction derived from the theory of Gesch

windeGalaburda and therefore adds to the prior positive

evidence of Badian (1983), Preti et al. (2008), and Stoyanov et al.

(2011). Furthermore, because according to our data seasonal

anisotropy specifically affected men born during the period

NovembereJanuary, as expected, one may infer that the crit

ical period of testosterone induced effects on brain laterali

zation effectively is limited to gestational weeks 14e18.

Otherwise, individuals born in both the precedent and sub

sequent months should have been affected to some extent as

well. Seasonal anisotropy was specifically confined to men, as

in the reports of Badian (1983) and Stoyanov et al. (2011).

The proposed short critical period corresponds to the

magnitude of the effects observed in this study: men's preva

lence rateof left handedness exceededwomen'sby1.3% (which

broadly corresponds to previous estimates; Peters et al., 2006),

and among men the overall prevalence of left handedness of

birth cohorts of NovembereJanuary exceeded that of the

remainder of the yearbyonly 2.3%. In contrast, thedifference in

the proportions of left handedness amongmen andwomen for

the period NovembereJanuary, 29.9% vs 21.5%, appears sizable.

Nonetheless, given the overall low prevalence of left

handedness, large samples and high precision of handedness

classification are mandatory to spot an effect of this size. For

these combined reasons, previous studies could not provide a

clear picture on this seasonal anisotropy effect. In support of

these arguments is the fact that we were unable to obtain the

seasonality effect with our own data, when we, by way of trial,

analyzedhalf year periods (Jones&Martin, 2008) or seasonsnot

aligned to photoperiod variation (Tonetti et al., 2012).

Even though in our data seasonal anisotropy fully

accounted for the sex difference in left handedness, there

conceivably are a number of further prenatal, perinatal, and

postnatal candidate factors to consider for refined explana

tion, such asmaternal age, birth order, birth stress, or cultural

factors (Badian, 1983; Bailey & McKeever, 2004; Papadatou

Pastou et al., 2008). Also, regional effects and latitude need

to be taken into account vis �a vis seasonal variation (Badian,

1983). For example, the null finding of the large (N 15390)

study of Cosenza andMingoti (1995) may have been caused by

the only small seasonal variation in photoperiod at their study

locale, which was situated close to the equator (Minas Gerais

in Brazil; latitude 19.54� S). In contrast, sampling in the pre

sent study primarily took place in Central Europe (Austria and

Germany), with the latitudes for these two countries extend

ing from46� to 55� N.We suggest that the seasonal variation in

photoperiod e not merely meteorologically or astronomically

defined seasons e together with the moderating effect of

latitude on the extent of this seasonal variation might be

beneficially taken into account in future research.

Regarding handedness assessment, our study provided

prevalence estimates of right handedness (about 89%) that are

in line with many previous results. Our data are further

indicative of a trichotomy of handedness, comprising right

handedness, left handedness, and mixed handedness,

which is consistent with recent taxonometric and latent

class analyses (Dragovic & Hammond, 2007; Dragovic et al.,

2008). Overall, the prevalence of left handedness was about

8%, whereas those of mixed handedness less than 3%.

Analysis revealed that consistency of handedness was

highest among right handers, but less so among non right

handers. Inconsistent use of the left hand was more or less

the norm among left handers, who frequently stated to prefer

their right handaswell. Concerning thewritinghand,we found

strong evidence for a decreasing social and cultural pressure

against left handedness among the more recent birth cohorts:

older, butnot younger, left handers frequently reportedwriting

with their right hand (McManus, Moore, Freegard, & Rawles,

2010). For this reason, hand preference for writing appears to

be a relatively weak and moreover confounded indicator of

handedness (Preti et al., 2011),which therefore should probably

omitted from handedness classification.

Even though the group of mixed handers was only small

and right hand preference was also frequent among these

individuals, this was the only group which consistently and

most often indicated no hand preference regarding the four

manual tasks of the LPI. There have been accounts of mixed

handedness alternately being described as detrimental (Crow,

Crow, Done, & Leask, 1998; Kelley, 2012; Nettle, 2003; Peters

et al., 2006) or beneficial (Christman & Propper, 2001; Denny,

2008; Niebauer, 2004) for various psychological abilities and

health conditions. Our study suggests that inconsistent re

sults such as these might partly stem from mingling mixed

handers, who are characterized by no clear hand preference,

with left handers, who are generally characterized by an

inconsistent preference of their left hand. Clearly, more

research is needed to shed more light on this specific topic.

Furthermore, we found evidence that a bimanual task

which involves the risk of hurting oneself, if executed faultily

(using a hammer to drive a nail into something), had the

highest reliability of classifying handedness on its own.

Bimanual tasks are assumed to confer a higher classification

reliability (Papadatou Pastou et al., 2008). However, our study

suggests that it may need to be a task which requires accuracy

and, if executed faultily, exerts a direct negative or hurtful

consequence to the individual performing it. This idea ought to

be followed up, as it might improve the assessment and clas

sification of handedness from inventories of hand preference.

Summing up, utilizing a discovery and replication sample

approach, our study provided clear evidence for a seasonal

anisotropy of left handedness among men, which effect is

consistent with predictions derived from the Gesch

windeGalaburda theory. Future research along these lines

may need to take more closely into account the validity

threats and statistical power issues elaborated on here. Like

wise, the moderating effects of latitude on the amount of

seasonal variation of photoperiod should be further investi

gated vis �a vis seasonal anisotropy.

Acknowledgments

Thanks are extended to Ingrid Koller, Ingo W. Nader, Jakob

Pietschnig, Anne H. E. Schild, and Elisabeth L. Zeilinger for

supporting the data collection.

195



r e f e r e n c e s

Asendorpf, J. B., Conner, M., De Fruyt, F., De Houwer, J.,
Denissen, J. J., Fiedler, K., et al. (2013). Recommendations for
increasing replicability in psychology. European Journal of
Personality, 27(2), 108 119.

Badian, N. A. (1983). Birth order, maternal age, season of birth,
and handedness. Cortex, 19(4), 451 463.

Bailey, L. M., & McKeever, W. F. (2004). A large scale study of
handedness and pregnancy/birth risk events: implications for
genetic theories of handedness. Laterality, 9(2), 175 188.

Baron Cohen, S., Lutchmaya, S., & Knickmeyer, R. C. (2004).
Prenatal testosterone in mind: Amniotic fluid studies. Cambridge,
MA: MIT Press.

Beaton, A. A. (2008). Handedness assessment in studies of
seasonal anisotropy. Cortex, 44(1), 97 98.

Beaton, A. A., Rudling, N., Kissling, C., Taurines, R., & Thorne, J.
(2011). Digit ratio (2D:4D), salivary testosterone, and
handedness. Laterality, 16(2), 136 155.
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