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Abstract

Human handedness results from the interplay of genetic and cultural influences. A gene-culture co-
evolutionary model for handedness was introduced by Laland et al. (1995), and the present study
generalizes that model and the related analysis. We address ambiguities in the original methodology,
particularly regarding maximum likelihood estimation, and incorporate sex differences in cultural
transmission. By fitting this extended framework to existing familial and twin datasets, we demonstrate that
accounting for criterion shifts significantly improves model fit and parameter estimation accuracy. We find
stronger maternal than paternal effects on handedness, with daughters exhibiting greater sensitivity to these
effects than sons. We provide an open-source Python implementation of the model, which is a robust

platform for comparing gene-culture models and applying them to diverse datasets.



Introduction

About 90% of humans are right-handed (e.g., Corballis, 1991), and the handedness dimorphism is consistent
across the hominin lineage (Uomini & Ruck, 2018), including in modern societies (Faurie & Raymond,
2004). The predominance of right-handedness has sparked considerable interest in the evolutionary
dynamics underlying human handedness. Over the years, many studies have addressed the evolutionary

mechanisms that might underlie this trait (McManus, 2019).

Human hand usage encompasses two primary traits often indiscriminately referred to as ‘handedness’, but
with a crucial distinction between them. Hand preference describes the habitual choice of hand usage for
one-handed tasks, while hand performance identifies the more effective hand for a task, irrespective of the
hand that commonly executes the task. Different studies employ differing measurements for hand
preference and hand performance (JanBen, 2004), and this discrepancy has been considered responsible for
the variation in observed left-handedness prevalence between studies and generations (Peters, 1998). Thus,
it is difficult to build on the results of experiments on handedness to address how human hand usage patterns

evolved.

Mendelian genetic models of human handedness have struggled to account for the inheritance pattern
observed in family studies. Such studies found that two right- or left-handed parents have about 63% or
11% chance of having right- or left-handed offspring (Porac, 2016). But models based on Mendelian
genetics (Ramly, 1913; Chamberlain, 1928; Rife, 1951; Trankell, 1955, Annett, 1964) that assume two
alleles associated with the two phenotypes and attribute dominance to the right-handed allele predict that
offspring of same-handed parents will have the same phenotype as their parents. Similarly, such models
predict 100% concordance between monozygotic twins, or at least greater concordance than dizygotic
twins. However, again, studies found a concordance of around 80% for both dizygotic and monozygotic
twins (Pfeifer et al., 2022). Furthermore, research on twins and their non-twin siblings found that a shared
family effect has little contribution to predicting handedness (Morgan & Corballis, 1978). These studies
thus suggest that genetics constitutes only one factor in determining handedness, but the size of its

contribution is still unclear (Schmitz et al., 2017).

From the subtly right-biased bell-curved distribution of hand performance, Annett (1972, 1975, 1978)
suggested a genetic model in which hand preference is a continuous trait determined randomly during
development. A ‘right-shift’ allele increases the probability of right- vs. left-handedness (rather than

deterministically determining right- or left-hand preference). To accommodate twin data, she also assumed
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that the right-shift allele is expressed differently in twins (Annett, 1994), and given the available data, she
concluded that the observed polymorphism is due to heterozygote advantage (Annett, 1995).

McManus (1985) presented the Dextral-Chance (DC) model that assumes a single gene with two alleles: D
(for dextrality) that results in 100% right-handers when homozygous and C (for chance) that results in
purely random asymmetry when homozygous, that is, 50% right-handers and 50% left-handers. The degree
of dominance of D over C and the true incidence of left-handers were inferred from the data using
maximum-likelihood estimation. The variation in the measured incidence across studies was assumed to
arise due to inconsistent methodological approaches, which he accounted for by adjusting the measured
incidence to the true incidence. His results estimated a true incidence of left-handers at 7.75% with 25% of
heterozygotes being left-handed. This model, too, suggests that the dimorphism in humans is preserved

through heterozygote advantage.

Another factor that could influence handedness is culture (Corballis, 1991). Comparative studies have
revealed variations in left-handedness prevalence among different cultures, seemingly unrelated to
geographic proximity (McManus, 2009). In a meta-analysis, Papadatou-Pastou et al. (2020) used the writing
hand as an indicator for hand preference and found a 9.29% prevalence of left-handedness; behavioral
observations resulted in 15.11% and responses to a questionnaire ranged from 9.75% to 13.51%. Left-
handers also vary according to their ancestry: “Europeans” have the highest potential to be left-handed
(11.12%), followed by “sub-Saharan Africans” (7.71%) and “East Asians” (5.69%). However, even in the
most permissive estimates, left-handedness rates ranged from 0% to 30% only (Marchant & McGrew,
1998), and no evidence has been found for a culture in which the frequency of left-handers outnumbers or
equals that of right-handers. Studies published before 1975 indicated a 7.2% prevalence of left-handers, but
in the following years this percentage increased up to a peak of 11.7% between 1996-2007, followed by a
decline to 10.8% until 2019 (Papadatou-Pastou et al. 2020).

Examining various tasks humans perform with their hands has revealed that culture has a nuanced influence
on hand preference. It is not uncommon to find that individuals consistently use their left hand but write
with the right, a phenomenon more prevalent in early-birth cohorts and specific cultures (Medland et al.,
2004). A central hypothesis for this discrepancy is that a change in cultural norms has led to the acceptance
of left-handed writing in schooling (Harris, 1990). This cultural change can account for the increase in the
prevalence of left-handed writing over the past century in many western countries (e.g., Beukelaar &

Kroonenberg, 1986; Brackenridge, 1981). In those countries in which left-handed writing is still



discouraged, an increase in the prevalence of left-handers has not been observed (Shimizu & Endo, 1989).
Porac & Coren (1981) pointed out that predominantly right-handed societies tend to motivate left-handers
to conduct tasks with their right hand due to physical constraints (e.g., scissors, computer mouse, knife) or
conformity (e.g., writing, cutlery), even if this goes against their natural inclination. Furthermore, evidence
from non-western societies with a low literacy rate does not indicate a right-hand bias for any hand-based
task other than a weak but consistent tendency in tool use (Marchant et al., 1995). Therefore, it may be that
modern humans are somewhat committed to their right hand in certain tasks, with the level of commitment

varying across tasks and cultures.

The only model that sought to account for gene-culture evolution of human handedness was published by
Laland et al. (1995). Following the genetic model by McManus (1985), they assumed that the tendency of
an individual towards one of the two phenotypes—right- and left-handedness—depends on a single gene
with alleles D for a predisposition towards right-handedness and C for lack of such predisposition. They
also included a cultural vertical effect of parent phenotype on offspring phenotype, so the probability of
becoming right-handed depends on the individual genotype (DD, DC, or CC) and the parental phenotypes
(RxR, RxL, or LxL). Analysis of the equilibrium allele and phenotype frequencies showed that if natural
selection acts on the phenotype or directly on the genotype, allele D will go to fixation unless there is
heterozygote advantage; that is, gene-culture interaction will not preserve genetic variation in handedness.
This contradicts the genetic models described above (Annett, 1972; McManus, 1985). Laland et al. (1995)
used their equilibrium phenotype frequencies to test this model against data. They estimated the model
parameters using maximum-likelihood estimation and the adjustment from measured incidence to the true
incidence applied by McManus (1985). Then, they tested its goodness-of-fit using a G-test. The analysis
was performed on 17 familial datasets previously summarized by McManus (1985). The best-fit model
predicted a species-wide 78% genetic predisposition, which increased to 92% in the offspring of two right-
handed parents and decreased to 64% in the offspring of two left-handed parents. The model predicted that
right-handers should be 88% of the population (similar to observed frequencies, e.g., Corballis, 1991) and
provided a better fit to 16 of 17 familial datasets and 27 of 28 twins datasets compared to previous genetic
models (Annett, 1985; McManus, 1985). The model also predicts that the concordance rate in siblings,
twins, and unrelated individuals should be ~80%, which agrees with observations that purely genetic models

cannot explain.

Based on these results, Laland et al. (1985) suggested that a history of selective sweeps created a species-

wide genetic predisposition for right-hand preference in a facultative rather than obligate manner. Thus,



cultural factors operating via parental influence during early childhood development can explain variation
within families and across societies. Consequently, human handedness had been ratcheting up towards the
proliferation of right-hand bias throughout human evolution due to caregivers socially transmitting their

hand preference to children.

Here, we reproduce Laland et al.’s analysis to establish a foundation for its application and extension. We
provide additional detail to aspects of the analysis that were not explicitly discussed in the original paper.
We then extend the model to account for differences in parental and offspring sex and compare this extended
model to the original model. We provide an open-source implementation written in Python (Van Rossum,
2007). This work may provide a foundation for further exploration of gene-culture models and additional
cross-cultural datasets to test hypotheses on the transmission of human handedness and other traits under

gene-culture co-evolution.

Methods
Study design

First, we reproduce the analysis of Laland et al. (1995). They studied a gene-culture model for human
handedness using maximum-likelihood estimation to estimate model parameters from familial data, testing
the model's goodness-of-fit on the same data using a G-test and then testing the model on a separate twins

dataset.

The results reported by Laland et al. (1995) are summarized in their Tables 1-3, but some results (log-
likelihood values, G-test with three model parameters) were not reported. Similar to McManus (1985), they
assumed a criterion shift and applied an adjustment to model predictions. The details of whether this

adjustment was applied during estimation, testing, or both, remain unspecified in the original study.

We therefore explored three analysis scenarios (

Figure 1). In scenario A, we estimated model parameters and performed a goodness-of-fit test without
applying any adjustment. In scenario B, we estimated the parameters without adjustment but performed a
goodness-of-fit test with adjustment. In scenario C, we performed both the estimation and the test with
adjustment. Like Laland et al., we examined both a three-parameter and a two-parameter model (see below)

in all scenarios to determine if a two-parameter model can account for the observed data as well as a three-



parameter model and to produce a protocol for cases in which all three parameters are included in the

analysis.

All analyses were implemented in the Python programming language (Van Rossum 2007) with NumPy
(van der Walt 2011), Matplotlib (Hunter 2007), SciPy (Virtanen et al. 2020), and Pandas (McKinney 2010).

The source code is available at https://github.com/yoavram-lab/Laland1995.

Familial data

The data used in this study (Table S3) are the same as in Table 3 of Laland et al. (1995). None of the datasets
were excluded, and the data were not transformed. The data combine 17 earlier studies published between
1913 and 1985. All 17 studies present data on hand preference (rather than hand performance). 16 of the 17
studies sampled US and UK populations between 1911 and 1980. The frequency of left-handers varies
between 3.56% and 24.57%. See supplementary text S1 for more details.

Upon examining the original studies, it became evident that the data as presented in Laland et al. were
copied verbatim from McManus (1985): 1) all the data appears in McManus (1985); ii) we found the same
typo in the reference to Chaurasia & Goswami (unpublished); and iii) the data of Ramaley (1913) is reported
incorrectly in both papers, an error likely made by McManus (1985) and indicated by Annett (1996).

Even though the data are presented equivalently in McManus (1985) and Laland et al. (1995), calculating

2-LXL +RxL

m), using the data in Laland et

the observed frequency of left-handers in the parent generation, p (

al. did not provide the same frequency as reported by McManus (1985). Indeed, McManus (1985, p.10)
noted that “most of the above studies ignore family size, all the children from a particular family being
combined. Thus, if a single RxR pair produced one right- and one left-handed child these two individuals
are entered once into column R and once into column L.” Thus, the data in McManus (1985) encompass an
unknown number of siblings. When we compared the data presented in the original studies to those
presented by McManus, we found that the observed frequency had been calculated by McManus using the
original data. Hence, alongside the actual data, Laland et al. likely used the observed frequency of left-
handers reported by McManus. We validated this assumption by using the observed frequency in the parent
generation reported in McManus (1985) and the frequency calculated assuming triplets in the data. Both

produced results similar to Laland et al., but the former produced a better match.


https://github.com/yoavram-lab/Laland1995

Twin data

We use the 13 twins datasets (Table S10) from Table 4 in Laland et al. (1995), which were taken from
McManus (1985) plus an additional dataset from Neale (1988). The data includes the observed numbers of
right-right, right-left, and left-left pairs of monozygous (MZ) and dizygous (DZ) twins without parental
phenotype. The data totals 2,900 pairs of MZ with a left-handedness rate of 13.8% and a discordance rate
of 21.68% and 2,589 pairs of DZ twins with a left-handedness rate of 13.34% and a discordance rate of
22.6%.

Gene-culture model

Laland et al. (1995) present a gene-culture model for hand preference, categorizing individuals as right- or
left-handed without an ambidextrous phenotype. Based on McManus's (1985) genetic model, alleles D and
C at a single locus influence handedness: D increases right-handedness probability, while C lacks this effect.
Right-hand preference probabilities are 1/2 + p for DD homozygotes, 1/2 + h,p for DC heterozygotes,
and 1/2 for CC homozygotes. Cultural transmission modifies probabilities, increasing or decreasing them

by a when both parents share handedness and by  when parents differ (Table S1).

They assumed the ancestral population was CC, with modern handedness shaped by direct or indirect
selection on D. Direct selection favors right-handers; indirect selection links D to another lateralized trait.
No sex differences in inheritance were considered. Mathematical analysis revealed a single evolutionary
trajectory: allele D becomes fixed, eliminating genetic variation in handedness, and phenotypic variation

persists due to incomplete genetic effects, p + a < 1/2.

The equilibrium frequency of the right-handers with allele D (FpR) is given by (eq. 3 in Laland et al. (1995))

20+ 28 —1+/4a? —4a + 42 + 1+ 8ap
Fpr = 48 ’

and the frequency of left-handers with the D allele (Fp;) is

Fp,=1— Fpg. 1

If B = 0, the corresponding equilibria are given by (eq. 3a in Laland et al. (1995))



F _1-2a+2p
PR™ 2(1-2a) ’

1-2a-2p
Fp; = .
DL ™ 3(1-2q)

()]

The model, therefore, predicts the true incidence of offspring handedness given parental matings in Table

1.

Adjustment for criterion shift

A long-standing challenge in the field of lateralized hand usage is determining the exact behavior that
defines this trait and how it should be measured (Marchant & Mcgrew, 1998). This results in inconsistent
use of methodologies across studies, which, in turn, leads to uncertainty as to whether any observed
frequency reflects the population or the particular definition and assessment methodology of left-
handedness (Porac, 2016). That is, by using different criteria, one can measure different frequencies of left-

handers, an effect termed ‘criterion shift’ (McManus, 1985; Annett, 1978).

Adjustment in familial data

MacManus (1985) proposed the following procedure to address this criterion shift, which was adopted by
Laland et al. (1995, Appendix 3). We adjust a matrix 7 of expected frequencies of true right- and left-handed
offspring born to true right-handed, left-handed, and mixed-handed parents,

P(R¢|R: X Ry) p(L¢|R X Ry)
T = p(RelRe x L) p(Le|Re X L) |,
P(Re|Le X L)  p(LelLe X L¢)

which is determined by the model parameters via Table 2, to a matrix of M of expected frequencies of
offspring measured as right- or left-handed born to parents measured as right-handed, left-handed, and

mixed-handed,

P(Rm|Rm X Ryp)  p(Lin|Rm X Rip)
M = p(RmIRm X Lm) p(LmlRm X Lm)
P(Rin|Lm X Ln)  p(Lin|Lim X L)



This procedure assumes a true incidence of left handers in the population, ¢, which does not vary across
studies and generations. In Laland et al., the model parameters determine this frue incidence via the
equilibrium equations (eqs. 1-2). In any given study, the measured incidence of left-handers observed in the
data in the parent generation, 1, and in the offspring generation, m,, might deviate from the true incidence,
t, due to criterion shift. Therefore, some true left-handers might be classified as right-handers and vice-
versa. These errors are assumed to be mutually exclusive and collectively exhaustive: only one can occur

at a time, and it will account for the discrepancy completely.

The parent and offspring generations are adjusted separately, as a discrepancy between frue and measured
incidence can occur independently in each generation. P and O are transition matrices that operate on parent

and offspring frequencies, respectively, such that the adjustment is given by
M = PTO. A3)

Assuming that the true frequency of each parental mating given the measured one is equal and independent

between the parents, the matrix P is given by

PRt X Ry |Rpy X Ry) P(Re X Le | Ry X Rpyy) p(Le X Le | Ry X Ryyy)
P = p(Rt X Rt | Rm X Lm) p(Rt X Lt | Rm X Lm) p(Lt X Lt | Rm X Lm)
PR X Ry | Ly X Lyy) PR X L¢ | Ly X Lyy)  p(Lg X L | Ly X Lyy)

If the measured incidence is greater than the frue incidence in the parent generation, m,>t, some true right-
handers were classified as left-handers, and no true left-handers were classified as right-handers. Therefore,

the proportion of individuals measured as left-handers that are truly right-handers, u, is estimated by

p(Rtle) =u=

my—t

o and the matrix P is given by
P

1 0 0
P=<u 1-u 0 )
u? 2u(l—-u) (1-—u)?

If the measured incidence is less than the true incidence in the parent generation, m,<t, some true left-
handers were classified as right-handers, but no true right-handers were classified as left-handers. The

proportion of individuals measured as right-handed who are truly left-handed, v, is estimated by

t—m,

Li|Ry) =v =
p(tl m) v 1_mpr
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and the matrix P is given by

0 1—-v v

((1 -v)? 2v(1-v) 172)
P= .
0 0 1

Note that v is not explicitly specified in terms of ¢ and m,, in Laland et al. (1995); therefore, we deduced it

from the matrix P.

The matrix O gives the probability of an offspring measured as right- or left-handed given that it is truly
right- or left-handed and is given by

_ (p(Rm |R) p(Ly | Rt))
PRyl L) pml|L))’

If the measured incidence is greater than the true incidence in offspring generation, m,>t, then the

proportion of true right-handers measured as left-handers, w, is estimated by

my, — t
1—t '’

p(LmlRt) =w=
and the matrix O is given by

1-w w
0= ).
0 1
If the measured incidence is less than the true incidence in offspring generation, m,<t, then the proportion

of true left-handers measured as right-handers, x, is estimated by

mg,
p(leLt) =x=1- t

and the matrix O is given by

0:()16 1Ex)'

Note that for each dataset, m, and m, are computed from the data. Given specific parameter values, ¢ is

computed from the parameters (eqs. 1-2), compared to m, and m,, and then u or v (but not both) and w or x
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(but not both) are computed from ¢, m,, and m,. Thus, u, v, w, and x are nuisance parameters directly

estimated from the model parameters and data summary without maximum-likelihood estimation.

Adjustment in twin data

The adjustment for criterion shift for twin data is not explicitly described in Laland et al. (1995) but is
straightforward. In the twin data the parental phenotype is not explicitly reported, so a single transition
matrix, O, is enough. The above matrix describes the probability of measuring the offspring phenotype H,,
given that the true phenotype is H;. For twin data, this matrix is adapted to twins. It describes the probability
of measuring the phenotype of twins, H,—H,, given the true phenotype, H,—H,, where H can be either R
for right-handedness or L for left-handedness. Therefore,

p(Rm - leRt - Rt) p(Rm - LmlRt - Rt) p(Lm - LmlRt - Rt)
0= p(Rm - leRt - Lt) p(Rm - LmlRt - Lt) p(Lm - LmlRt - Lt)
p(Rm - leLt - Lt) p(Rm - LmlLt - Lt) p(Lm - LmlLt - Lt)

Using the nuisance parameters w and x described in the adjustment of familial data, in the case of m,>t, the

matrix O is given by

0 20l—-w) w

((1 -w)? 2wl -w) W2>
0= )
0 0 1

and in the case where m,<t, the matrix O is given by
1 0 0
0 = ( x (1-x) 0 ) )
x? 2x(1—x) (1—x)?

The matrix T of expected frequencies of true phenotypes H,—H, being born to true right-handed, left-

handed, and mixed-handed parents,
PR — Re|Re X Ry)  p(Ry — Le|lRy X Ry) p(Le — Le|Re X Ry)
T=| p(Re —Re|R: X L) p(Ry— LelRy X L) p(Le—LelRe X L) |,
PR — Re|Le X L) p(Re —LelLe X Le)  p(Le — LelLe X L)
which is determined by the model parameters in Table S2. The model prediction gives the parental

phenotype distribution, p(R) =1 —t,p(L) =t. Assuming random mating, we have p(H,; X H,) =
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p(H,) - p(H;). Using the law of total probability, we get the model prediction for the expected frequency
of twin phenotypes,

p(He = H) = " p(Hy X Hy) p(H, — HelHy X Hy)

HyxH,
Thus, the measured incidence matrix M is given by

M = (p(R;-R;) p(Ri-Ly) p(Le-Ly))

p(Rm - leRt - Rt) p(Rm - LmlRt - Rt) p(Lm - LmlRt - Rt)
X p(Rm - leRt - Lt) p(Rm - LmlRt - Lt) p(Lm - LmlRt - Lt)
p(Rm - leLt - Lt) p(Rm - LmlLt - Lt) p(Lm - LmlLt - Lt)

Likelihood function

The matrices T and M give the expected frequencies of right- and left-handed offspring born to two right-
handed, mixed-handed, and two left-handed parents, without and with adjustment for criterion shift,
respectively. Laland et al. (1995) did not explicitly report if they used 7 or M for the log-likelihood function
(but implied the use of M in the definition of S, which they call ‘support function’, Appendix 3). We

therefore examined two log-likelihood functions, St and Sy, based on 7 and M, respectively.

The log-likelihood function for the model parameters given an observed dataset is the product of the
binomial probabilities of right- or left-handed children born to the three parental mating classes. The
observed number of right-handed offspring born to two right-handed parents, mix-handed parents, or two
left-handed parents is Ngjrxr> Nrjrxr > Ngjxr, respectively, with a similar notation for left-handed

offspring. Without adjusting for criterion shift, the log-likelihood function is

St(p,a, BID) = Ngirxr log[p(R; [R: X R¢) ]+ Nyjrxrlog[p(Le IR: X Ri)] + Ngjrxi log[p(Re Ry X
L)l + Nyjgxp loglp(Le [Re X L)l + Ngjpxe log[ p(Re Ly X L)l + Npjpxolog[p(Le [Le X Ly)],
)

where p(R; |R; X R;) etc. are the elements of 7, computed from the model parameters p, a and f using

eqs. 1-2. When adjusting for criterion shift, the log-likelihood function is
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SM(.D' a:ﬁlD) = NR|RxR log[p(leRm X Rm)] + NL|RxR 10g[p(Lm|Rm X Rm)] +
NR|RxL log[p(leRm X Lm)] + NL|RxL log[p(LmlRm X Lm)] + NR|LxL log[p(leLm ve Lm)] +
NL|LxL log[p(Lmle X Lm)] , (5)

where p(R,,|Rm X Ryy,) etc. are the elements of M, computed from 7, P and O using eq. 3; in turn these are

computed from the model parameters p, a and f using eqs. 1-2.

Statistical inference

Like Laland et al. We inferred the model parameters with all three parameters (p, a, and ) and with only
two parameters (p and a while fixing f§ to zero). We then tested for goodness-of-fit using a G-test. We

performed this analysis for each of the two log-likelihood functions (egs. 3-4; Figure 1).

Maximum-likelihood estimation

First, we wused the Nelder-Mead downhill simplex algorithm implemented in SciPy
(scipy.optimize.minimize) to minimize the negative log-likelihood function (egs. 3 or 4). This algorithm was
chosen because it does not require gradients of the target function. However, an initial guess is required. To
ensure that the result is robust to the initial guess, we used 1,000 random guesses and selected the best
result; however, different initial guesses gave similar results. Second, we used a grid search with 1,000
values for each parameter (overall 1000° parameter combinations) to validate the results and visualize the
log-likelihood surface. This procedure was performed to estimate p, a, and f, and again to estimate p and o
while fixing f to zero. The grid search yielded the same results as the Nelder-Mead algorithm up to three

decimal places.

Goodness-of-fit test

To test if the model predictions provide a good fit for the observed data, a goodness-of-fit test was performed
by computing a G-statistic for each study in the dataset (D;) and across all studies combined (D). To
determine the contribution of the parameter 5, we tested the goodness of fit of a model with p, a, and g, as
and of a model with f fixed at zero. Without adjusting for criterion shift, the G-statistic is computed from

the data D and model predictions T (Table 2 using the MLE parameters) by
D;
G = ZZDi X log <?),
l

14



after verifying the following assumptions

Celly; > 0 and Celly >0,

> Cell, = ) Celly =N.
i i

When adjusting for criterion shift, the matrix M is used instead of the matrix T by adjusting T to M (eq. 3).

G-test. We evaluate the G-statistic against a y* distribution using the scipy.stats.chi2 function (see
supplementary text S2 for details on the degrees of freedom.) A p-value less than 0.05 implies a statistically
significant result, indicating that the model prediction significantly differs from the observed data and,
therefore, the model does not provide a good fit to the data. Note that this test attempts to reject the null
hypothesis that the model is correct, and therefore, this test is less useful as support for the correctness and
validity of the model. Upon examining the G-test results in Laland et al., we observed that the G-value
across all studies combined was 44.43, not 44.33 as reported. Consequently, we evaluated our results

considering the value of 44.43.

Familial data with sex differences

McKeever et al. (2000) compiled data from four different studies from the 1970s and 1980s. This dataset
(Table 1 in McKeever et al. 2000), which we refer to as the “McKeever dataset,” contains data on sex
differences in handedness in eight categories: female or male offspring born to two right-handed parents,
female or male offspring born to a right-handed mother and left-handed father, female or male offspring
born to a left-handed mother and right-handed father, and female or male offspring born to two left-handed

parents.

Extended model with sex differences

We extend the model from Laland et al. (1995) to include sex differences. First, we consider the offspring
of a right-handed mother and left-handed father separately from those of a left-handed mother and right-
handed father. Thus, we add a model parameter y to represent the cultural effect of a left-handed mother
and right-handed father, while f is changed to represent the cultural effect of a right-handed mother and
left-handed father. Second, we consider male and female offspring separately. Hence, the cultural effect
parameters differ for female and male offspring, resulting in six parameters: yr, yu, fr, fu 0F, and ou. The

genetic influence parameter, p, is the same for female and male offspring. Note that if ar= oy and yr = yy=

15



L

IIL.

III.

Iv.

Sr = Pu, then there are no sex differences in handedness, resulting in the three-parameter model of Laland

et al. (1995).

This model extension is described by the probabilities for right-handed female and male offspring given
three combinations of alleles and four parental mating types (Table S11). We consider different versions of
this extended model, depending on whether we assume sex differences between parents and offspring.

Together with Laland et al.’s two- and three-parameter models, we have five models:

No sex differences, no effect of mixed mating; Laland et al.’s two-parameter model
P, OCF:aM,ﬁF:,BM:VF:yMZO
No sex differences: Laland et al.’s three-parameter model
y2 OCF:aM,ﬁF:,BM:VF:yM
Sex differences in parents but not in offspring
P, OF = 0ur, Br= P, YF = Yu
Sex differences in offspring but not in parents
P, OF, OM, ﬂM =M, , ﬁF =YF
Sex differences in both parents and offspring; no constraints on model parameters

P, OF, OM, ﬂF, ﬁM, VE, VM

The extended log-likelihood function is

$*(8|D) = . N i) 10g[(Rin|Cm)] + N i1 10g[p(Lin| G )], (6)

C=RXR,RXL,LXR,LXL

where 0 is a vector of model parameters, i=F or M for female or male offspring, respectively, R’ and L' are
the observed number of right and left-handed offspring of sex i, respectively, C is an index over four mating
types, R'» and L', are the model predictions for the number of measured right and left-handed offspring of

sex i, respectively, and C,, is the measured number of parental mating of type C.

Likelihood-ratio test

We compare the above models I-V using a likelihood-ratio test. Model I is nested in model II; model 11 is
nested in models III and IV; and models III and IV are nested in model V. We compute the likelihood ratio

test statistic,
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LR = =2(S*(60|D) = S*(6,1D)),

where 6, and 6, are the parameter vectors of the nested (simple) and nesting (complex) models,
respectively. By Wilks’ theorem, LR approaches a y* distribution with m-n degrees of freedom, where 7 is
the number of parameters in 6, and m is the number of parameters in 8, (m>n). The conditions for Wilks’
theorem are satisfied because we assume the data is binomially distributed with conditional probability
p(R,in |Cm) (Casella & Berger 2002). Therefore, we can calculate a p-value for the null hypothesis that the
data were generated from the simple nested model parameterized by 8, rejecting the null hypothesis in

favor of the alternative nesting model parameterized by 6 if the p-value is sufficiently low.

Results

Scenario A: Estimation and testing without adjustment

In this scenario, we estimate the model parameters and test for goodness-of-fit without adjusting for

criterion shift for a model with p, a, and £ and for a model with p and a, fixing f to zero.

The maximum-likelihood estimates (MLE) of the model parameters are p = 0.267,& = 0.148, and f =
0.012 with a log-likelihood value of -8826.643 (Figure 2) and a predicted true incidence of left-handedness
in the population F,;, = 11.72% (eq. 1). When fixing /3 to zero (as the estimate for 3 is small), we estimated
values of p = 0.277 and @ = 0.138 with a log-likelihood value of -8826.793 (Figure 2) and predicted a
true incidence of left-handedness Fj,, = 11.74% (eq. 2). These estimates are equal to those of Laland et

al. up to three decimal places. See Table 1 for the predicted true incidence of each offspring type.

The goodness-of-fit of the model (with the MLE parameters) to the observed data was tested without
adjustment (using matrix T). The full model with three parameters (5 = 0.267,& = 0.148, f = 0.012) did
not have a good fit for all studies combined (G=556.73, df= 31, p<10™®®) and for only 8 of 17 studies
individually (Table 3). The model with f fixed at zero (p = 0.277, @ = 0.138) did not have a good fit for
all studies combined (G=556.03, df=32, p<10°°) and also for only 8 of 17 studies individually (Table 3).
In most cases, our G statistics increased compared to those of Laland et al. These results do not match those
presented by Laland et al., who report a good fit for 16 out of the 17 studies individually, as well as for all
studies combined (Table 3, supplementary text S4).
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Thus, while our maximum-likelihood estimates closely match those of Laland et al., there were considerable
differences in the goodness-of-fit test, suggesting that Laland et al. used the goodness-of-fit procedure with

adjustment, which we validate in Scenario B.

Scenario B: Estimating without adjustment, testing with adjustment

In this scenario, we estimate the model parameters without adjusting for criterion shift, as in scenario A,
but test for goodness-of-fit with an adjustment, that is, using matrix M rather than 7. Thus, parameter

estimates are the same as in Scenario A (Figure 2).

The full model with three estimated parameters provided a good fit for all studies combined (G=43.6, df=31,
p=0.067) and for 16 of 17 studies individually (Table 3, supplementary text S5). The model with two
parameters and £ fixed at zero produces similar results (all studies combined G=44.4, df=32, p=0.071),
which closely match those reported by Laland et al. (Table 3). The study in which the model has a poor fit
is Ramaley (1913), as is the case in Laland et al. This study also showed the largest discrepancy in G statistic

(Laland et al., G=13.19; our analysis, G=12.68).

The results of Scenario B closely match Laland et al.'s findings: maximum-likelihood estimates align to
three decimal places, and goodness-of-fit tests yield similar results. Thus, Scenario B replicates Laland et
al.'s analysis, suggesting they used maximum-likelihood estimation without adjustment and goodness-of-

fit test with adjustment.

Scenario C: Estimating and testing with adjustment

In this scenario, we estimate the model parameters and test the goodness-of-fit with an adjustment for
criterion shift. The log-likelihood function in Laland et al. was denoted in terms of measured incidence of
left-handers (Sy in eq. 4), implying that they estimated the model parameters with adjustment. Hence, we

sought to determine if Scenario C provides a better reproduction than Scenario B.

Estimating the parameters of the full model with adjustment resulted in a decrease in the estimated genetic
transmission parameter, p = 0.207 (from 0.267) and an increase in the estimated cultural transmission
parameters, @ = 0.203 (from 0.148) and f = 0.042 (from 0.012), with a log-likelihood value of -8566.939
(Figure 2). These parameter estimates give a higher true incidence of left-handedness, F,;, = 13.50%; see

Table 1 for the predicted true incidence of each offspring type.
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The model with two parameters and f fixed at zero shows a similar trend: a decrease in p = 0.239 (from
0.277) and an increase in & = 0.172 (from 0.138), with a log-likelihood value of -8567.529 (Figure 2) and

a similar higher true incidence of left-handedness, Fp, = 13.56%.

The full model with three parameters had a good fit for all studies combined (G=36.3, df=31, p=0.234) and
for 16 of 17 studies individually (Table 3). The model with two parameters had a good fit for all studies
combined (G=37.5, df=32, p=0.231), and for 16 of 17 studies individually (Table 3). As in Scenario B and
in Laland et al., the one study the model did not fit was Ramaley (1913). However, the G statistics decreased
for all combined studies and for 9 and 8 individual studies compared to Laland et al. in the three and two

parameter models, respectively (Table 3, supplementary text S6).

Overall, maximum-likelihood estimation with the adjustment for criterion shift led to a decrease in the
estimated p and an increase in the estimated o and £, an increase in the predicted true incidence of left-
handedness, and a decrease in sone of the G statistics compared to that reported by Laland et al. Thus, the
results of Scenario C differ from those reported by Laland et al., reinforcing that Laland et al. did not apply
the adjustment during estimation. Furthermore, these results suggest that adjusting for a criterion shift
during both estimation and testing improves the goodness-of-fit of the model compared to adjusting just

during testing.

Goodness-of-fit test on twin data

Laland et al. (1995) also tested the goodness-of-fit of their model on twins data. We have reproduced this

test using the MLE estimates from Scenario B with £ fixed to zero and with adjustment for criterion shift.

Most expected frequencies and G statistics match those reported in Laland et al. (Table S10). Any
discrepancies in the predicted expected values for the first 13 datasets are explained by using the rates of
left-handedness reported by McManus (1985). Our calculated G statistic for all studies combined was
slightly lower than reported by Laland et al. by 0.08, and our p-value was one half of that reported by Laland

et al. Overall, this analysis provides a good reproduction of Laland et al.
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Evaluation of the estimation method

After confirming that Laland et al. estimated model parameters without adjustment as in Scenario B, we
assess estimation performance using synthetic datasets generated with known parameter values (details on
simulations in supplementary text S3) and compare it to estimation with adjustment as in Scenario C. We
also attempted to improve the performance of Scenario B using a linear regression correction but only got

minor improvement (supplementary text S7, Figure S4).

Estimation accuracy

We evaluated the estimation accuracy for the MLE parameters reported by Laland et al., p=0.277 and
0=0.138. We simulated 15,000 synthetic datasets with criterion shift and estimated the model parameters
using the process in Scenario B. For each synthetic dataset, we took the estimate with the highest likelihood
out of five runs of the Nelder-Mead algorithm with five initial guesses (a=p=0.1, 0¢=0.1 and p=0.01, a=0.01
and p=0.1, a=0.01 and p=0.45, and 0=0.45 and p=0.01). The distribution of the 15,000 estimated parameter
sets indicates that o is underestimated with a bias of 0.048 and p is overestimated with a bias of

0.029 (Figures 3a and 3b).

We then simulated 15,000 additional synthetic datasets with a criterion shift to determine if these biases are
general. For each simulation, p was sampled uniformly from 0 to 0.5, and o was sampled uniformly from 0
to 0.5-p. We then simulated the synthetic datasets with a criterion shift and estimated the parameters from
the synthetic data. The mean squared error between the true and estimated parameter value is 0.0068 and
0.0025 for a and p, respectively. Overall, estimation without adjustment frequently underestimates o and

overestimates p (Figures 3¢ and 3d). Thus, the bias is consistent across parameter values.

Confidence interval and coverage

We measured the estimation method's true coverage, defined as the rate at which the true parameter is
contained within the estimated parameter confidence interval (CI); that is, for a CI with a confidence level
of ¢%, the true parameter is expected to be contained within the CI in ¢% of the simulated synthetic datasets
(Schall, 2012).

We used the 15,000 synthetic datasets with criterion shift and uniformly sampled parameters from above.
We used non-parametric bootstrap with 200 resamples to compute the confidence interval, generating 200
parameter estimates per synthetic dataset. We then calculated confidence intervals for various confidence

levels from these 200 estimates. Finally, the fraction of 15,000 synthetic datasets in which the true parameter
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is within the confidence interval was computed for each confidence level (Figures 3e and 3f). For both
model parameters, the true coverage was significantly below the intended rate; for the standard confidence

level of 95%, less than 20% of the 15,000 Cls contained the true parameter values.

Estimation with adjustment

We repeated the above evaluation for parameter estimation with adjustment, as in Scenario C. Estimation
of o improved compared to Scenario B, while estimation of p did not (mean squared error for a and p is
0.002 and 0.01, respectively; Figures S5a and S5b). We observed that most estimation errors occur when
the true a is low or when the true a+p is close to 0.5, so that when we filter out simulations with ¢<0.02 or
p+a>0.49, the mean squared error for a and p drops to 0.0005 and 0.001, respectively. Indeed, when a is
low, or a+p is close to 0.5, then the frequency of right-handed offspring is roughly “2+p or 1 in all mating
types, respectively. This leads to practical non-identifiability, as the data do not contain enough information

to estimate model parameters correctly.

When estimating « and p from real data, however, we do not know if a is low or if a+p is close to 0.5.
Therefore, we determine these cases from the data. For low o, we expect the frequency of right-handed
offspring to be very similar across mating types. For a+p close to 0.5, we expect an overall low frequency
of left-handedness. Thus, we filter datasets under either of these conditions: (i) when the frequency of left-
handedness is below 1% in either the parent or offspring generation and (ii) if the difference between the
frequency of right-handed offspring of two right-handed parents (p(R|R %R)) and of two left-handed parents
(p(RIL*L)) is less than 7%. Importantly, these two cases do not occur in the datasets reported by Laland et
al. and are unlikely to be observed in real datasets. Estimation under these conditions is much more accurate
(mean squared error for a and p is 0.0003 and 0.001, respectively; Figures S5¢ and S5d), and the true
coverage is well-aligned with the intended rate (Figures S5e and S5f). We therefore conclude that estimation

with adjustment (Scenario C) should be used, except when the above conditions (i-ii) do not apply.

Sex differences in handedness

We tested for sex differences in hand preference determination. We extended Laland et al.’s model to
include sex differences in parental effects and offspring response (Methods, Table S11). As in Laland et al.,
we assumed fixation of the D allele and estimated the model parameters using a maximum-likelihood

approach without adjusting for criterion shift (Scenario B).

21



We fitted five models, which differ by the number of free parameters, to the McKeever familial dataset
using the log-likelihood function of the extended model, S* (eq. 6). Parameter estimates are in Table S12.
Likelihood ratio tests comparing nested models revealed statistically significant differences in model fit (all
p-values < 0. 0005 except for Laland et al.’s two and three-parameter models, for which p=0.03), indicating
that the more complex models provide a significantly better fit to the data. Thus, the data supports model V,
which has a total of seven parameters, p, yr, i, fr, fu ar, and ay. We conclude that there are significant sex

differences in the transmission of hand preference at both the parental and offspring levels.

Discussion

To reproduce the analysis conducted by Laland et al. (1995), we examined three analytic scenarios (Figure
1). In scenario A, we performed maximum-likelihood estimation and goodness-of-fit test without adjusting
for criterion shift. The parameter estimates closely matched those reported by Laland et al., but the
goodness-of-fit test results were incompatible with those of Laland et al. In scenario B, we performed the
estimation without adjustment but adjusted model predictions for criterion shift before testing for goodness-
of-fit. This produced a good reproduction of Laland et al. In scenario C, we performed the estimation and
the goodness-of-fit test with adjustment for criterion shift. The estimates differed from those of Laland et
al., leading to differences in the goodness-of-fit statistics. Therefore, Scenario B gave the best reproduction
of Laland et al. Furthermore, we tested the model with the estimated parameters from Scenario B (with S
fixed at zero) on twin data (separate from the familial data used for parameter estimation), which again

reproduced the results of Laland et al.

We find that Laland et al.'s estimation method (Scenario B) shows systematic bias and confidence interval
misalignment. When evaluating it on synthetic data simulated from known parameter values, it consistently
overestimates p and underestimates a and produces too-wide confidence intervals that do not contain the
true parameter value. However, adjusting for criterion shift, parameters are successfully estimated, and
adequate confidence intervals are produced. Thus, future applications should consider using the estimation

method of Scenario C.

The criterion shift had notable implications: adjusting for the shift during parameter estimation increased
the estimated effect of cultural versus genetic transmission and the overall expected prevalence of left-

handers in the population. Adjusting during goodness-of-fit testing improved the test results when
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estimating without adjustment (Scenario B) and even more so when estimating with adjustment
(Scenario C). Moreover, estimation without adjustment, as used in Laland et al., was biased and
underconfident: it consistently overestimated p, underestimated o, and produces confidence intervals that
do not contain the true parameter value (Figure 3). In contrast, estimation with adjustment was accurate
with good coverage (Figure S5). We note that the adjustment introduces non-linear constraints on the model
parameters (through M and P) and therefore may create curves in the log-likelihood surface in which the
log-likelihood is undefined (Figure S6). This can lead to convergence problems in the algorithm that

maximizes the log-likelihood.

When estimating the parameters of the full model, p, o, and f, Laland et al. estimated § close to zero, and
therefore used a two-parameter model in which § was fixed at zero, which implies that the contrasting
cultural effect of mixed-handed parents cancels out (Table 2). We found that fixing 8 at zero increased the
estimated genetic transmission p by 3.7% and 15.4% without and with the adjustment, respectively, and
decreased the value of same-parent cultural transmission a by 6.75% and 15.27% without and with the
adjustment, respectively. Estimates of f were smaller than the other parameters and close to zero in all
scenarios. The log-likelihood was slightly higher when estimating f, which is expected in a model with an
additional parameter, and the G statistic across all studies combined decreased. We therefore performed a
likelihood-ratio test between the two versions of the model and found that the evidence does not support
estimating £ from the data (F(1,14)=0.00024, p=0.99). Therefore, fixing it at zero appears to be a
reasonable simplification, suggesting that, at least in this dataset, the cultural effect of two parents with

opposite hand preferences cancels out.
Implications

A large body of literature suggests the combined influences of genes and culture on human handedness.
Handedness thus appears well suited to a gene-culture co-evolutionary analysis. However, Laland et al. is
to date the only study that has attempted such an analysis. Since its publication in 1995, their model and
analysis have yet to be reproduced, extended, or applied to new data. The process in Scenario B enabled
the successful reproduction of their analysis, and the process in Scenario C provided accurate estimates
with good fit to the data and good coverage (i.e., correct confidence intervals). We therefore provide an
updated open-source implementation of their analysis in the Python programming language, see

https://github.com/yoavram-lab/Laland1995. We further demonstrate how their model can be extended to

test hypotheses on cultural transmission of handedness. Our extended analysis can be applied to other

studies of gene-culture co-evolution.
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Sex differences in handedness

The model of Laland et al. (1995) does not account for sex differences in the transmission of handedness
preference. The parameter S, when included in the three-parameter model, accounts for the influence of
parents with mixed-handedness but not for the sex of the right-handed parent. Indeed, maternal and paternal
effects may not be equal, and differential parental influence has been debated in the literature (e.g., Annett,
1999; McGee & Cozad, 1980; McKeever, 2000). We therefore extended their model to include sex-
differences in both the parental and offspring generation. We fit the extended models I-V on the McKeever

dataset; therefore, parameter estimates differ from those of Laland et al.

In fitting the extended models, we did not constrain /5 or y to be positive. A negative value for f or y indicates
a cultural bias towards left-handedness whereas a positive value indicates a bias towards right-handedness.
In model 111, which includes parental sex differences, the estimated parental effects are fr=f1=-0.0159 and
yr=ym=-0.0918. The average effect is, therefore, -0.054, which is very close to the estimate in model II
(without sex differences) of f=-0.0482.

In considering sex differences in parental effects, we find that cultural maternal effects on handedness are
stronger than paternal, that is, y<f (model III: yr/=y»=-0.0918<-0.0159=Fr =f; model V: Br >y > yr> yus;
Table S12). Similar results have been described before (McGee & Cozad, 1980). Maternal effects could be
stronger because mothers spend more time than fathers with their children practicing writing skills (Morgan

et al., 2009). Similar maternal bias has been documented in non-human animals (Zefferman 2016).

When considering sex differences in offspring, we find that daughters are more strongly affected than sons
by same-handed parents, that is, ar>0u (models IV and V: a7=0.0335, 01~0.0163). Indeed, studies suggest
that female offspring are more likely to switch from left-handed to right-handed (Coren & Halpern, 1991).

Future directions

Our study provides an accurate, updated, and accessible implementation of the original analysis of Laland
et al. (1995). The specific parameter estimates and other results depend on the cultural context in which the
data were collected. Using the updated analysis presented here, future research could study data from
different cultures and time periods, possibly revealing different patterns of transmission of handedness. For
example, analyzing cross-cultural data can determine whether the genetic transmission parameter p is stable

across societies and cultures, while the cultural transmission parameters o and S vary between societies.
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Including f in this analysis will allow the evaluation of its contribution to the model by enabling a cross-

cultural comparison of differential parental effects.

Future work can compare the model in this study to other influential models in the field, e.g., McManus
(1985) and Annett (1972). These models were revised by their authors in the decades following their
publication (Annett, 2002; McManus & Bryden, 1992), but updated analysis protocols were not published.
Given the difficulties we encountered in reproducing Laland et al., it is possible that similar reproducibility
gaps also exist in other studies. Reproducing these studies, could facilitate an empirical comparison of

different models. This will constitute a milestone in the ongoing debate on the origins of human handedness.
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Figures
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Figure 1. Study design. : model parameters, either p, a and f or p and o when fixing £ to zero. Model:
transformation from parameters to T (Table 1) and from 8 to Fp; using eqs. 1-2. MLE: parameter inference
from data D by maximizing Sr (eq. 5; scenario A and B) or Sy (eq. 4; scenario C) using the Nelder-Mead
method. Adjust: transform 7' to M to adjust for criterion shift using Fp; and eq. 3 (M=PTO). Goodness-of-
fit: comparing observations and model predictions, that is, 7'in scenario A and M in scenario B and C, using

a G-test, which results in a G statistic and a p-value.
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Figure 2. Maximum-likelihood estimation of two model parameters. Results of maximum-likelihood
estimation (MLE) of p and a when £ is fixed to zero (see Figures S2 and S3 for the full model). MLE
without adjustment (Scenario A and B, dashed lines and circles): p = 0.277 and @ = 0.138 with log-
likelihood of -8826.793. MLE with adjustment (Scenario C, triangle and solid lines): p = 0.239 and @ =
0.172 with log-likelihood of -8567.529. Diagonal panels (a, b, d, e): Markers show log-likelihood values
across 1,000 parameter values (1,000? combinations of p and «). Corner panels (c, f): Contour plots for the
joint log-likelihood surface. Point estimates are estimated using the Nelder-Mead algorithm. Contour plots

are computed over a grid of 1,000 values for each parameter (same as diagonal panels).
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Figure 3. Performance of the estimation method without adjustment on simulated synthetic data. (a,
b) The distribution of & and p estimated from synthetic data simulated with the values estimated by Laland
et al. (solid lines; p=0.277 in panel a and 0=0.138 in panel b). (¢, d) Scatter plot of parameter estimates (y-
axis) vs. the true parameter (x-axis). (e, f) Coverage for various confidence levels: the rate at which the true

parameter value falls within the confidence interval at a given confidence.
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Tables

Table 1. Frequency of right- and left-handed offspring given parental phenotypes and assuming the D allele

is fixed in the population. Model row shows the expectations of the model, i.e., the values of matrix 7. Data

row shows a summary of the data. Other rows show the maximum-likelihood estimated model parameters

and the corresponding predictions without (T') and with adjustment (M) for criterion shift and for both the

model with three parameters and the model with two parameters and f fixed at zero. See supplementary

tables for more details.

Parental mating Right x Right Right x Left Left x Left
Offspring phenotype Right Left Right Left Right Left
Model 1 + 1 1 + 1 1 N 1

7R O A A A
+a -a +f -p —a +a
Data 0.915 0.085 0.779 0.221 0.619 0.381
ScenarioA& p = 0.267, 0.915 0.085 0.779 0.221 0.619 0.381
B MLE a =0.148,
without ,é =0.012
adjustment
ScenarioA,B  p = 0.277, 0.915 0.085 0.777 0.223 0.639 0.361
MLE without @ = 0.138,
adjustment p=0
Scenario C p =0.207, 0.91 0.09 0.749 0.251 0.504 0.496
MLE with a =0.203,
adjustment B = 0.042
Scenario C p =0.239, 0.911 0.089 0.739 0.261 0.567 0.433
MLE with a=0.172,
adjustment p=0
Laland etal. p = 0.267, 0.915 0.085 0.779 0.221 0.619 0.381
(1995) a =0.148,
g =0.012
Laland etal. p = 0.277, 0.915 0.085 0.777 0.223 0.639 0.361
(1995) a=
0.138, =0
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Table 2. Comparison of maximum-likelihood estimates to Laland et al. (1995). See supplementary tables

for more details.

Maximum likelihood estimates ~ Max. log-lik. Fpy Goverall # studies
p a It with good
fit
Laland et al. (1995) 0.267 0.148 0.012 - - - -
0.277 0.138 0** - 11.74% 44.43 16
This study
Scenario A 0.267 0.148 0.012 -8826.643 11.72%  556.7* 9
0.277 0.138 0** -8826.793 11.74%  556.0* 9
Scenario B 0.267 0.148 0.012 -8826.643 11.72% 43.6 16
0.277 0.138 0** -8826.793 11.74% 44.4 16
Scenario C 0.203 0.042 -8566.939 13.50% 36.3 16
0.239 0.172 0** -8567.529 13.56% 37.5 16

* A significant difference between model and data at p=0.05.

** Value fixed at zero.
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Table 3. Comparison of goodness-of-fit results (G statistics) to Laland et al. (1995). See supplementary

tables for more details.

Laland et al. Scenario A Scenario B Scenario C
(1995)
p=0277 p p p p=0277 p p
@=0.138 =0267 =0277 =0267 @&=0138 =0.207 =0.239
a a a a a
=0.148 =0.138 =0.148 =0.203 =0.172
B B B
=0.012 =0.012 = 0.042
Ramaley (1913) 13.19% 31.42% 31.72% 12.68* 13.19* 7.1% 8.29%
Chamberlain (1928) 5.09 237.87%  238.64* 4.65 5.1 3.31 422
Rife (1940) 4.37 4.16 4.6 3.91 437 2.77 3.79
Merrell (1957) 3.33 28.74% 28.26* 3.53 3.33 4.63 3.55
Annett (1973) 0.9 14.61% 14.57* 1.08 0.91 1.8 1.35
Ferronato et al. (1947) 0.54 0.77 0.77 0.56 0.54 0.48 0.4
Mascie-Taylor (unpub)” 0.11 3 3 0.11 0.11 0.2 0.19
Chaurasia & = Goswani o7 55558 2000% 212 227 2.11 2.65
(unpub)
Annett (1978) 3.26 8.6% 8.5% 3.43 3.26 3.59 3.04
Carter-Saltzmann (1980) 0.06 2.58 2.54 0.07 0.06 0.04 0.07
Coren & Porac (1980) 225 33% 33% 221 2.25 3.77 4.14
McGee & Cozad (1980) 3.8 156.43*  155.86* 3.81 3.8 0.63 0.24
McManus (1985) (ICM1) 0.01 2 1.98 0 0 0.06 0.09
McManus 1985
(ICM2prop) (1983) 2.61 3.53 3.39 2.7 2.61 2.33 1.98
McManus 1985
(ICM2mat) (1985) 0.88 1.35 1.35 0.88 0.88 0.83 0.81
McManus 1985
(ICM2pat) (1985) 0.01 3.01 3.03 0.01 0.01 0.01 0.01
Leiber & Axelrod (1981) 1.75 4.42 4.54 1.8 1.75 2.68 2.69
Overall 556.73%  556.03* 436 444 36.3 375

44.43

® These data are taken from McManus (1985).

* A significant difference between model and data at p=0.05.
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Table 4. Results of likelihood ratio tests comparing nested models with sex differences. For each pair, the
number of parameters (# Param.), test statistic (LR), degrees of freedom (df), and p-value are reported.

Significant p-values (p < 0.05) indicate an improved fit of the more complex model.

Model # Param. LR df p-value
Lvs Il 2/3 54 1 0.0201
11 vs 111 3/4 256 1 4-107
MvsIV ~ 3/5 164 2 0.0003
MvsV  4/7 17.8 3 0.0005
IMvsV 3/7 44 4 6107
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