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Standard models for the determination of phenotypes from genes are

grounded in simple assumptions that are inherent in the modern evolutionary

synthesis (MES), which was developed in the 1930s, 1940s and 1950s. The MES

was framed in the context of Mendelian genetic transmission enhanced by the

Fisherian view of the way discretely inherited genes determine continuously

quantitative phenotypes. The statistical models that are used to estimate and

interpret genetic contributions to human phenotypes—including behavioural

traits—are constructed within the framework of the MES. Variance analysis

constitutes the main tool and is used under this framework to characterize gen-

etic inheritance, and hence determination of phenotypes. In this essay, we

show that cultural inheritance, when incorporated into models for the determi-

nation of phenotypes, can sharply reduce estimates of the genetic contribution

to these phenotypes. Recognition of the importance of non-genetic trans-

mission of many human traits is becoming ever more necessary to prevent

regression to the debates of the 1970s and 1980s concerning policies based

on genetic determination of complex human phenotypes.

This article is part of the theme issue ‘Bridging cultural gaps: interdisci-

plinary studies in human cultural evolution’.
1. Introduction
The explosion of genome-wide association (GWA) studies over the past 10

years might lead one to believe that scientists understand how complex human

phenotypes are determined. The wording of many GWA papers suggests that

the authors are unaware of the heated debates concerning the utility of the

heritability statistic that occurred between 1969 and 1982. These debates, in aca-

demic and public forums, were often focused on intelligence (and by proxy

measures like IQ), personality traits, or attitudes, and the extent to which these

are genetically determined.

GWA studies have found thousands of DNA variants that are statistically

associated with human phenotypes. The phenotypes studied are most frequently

diseases, but many non-disease characteristics, such as height [1–3], children’s

educational achievement [4–6], economic and political preferences [7] and intel-

ligence [8,9], have also been subjected to such DNA association analyses. In every

case the amount of variance attributable to genetic differences in the measured

trait is less, usually far less, than earlier estimates based on correlations between

relatives. This difference is often called ‘missing heritability’ [3] and considerable

effort has been expended in augmenting the heritability estimated from GWA

studies to bring them closer to the higher values obtained from family studies.

In what follows, we place these family studies in some historical context and

ask why there should be a focus on ‘heritability’, missing or not.

In the early 1970s, at Stanford University, William Shockley, a Nobel prize–

winning professor of engineering, was expounding his profoundly racist eugenic

views on intelligence [10]. At the same time, Arthur Jensen, a professor of

educational psychology at the University of California, was promoting similarly
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eugenic views that he expressed in his notorious monograph

[11], which begins: ‘Compensatory education has been tried

and it has apparently failed.’ Jensen blames this failure on

the poor genetic endowment of those who perform badly at

school1 [12,13].

Jensen chose IQ as the measure of likelihood to succeed in

school, and focused on heritability as a measure of the extent

of genetic determination. Heritability is denoted by h2, where,

according to Jensen, h ‘tells us the correlation between geno-

types and phenotypes in the population’ [11, pp. 42–43]. For

IQ, Jensen suggested an average value for h2 of 0.81. However,

in his assessment, the ‘most satisfactory’ [11, p. 47] and ‘most

interesting’ [11, p. 52] estimate of h2 for IQ was by Burt [14],

namely 0.86. Burt’s studies were, however, discredited by

Kamin [15] as having been based on fraudulent data, a few

years after Jensen’s 1969 laudation of Burt (see also Kamin [16]).

The reductionist ferment of the early 1970s was the context

in which Cavalli-Sforza & Feldman produced their first model

for cultural transmission and gene-culture coevolution [17].

They showed that estimates of heritability, which had been

interpreted as demonstrating that such human quantitative

traits as IQ were mostly genetically determined, could be

obtained under vertical cultural transmission; that is, cultural

transmission of the trait from parents to offspring. The model

used by Cavalli-Sforza & Feldman [17] was defined by a

simple dynamic recursion system in which an offspring’s phe-

notype was determined by its genotype and its parents’

phenotypes, the latter by direct vertical cultural transmission.

At equilibrium of the recursions, correlations between relatives

were computed as functions of all transmission parameters, and

it was shown that vertical cultural transmission had a profound

effect on correlations between relatives, an effect that could be

misinterpreted as being due to genetic variation. In other

words, cultural transmission from parent to offspring can

mimic genetic heritability, and researchers should account for

this vertical cultural transmission to avoid inflated estimates

of h2.
2. Path analysis, ACE models and cultural
transmission

From the 1970s to the 1990s, path analysis was widely used in

the statistical analysis of complex human phenotypes, such as

IQ. Sewall Wright used path analysis for estimating familial

correlations under a linear model [18]. He applied path analysis

to data on IQ of biological and adopted children that had been

collected by Burks [19]. The linear model underlying Wright’s

and most subsequent path analyses of IQ is usually called

‘ACE’, where ‘A’ refers to the additive genetic contribution to

a child’s phenotype, ‘C’ is the contribution from environment

common to or shared by offspring reared together in the

natal home, and ‘E’ represents environmental contributions

unique to each offspring. The phenotype of a child (e.g. IQ) is

P ¼ Aþ Cþ E, ð2:1Þ

and the data consist of values of P for parents and offspring,

either true or adopted. From parent-offspring and sib-sib corre-

lations (and sometimes correlations between other relatives) the

path coefficients, representing the ‘causes’ of P, are estimated.

Newton Morton’s group at the University of Hawaii

[20,21] applied path analysis to a collection of familial IQ cor-

relations that included Burks’ data and those published by
Jencks [22], and estimated the heritability [20] of IQ to be

h2 ¼ 0.75, with a contribution c2 from shared environment

of c2 ¼ 0.09. Wright’s estimate of h2, for Burks’ data only,

was 0.50, and was described [20] as ‘in at least qualitative

agreement’ with 0.75. These estimates refer to the analysis

of children’s variance, but for adults (i.e. parents) the

estimates are very much lower [20, table 15].

Re-analysis by Morton’s group [21] of Burks’ data [19]

produced a slightly lower estimate of h2, namely 0.67, while

the estimate of c2 remained close to 0.09. In all of these ana-

lyses [20,21], mating was assumed to be random; that is, there

was no assorting for IQ.

In the late 1970s, a series of papers appeared that analysed

dynamic models with genetic and cultural transmission

together with assortative mating [23–26], namely the choice

of mates based on phenotypic similarity. These analyses

included larger sets of data and were remarkable in showing

that the estimated correlation between the IQs of spouses

was close to 0.5, and that the estimate of genetic heritability

was much lower than all previous estimates, namely 0.32 [24]

and 0.30 [26]. Even more remarkable was that the estimated

fraction of variance due to cultural inheritance was not trivial

relative to the heritability, namely 0.27 [25] and 0.29 [26].

There was more to come! In 1982, Morton’s group made

another path analysis [27] of a somewhat larger dataset of

IQ correlations among American family members. This time

(and without citing their earlier estimates of 0.75 and 0.67)

their estimate of genetic heritability, h2, was 0.31 with 0.42

for cultural heritability, c2. Thirteen years later, Otto et al.
[28] applied the path analysis method to sixteen familial cor-

relations for IQ published by Bouchard & McGue [29]. The

estimated heritability depended on the type of assortative

mating (social homogamy or phenotypic homogamy) and

whether cultural transmission was direct or indirect. The esti-

mates of h2 varied from 0.29 to 0.42, while that of c2 was close

to 0.27.

One of the reasons for the low estimates of h2 is that the

correlations between the non-transmitted environments of

dizygous and monozygous twins are not assumed to be

equal. In addition, the correlation between the environments

of monozygous twins reared apart, which had usually been

ignored (set to zero), turns out not to be small [28]: even

when reared apart, twins are likely to have similar environ-

ments, for example, two homes within the same extended

family. On the basis of the heritability estimates between

0.30 and 0.32, Morton’s group concluded [27, p. 197] ‘all

analyses appear to rule out high heritability’.
3. Heritability and twins, again
Twelve years after the publication in leading genetics journals

of h2 estimates close to 30%, Herrnstein & Murray write in The
Bell Curve [30] on p. 105: ‘In fact IQ is substantially heritable . . .

but half a century of work . . . permits a broad conclusion that

the genetic component of IQ is unlikely to be smaller than

40% or higher than 80%. The most unambiguous direct esti-

mates, based on identical twins reared apart, produce some

of the highest estimates of heritability . . . we will adopt a mid-

dling estimate of 60% heritability’. Analysis of this book was

public and intense: a 715-page book, The Bell Curve Debate,

attests to the broad variety of responses the book engendered

[31]. Would Herrnstein & Murray have written their
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845-page tome [30] 25 years after Jensen’s notorious document

[11] if they had believed the heritability of IQ to be 30%?

Thirty years after the debates described above, some

investigators persist in regarding heritability, computed from

analyses of twins, as saying something useful about the

biological aetiology of human behavioural traits [32]. Turkhei-

mer [33, p. 26] points out that ‘unless the twin studies were

somehow mistaken, covariation between DNA and behaviour-

al differences is inevitable.’ Thus almost all human complex

traits show some level of heritability as inferred from corre-

lations between relatives. Earlier, Turkheimer [34] introduced

the term ‘weak genetic explanation’ to describe this statistical

phenomenon, and stresses [33, p. 24] that this weak explanation

does not entail that ‘complex individual differences have

genetic mechanisms for scientists to discover.’

It has been known for decades that the phenotype pro-

duced by a genotype in one environment may be radically

different in another environment [35–37]. The same can be

said about partitions of IQ variance in different environments.

Nisbett et al. [38] review a number of studies of cognitive abil-

ities in samples of families that differed on some SES-related

measures [39–43]. They conclude that ‘the heritability of cogni-

tive ability is attenuated among impoverished children and

young adults in the United States.’ These findings may relate

to the concept of norm of reaction. The norm of reaction is a

‘table of correspondence between phenotype, on the one

hand, and genotype-environment combination on the other’

[44]. In some environments, phenotypic variation among

genotypes may vary a lot on the phenotype scale (high herit-

ability), while in other environments phenotypic variation

among genotypes may be small (low heritability); this is one

explanation for higher heritabilities estimated from twins in

higher SES environments.

The relationship between SES and heritability of cognitive

ability described above points to the likelihood of cultural

and/or social factors that comprise an important component

of the relevant environment, which may not fit naturally into

the linear analysis of variance framework that underlies herit-

ability estimates from correlations between relatives. Evolution

of aspects of the environment may result in changes in the stat-

istics of familial relationships in cognitive ability. Dickens &

Flynn [45,46] call this the ‘social multiplier’ effect, although it

can be regarded as part of the evolutionary process under

cultural transmission that underpinned the model of Cavalli-

Sforza & Feldman [17]. Nisbett et al. [38] review some aspects

of the environment that may correlate with SES, that may

affect familial statistics of cognitive ability, and that are

plausibly culturally transmitted.

Turkheimer [47] suggested that the results of decades of

studies of correlations of behavioural traits between relati-

ves to that date could be summarized by ‘Three Laws of

Behaviour Genetics’:

(1) All behavioural traits are heritable. (We interpret this as

h2 . 0.)

(2) The effect of being raised in the same family is smaller

than the effect of ‘genes’. (Our quotes added to indicate

that ‘genes’ here refers to the A component in the linear

variance ACE model rather than something from the

DNA sequence.)

(3) A substantial portion of the variance in complex human

behavioural traits is not accounted for by the effects of

genes or families.
These laws apply equally well to traits such as IQ, cogni-

tive level, years of schooling, body mass index and most

other complex non-behavioural traits.
4. Recent meta-analyses
A remarkable meta-analysis of twin studies by Polderman et al.
[48] appeared in 2015. They evaluated variance components for

almost 18 000 traits in 2748 publications including 14 558 903

twin pairs. They report h2 ¼ 0.49 and c2 ¼ 0.17 ‘across all

traits’, that twin resemblance is solely due to additive genetic

variation, and that ‘the data are inconsistent with substantial

influences from shared environment or non-additive genetic

variation’. Two ways of estimating heritability were used in

this massive meta-analysis. Method 1 uses rMZ and rDZ, the

correlations between monozygous and dizygous twins,

respectively, and calculates 2(rMZ � rDZ) as the genetic herit-

ability ĥ2, and 2rDZ � rMZ as the common environment

component ĉ2 [49, p. 172]. These estimates, which are fre-

quently used in twin studies, are to be compared with those

from Method 2, namely h2 and c2, respectively, which are

derived from the ACE model.

Polderman et al. [48] organized traits into groups (which

they called ‘functional domains’) and present both heritability

estimates for each group of traits. Our interest here is focused

on the groups they called ‘cognitive’. For the functional

domain designated ‘cognitive’, ĥ2 and ĉ2 were 0.55 and 0.10,

respectively, while h2 and c2 were 0.47 and 0.18, respectively.

These functional domains were subdivided, and one subgroup

was designated as ‘higher-level cognitive function’ for which

the estimate of ĥ2 and ĉ2 were 0.54 and 0.17, respectively. For

this subgroup h2 and c2 were 0.55 and 0.18, respectively. The

earlier lower estimates of family-based heritability, 30–40%,

are not cited in this meta-analysis. Falconer & Mackay [49]

point out that the use of ĥ2 relies on the environmental com-

ponents of variance in MZ and DZ twins being the same. In

fact, they go on to list [49, pp. 172–173] seven ways in which

a difference in these environmental components could be pro-

duced. Not included among these seven are differences in

cultural transmission, either vertical or horizontal, that can

affect MZ and DZ twins differently [28], for example, due to

parents actively trying to treat each member of an MZ twin

pair differently, or peers treating MZ twins differently from

DZ twins. As has been pointed out many times [44,50,51], Pol-

derman et al.’s estimate of 49% ‘across all traits’ does not, as they

claim, tell us about ‘the causes of individual differences in

human traits’ nor will it ‘guide future gene-mapping efforts.’

That is, heritability in general does not imply a genetic causal

mechanism.

In the genomic era, intelligence has been the subject of sev-

eral genome-wide association studies, the largest of which is a

recent meta-analysis by Sniekers et al. [52]. This study included

78 308 people from 13 cohorts. Various measures of intelligence

were used in eight of the cohorts, and the other five used Spear-

man’s g (a statistical measure computed from a factor analysis

of correlations among a number of psychometric tests of intel-

ligence—the so-called general intelligence factor). There is

remarkable heterogeneity among the measures of intelligence

in the thirteen cohorts. In the two largest cohorts (54 119 indi-

viduals), intelligence was assessed by the number of correct

answers out of thirteen questions produced in two minutes.

The full meta-analysis included more than 12 million single

http://rstb.royalsocietypublishing.org/
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nucleotide polymorphisms (SNPs). The paper begins with the

announcement in the abstract that the heritability of IQ is 54%,

which is actually the value of ĥ2 reported in the meta-analysis

by Polderman et al. [48] and computed from rMZ and rDZ. Using

the SNPs, and a recent variance analysis method called ‘poly-

genic score regression’, Sniekers et al. [52] obtain an estimate

of 20% for the heritability of intelligence. However, again

using polygenic scores [53], the meta-analysis was only able

to explain between 2% and 4.8% of the variance in four other

studies, the largest of which had 9904 samples. Meta-analysis

of these 9904 samples explained 2% of the phenotypic variance,

while the 4.8% represented results from meta-analysis of a

subset of 1558 samples. The laudatory Nature editorial [54]

sums up these statistics by stating: ‘The associations . . . could

explain up to 4.8% of the variance in intelligence across these

cohorts.’ Even if one believed in the underlying linear statistical

models that gave this result, 4.8% does not seem worth writing

home about. Indeed, as Nisbett et al. [38, p. 135] write, ‘It may

simply be that the number of genes involved in an outcome as

complex as intelligence is very large, and therefore the contri-

bution of any individual locus is just as small as the number

of genes is large.’ In fact, Chabris et al. [55] augment Turkhei-

mer’s three laws of behaviour genetics with a fourth law that

summarizes many GWAS studies of behavioural traits.

(1) A typical human behavioural trait is associated with very

many genetic variants, each of which accounts for a very

small percentage of behavioural variability.

5. Personality and attitudes
Cognitive ability assessed through IQ tests is just one of the

many complex human behavioural traits whose ‘genetics’

has been investigated using data from twins. Personality

traits such as extraversion and neuroticism are among those

that have received most attention. Variation between twins in

aspects of personality assessed using responses to question-

naires were detailed by Eaves et al. [56]. The dimensions of

personality in this analysis were psychoticism, extraversion,

neuroticism, and a ‘lie’ scale ‘designed to identify subjects

responding in a ‘socially desirable’ manner’ [56, p. 74]. They

concluded from these studies that there is an ‘overwhelming

and consistent pattern’ of ‘a significant genetic component’ to

all four personality measures with ‘no trace of a shared

environmental component of twin resemblance’ [56, p. 121].

Interestingly, 24 years later one of these authors wrote ‘the

structure of personality is inherent in the evolved phenotype,

and is not the immediate consequence of either genetic or

environmental organizing factors’ [57, p. 761].

Martin et al. [58] used a model similar to that of Rice [26] to

analyse data on social attitudes of MZ and DZ twins, sup-

plemented by data on social attitudes of spouses. From one

set of data a composite score for conservatism was derived

from dichotomous answers by Australian twins to a fifty-item

questionnaire. A second dataset was used to produce composite

scores for radicalism and tough-mindedness derived from a

forty-item questionnaire with items on a five-point scale.

Inclusion of a sample of spouses allowed estimation of the

degree of assortative mating for social attitudes. For the British

radicalism sample, 72% of the variation in males was found to

be genetic and the cultural component zero, while in females

24% was genetic and 12% was cultural. For the Australian

conservatism sample, the genetic components in males and
females, respectively, were 56% and 69%, while the cultural

component in both was estimated to be zero.

Martin et al. concluded [58] that their data on social atti-

tudes were ‘largely consistent’ with a genetic model for

family resemblance with ‘little evidence of vertical cultural

transmission’. In reviewing this work on social attitudes,

Eaves et al. [56] went further: ‘we may find that genetic differ-

ences between people are partly responsible for the

distinction between godly and ungodly and between liberal

and conservative in contemporary societies’ [56, p. 358].

However, a comprehensive review of such studies was made

by Turkheimer et al. [59, p. 520], who document, in particular,

the history of heritability estimates for personality traits. They

summarize this history as follows: ‘One can identify broad

dimensions of behaviour; quantify their relation to a broad

spectrum of genes; and obtain consistent replicable results

that fail to differentiate among behaviours and become

uninteresting once they are established. Under most circum-

stances, both extraversion and introversion are heritable at

approximately 0.4, and there is little more to be said.’ Again,

it should be stressed that the existence of a genetic causal

mechanism cannot be inferred from such statistics.
6. On the interpretation of heritability
The danger inherent in these studies of human behavioural,

attitudinal, or personality variation resides in the meaning of

‘heritability’, whether estimated from ACE models or from stat-

istical analysis of GWA studies. Morton [60, p. 327] makes the

point succinctly: ‘one would be quite unjustified in claiming

that heritability is relevant to educational strategy.’ That is, her-

itability estimated from familial correlations or from models

designed to analyse GWA studies (although the latter began

some 35 years after Morton was writing), and whether it is

5% or 95%, is not informative about the chance that environ-

mental intervention will affect the trait under study. Despite

Morton’s admonition, we still see claims such as the following

[61] made in 2016: ‘. . . soon a bit of saliva or blood from a new-

born will be able to capture her full genetic potential for

educational attainment . . .’ followed by ‘now that we have

mapped the genetic architecture behind a wide range of out-

comes—from height to cognitive ability—a brave new world

has opened up whereby we can select our mates, and yes,

even our children, by and for their genotypes’. Whereas this

is plausible for relatively simple genetic traits, e.g. Mendelian

diseases, it is quite implausible for height, educational

attainment, cognitive ability or personality.

How are geneticists and/or social scientists to interpret

estimates of heritability made from linear statistical models

for familial phenotypic relationships or the contributions of

genomic polymorphisms to phenotypes? We must start

from recognition that all complex human traits result from

a combination of causes. If these causes interact, it is imposs-

ible to assign quantitative values to the fraction of a trait due

to each, just as we cannot say how much of the area of a rec-

tangle is due, separately, to each of its two dimensions. Thus,

in the analyses of complex human phenotypes, such as those

described above, we cannot actually find ‘the relative impor-

tance of genes and environment in the determination of

phenotype’ [44].

To illustrate their sceptical view of genetic interpretation of

the heritability of personality traits, Turkheimer et al. [59,

http://rstb.royalsocietypublishing.org/


Table 1. Rules of phenogenotypic transmission.

parental phenotypes
M 3 F

offspring phenogenotype probability (given offspring’s genotype)

AA1 AA2 Aa1 Aa2 aa1 aa2

1 � 1 a1 1 2 a1 a2 1 2 a2 a3 1 2 a3

1 � 2 b1 1 2 b1 b2 1 2 b2 b3 1 2 b3

2 � 1 g1 1 2 g1 g2 1 2 g2 g3 1 2 g3

2 � 2 d1 1 2 d1 d2 1 2 d2 d3 1 2 d3

Table 2. Bilinear transmission scheme.*

mating
M 3 F

probability that phenotype offspring is 1

AA Aa aa

1 � 1 a1 ¼ 2h þ 2a þ b a2 ¼ 2h þ sa þ b a3 ¼ 2h þ b

1 � 2 b1 ¼ g1 ¼ th þ 2a þ b b2 ¼ g2 ¼ th þ sa þ b b3 ¼ g3 ¼ th þ b

2 � 1 b1 ¼ g1 ¼ th ¼ 2a þ b b2 ¼ g2 ¼ th þ sa þ b b3 ¼ g3 ¼ th þ b

2 � 2 d1 ¼ 2a þ b d2 ¼ sa þ b d3 ¼ b

*See table 1 for the definition of ai, bi, gi, di, 0 � s, t � 2. All transmission probabilities are nonnegative, e.g. 0 � 2h þ 2a þ b � 1.
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p. 532] consider marital status: ‘Divorce is heritable [62], but do

we really expect that twin studies of marital processes will lead

us to a genetic explanation of divorce? . . . The point is not that

they are environmental as opposed to genetic; indeed as we

cannot emphasize enough, marriage, divorce and whatever

may cause them are just as heritable as anything else.’ But

this heritability does not mean that either is ‘a biological pro-

cess awaiting genetic analysis . . . they do not have a specific

genetic aetiology.’
7. Culture transmission and heritability
In analyses of familial correlations for human traits, the linear

statistical models that give estimates of amounts of phenoty-

pic variance due to genes and environments (and hence

heritability) rarely specify what constitutes the environment.

Cavalli-Sforza & Feldman [17] took the parents’ phenotypes

to represent the environment in which an offspring develops

its own phenotype, measured on the same scale as those of its

parents, even though properties of parents other than those

measured on the scale the phenotype are likely to have

strong effects on that offspring’s phenotype, as in the case

of parental SES and children’s IQ mentioned above [40]. Sub-

sequent treatments followed Cavalli-Sforza & Feldman [17]

and incorporated vertical cultural transmission (i.e. of pheno-

type from parent to child) into analyses of variance in IQ,

attitudes and other traits [24–27,56,58].

All models that incorporate genetic and vertical cultural

transmission involve a dynamic process for the evolution of

the phenotype and statistical analysis of familial correlations

at the stationary state. A recent analysis by Feldman et al. [63]

extended this class of models by making specific assumptions

about how the different parental pairs of phenotypes contrib-

ute probabilistically to their offspring’s phenotype. The
simplest such case assumes a single gene, with genotypes

AA, Aa, and aa, and two variants of a phenotype, labelled 1

and 2. Thus there are six phenogenotypes: AA1, AA2, Aa1,

Aa2, aa1, aa2. The probability that an offspring acquires pheno-

type 1 depends on its own genotype but not on those of its

parents; it does, however, depend on their phenotypes. The

general form of such phenogenotypic transmission is

shown in table 1 [63].

Although the framework exhibited in table 1 is quite

simple, it does involve 12 phenogenotypic transmission rates.

For this reason, Feldman et al. [63] simplified the transmission

rule in table 1 to a form they called ‘bilinear transmission’,

shown in table 2. In table 2, b is a baseline probability that

any offspring, regardless of its genotype or parents’ pheno-

types, acquires phenotype 1; a is a transmission component

due to an offspring carrying an A allele, with s a measure of

genetic dominance of A over a; h is the contribution to the off-

spring’s chance of carrying phenotype 1 by each parent who

carries phenotype 1, with t a measure of marital dominance

in transmission of phenotype 1. Thus, if t ¼ 2, for example, a

parental couple only one of whom has phenotype 1 transmits

this phenotype at the same rate as a couple both of whom

are of phenotype 1. The final parameter in this model is the

rate m at which parents mate assortatively.

Since there is no selection in the model, the frequency, p, of

allele A, does not change, and the evolutionary dynamics of the

six phenogenotypes can be specified in terms of the frequency k
of phenotype 1 and the frequency of allele A among individuals

of phenotype 1. The dynamics converge to an equilibrium at

which all the usual correlations between relatives, as well as

additive effects of alleles A1 and A2 [49, pp. 112–115] can be

computed. The latter are used to derive the actual narrow-

sense heritability, h2, of the phenotype, namely VA=VP, where

VA is the additive genetic variance and VP ¼ k(1� k) is the phe-

notypic variance of the population at equilibrium. From the
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Table 3. Estimates of heritability for bilinear transmission*.

s ¼ 1, t ¼ 1

a ¼ 0:4, h ¼ 0 a ¼ 0:2, h ¼ 0:2 a ¼ 0, h ¼ 0:4

ĥ2 0.234 0.058 0

ĉ2 0 0.177 0.48

h2 0.276 0.127 0

s ¼ 2, t ¼ 2

a ¼ 0:4, h ¼ 0 a ¼ 0:2, h ¼ 0:2 a ¼ 0, h ¼ 0:4

ĥ2 0.48 0.130 0

ĉ2 0 0.071 0.418

h2 0.312 0.145 0

*Spouse correlation assumed to be 0.5 (see Martin et al. [58]).
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equilibrium values of the correlations between MZ and DZ

twins, we can also calculate ĥ2 and ĉ2, for different values of

a,h,s,t, and m. Examples with assorting rate m ¼ 0.5 are

shown in table 3; m ¼ 0.5 is chosen because it is very close to

the value estimated for radicalism and tough-mindedness

from the 562 British spousal pairs in Martin et al. [58].

The parameter sets in table 3 were chosen to represent cases

of table 2 in which there is only genetic determination (a ¼ 0.4,

h ¼ 0); genetic determination and parental transmission are

equally important (a ¼ 0.2, h ¼ 0.2); and there is only parental

transmission (a ¼ 0, h ¼ 0.4). As in Polderman et al. [48], ĥ2 is

computed as 2(rMZ � rDZ) and ĉ2 is computed as 2rDZ � rMZ

while h2 is the actual narrow sense heritability, VA=VP. As

expected, when h ¼ 0 also ĉ2 ¼ 0, and when a ¼ 0, ĥ2 and h2

are also both zero. However, when a ¼ h ¼ 0.2, the dominance

parameters s and t become important. With no dominance

(s ¼ t ¼ 1) the environmental fraction of the phenotypic var-

iance is about three times the genetic fraction, but with

complete genetic and marital dominance (s ¼ t ¼ 2), the gen-

etic value is almost twice the environmental contribution. In

both cases, there are substantial discrepancies between h2

and ĥ2, but again the direction of these differences depends

on the levels of dominance.

The important feature of the model in table 2 is that it is not

a linear statistical model designed for analysis of variance. It is

an explicitly causative model from whose dynamic equilibrium

familial and population statistics can be computed. In this

simple model, the commonly computed variance estimates ĥ2

and ĉ2 do not reflect the relative importance of genetic and

environmental causation.
8. Concluding remarks
The biomedical and behavioural science literature over the past

ten years has seen a deluge of GWA papers attempting to find

common DNA markers that might be statistically associated

with complex human behavioural phenotypes. As sample

sizes have increased, more such markers have been found,

but in few reports has the extent of environmental contribution

to disease or behavioural phenotypes been taken very

seriously. Epigenetic phenomena, e.g. methylation, have in

some cases been shown to be influenced by such culturally

transmitted environmental variables as diet or stress, but the

scientific literature’s focus has consistently been on common
DNA polymorphisms whose effects on the phenotype under

study have almost always been small [1,64,65]. Further, the

contributions of these significant polymorphisms to the pheno-

typic variance have been small enough relative to the variance

attributed to genes in analysis of familial contributions that the

term ‘missing heritability’ entered the lexicon.

Missing compared to what? In the first part of this note, we

discussed the limitations of estimates of heritability from famil-

ial correlations, in particular their reliance on linear models and

irrelevance with respect to potential environmental interven-

tions. Why, then, should such heritabilities be the standards

relative to which GWA-based variance analyses are compared?

By including those polymorphisms that failed to be significant

in GWA studies, analyses of new linear models [2,66] have pro-

duced increased estimates of the variance fraction explained by

genomic variation. However, it almost always remains below

that estimated from familial analyses.

That heritability of a trait estimated from correlations

between relatives is specific to the population in which

the trait was assessed has been known for decades [50,51].

Cigarette smoking in U.S. adolescents and young adults is an

example where twin-based heritability differs between

whites and African-Americans [67]. A recent analysis of eight

phenotypes on genomic data from the 1000 Genomes Project

reference panel showed that such summary statistics as poly-

genic risk scores or heritability, derived from a GWAS in one

population (e.g. Europeans), ‘may have limited portability to

other populations’ [68]. It is also the case that genetic mutations

that cause a phenotype in a population in one environment

may produce an entirely different phenotype in members of

a diaspora of that same population because of the changed

environment experienced by the latter [69].

Recent analyses of GWAS datasets for height and schizo-

phrenia [65] have arrived at the conclusion that the effects of

SNPs that actually influence complex phenotypes are likely

to be extremely small. For example, more than 100 000 SNPs

‘exert independent causal effects on height’. This extreme

polygenicity, termed ‘omnigenicity’ [65], also characterizes

schizophrenia, for which it is inferred that ‘broadly expressed

genes contribute more to overall heritability than do brain-

specific genes’. If all genes have some interaction with causal

genes, it can be predicted that gene-environment interactions,

even if important for causal genes, will be difficult to detect

because they are likely to have small genome-wide effects

whose sum may exceed the magnitude of such interactions
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with causal genes. Nisbett et al. [38, p. 135] are not optimistic:

‘This problem is not likely to be solved by advances in genetic

technology that are foreseeable at present.’

The language used to interpret heritability has not

changed much with advances in genomics, despite occasional

genuflections towards its inability to assign causes and to

gene-environment/gene-culture interactions. We still find state-

ments on heritability such as ‘the same genes affect intelligence

from age to age’ [9, p. 100], ‘intelligence shares genetic causes

with education and social class’ [9, p. 104], and, referring to famil-

ial and SNP-based heritability estimates, ‘the same genes

influence intelligence and social epidemiologists’ ‘environ-

mental’ variables of education, social class and height’ and ‘can

enlighten research in health and social inequalities’ [9, p. 106].

Although there have been minor changes in the lexicon

surrounding the calculation of heritability, due to the evol-

ution of genomic technology, the problem of the meaning

of heritability has not gone away. Heritability estimated

from linear models for variance analysis still depends on

the environment in which it is measured, and an increase
in SNP-based heritability of cognitive performance from

10% to 30% cannot provide useful information as to whether

cultural or environmental intervention is likely to have an

effect. It is almost 50 years since heritability of human traits

became discredited as an indicator of genetic causation. To

those who were around when Jensen’s monograph appeared

in 1969, it must seem like déjà vu all over again.
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Endnote
1Jensen’s article appeared in the spring 1969 issue of the Harvard Edu-
cational Review. The summer 1969 issue of the same journal contained
several critical responses to Jensen’s thesis.
0064
References
1. Manolio TA et al. 2009 Finding the missing
heritability of complex diseases. Nature 461,
747 – 753. (doi:10.1038/nature08494)

2. Yang J et al. 2010 Common SNPs explain
a large proportion of the heritability for human
height. Nat. Genet. 42, 565 – 569. (doi:10.1038/
ng.608)

3. Golan D, Lander ES, Rosset S. 2014 Measuring
missing heritability: inferring the contribution
of common variants. Proc. Natl Acad. Sci.
USA 111, E5272 – E5281. (doi:10.1073/pnas.
1419064111)

4. Okbay A et al. 2016 Genome-wide association study
identifies 74 loci associated with educational
attainment. Nature 533, 539 – 542. (doi:10.1038/
nature17671)

5. Hayden EC. 2016 Gene variants linked to education
prove divisive. Nature 533, 154 – 155. (doi:10.1038/
533154a)

6. Krapohl E, Plomin R. 2015 Genetic link between
family socioeconomic status and children’s
educational achievement estimated from genome-
wide SNPs. Mol. Psychiatry 21, 437 – 443. (doi:10.
1038/mp.2015.2)

7. Benjamin DJ et al. 2012 The genetic architecture of
economic and political preferences. Proc. Natl Acad.
Sci. USA 109, 8026 – 8031. (doi:10.1073/pnas.
1120666109)

8. Davies G et al. 2011 Genome-wide association
studies establish that human intelligence is
highly heritable and polygenic. Mol. Psychiatry 16,
996 – 1005. (doi:10.1038/mp.2011.85)

9. Plomin R, Deary IJ. 2015 Genetics and intelligence
differences: five special findings. Mol. Psychiatry 20,
98 – 108. (doi:10.1038/mp.2014.105)

10. Shockley W. 1972 Dysgenics, geneticity, raceology: a
challenge to the intellectual responsibility of
educators. Phi Delta Kappan 3, 297 – 307.
11. Jensen AR. 1969 How much can we boost IQ
and scholastic achievement? Harv. Educ. Rev. 39, 1 –
123. (doi:10.17763/haer.39.1.l3u15956627424k7)

12. Bodmer WF, Cavalli-Sforza LL. 1970 Intelligence and
race. Sci. Am. 223, 19 – 29. (doi:10.1038/
scientificamerican1070-19)

13. Kevles DJ. 1995 In the name of eugenics.
Cambridge, MA: Harvard University Press.

14. Burt C. 1966 The genetic determination of
difference in intelligence: a study of monozygotic
twins reared together and apart. Br. J. Psychol.
57, 137 – 153. (doi:10.1111/j.2044-8295.1966.
tb01014.x)

15. Kamin LJ. 1973 Heredity, Intelligence, Politics and
Psychology. Unpublished. Eastern Psychological
Association convention May 5, 1973.

16. Kamin LJ. 1974 The science and politics of I.Q.
Potomac, Maryland: Lawrence Erlbaum Associates,
Publishers.

17. Cavalli-Sforza LL, Feldman MW. 1973 Cultural
versus biological inheritance: phenotypic
transmission from parents to children
(A theory of the effect of parental phenotypes
on children’s phenotypes). Am. J. Hum. Genet. 25,
618 – 637.

18. Wright S. 1931 Statistical methods in biology.
J. Am. Stat. Assoc. 26, 155 – 163.

19. Burks BS. 1928 The relative influence of nature
and nurture upon mental development: a
comparative study of foster parent – foster child
resemblance and true parent – true child
resemblance. In 27th Yearbook of the National
Society for the Study of Education, Part 1.
pp. 219 – 316. Bloomington, IN: Public School
Publishing Co.

20. Rao DC, Morton NE, Yee S. 1974 Analysis of family
resemblance. II. A linear model for familial
correlation. Am. J. Hum. Genet. 26, 331 – 359.
21. Rao DC, Morton NE, Yee S. 1976 Resolution of
cultural and biological inheritance by path analysis.
Am. J. Hum. Genet. 28, 228 – 242.

22. Jencks C. 1972 Inequality: a reassessment of the
effect of family and schooling in America. New York,
NY: Basic Books.

23. Cavalli-Sforza LL, Feldman MW. 1978 The evolution
of continuous variation. III. Joint transmission of
genotype, phenotype and environment. Genetics
90, 391 – 425.

24. Cloninger CR, Rice J, Reich T. 1979 Multifactorial
inheritance with cultural transmission and
assortative mating. II. A general model of combined
polygenic and cultural inheritance. Am. J. Hum.
Genet. 31, 176 – 198.

25. Cloninger CR, Reich J, Reich T. 1979 Multifactorial
inheritance with cultural transmission and
assortative mating. III. Family structure and the
analysis of separation experiments. Am. J. Hum.
Genet. 31, 366 – 388.

26. Rice J, Cloninger CR, Reich T. 1978 Multifactorial
inheritance with cultural transmission and
assortative mating. I. Description and basic
properties of the unitary models. Am. J. Hum.
Genet. 30, 618 – 643.

27. Rao DC, Morton NE, Lalouel JM, Lew R. 1982 Path
analysis under generalized assortative mating. II.
American IQ. Genet. Res. Camb. 39, 187 – 198.
(doi:10.1017/S0016672300020875)

28. Otto SP, Christiansen FB, Feldman MW. 1995
Genetic and cultural inheritance of continuous traits.
Morrison Institute for Population and Resource
Studies Working Paper No. 64. See http://hsblogs.
stanford.edu/morrison/morrison-institute-working-
papers-pdf/.

29. Bouchard Jr T, McGue M. 1981 Familial studies of
intelligence: a review. Science 212, 1055 – 1059.
(doi:10.1126/science.7195071)

http://dx.doi.org/10.1038/nature08494
http://dx.doi.org/10.1038/ng.608
http://dx.doi.org/10.1038/ng.608
http://dx.doi.org/10.1073/pnas.1419064111
http://dx.doi.org/10.1073/pnas.1419064111
http://dx.doi.org/10.1038/nature17671
http://dx.doi.org/10.1038/nature17671
http://dx.doi.org/10.1038/533154a
http://dx.doi.org/10.1038/533154a
http://dx.doi.org/10.1038/mp.2015.2
http://dx.doi.org/10.1038/mp.2015.2
http://dx.doi.org/10.1073/pnas.1120666109
http://dx.doi.org/10.1073/pnas.1120666109
http://dx.doi.org/10.1038/mp.2011.85
http://dx.doi.org/10.1038/mp.2014.105
http://dx.doi.org/10.17763/haer.39.1.l3u15956627424k7
http://dx.doi.org/10.1038/scientificamerican1070-19
http://dx.doi.org/10.1038/scientificamerican1070-19
http://dx.doi.org/10.1111/j.2044-8295.1966.tb01014.x
http://dx.doi.org/10.1111/j.2044-8295.1966.tb01014.x
http://dx.doi.org/10.1017/S0016672300020875
http://hsblogs.stanford.edu/morrison/morrison-institute-working-papers-pdf/
http://hsblogs.stanford.edu/morrison/morrison-institute-working-papers-pdf/
http://hsblogs.stanford.edu/morrison/morrison-institute-working-papers-pdf/
http://hsblogs.stanford.edu/morrison/morrison-institute-working-papers-pdf/
http://dx.doi.org/10.1126/science.7195071
http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170064

8

 on April 26, 2018http://rstb.royalsocietypublishing.org/Downloaded from 
30. Herrnstein RJ, Murray C. 1994 The bell curve:
intelligence and class structure in American life.
New York, NY: Free Press.

31. Jacoby R, Glauberman N (eds). 1995 The bell curve
debate. New York, NY: Times Books.

32. Plomin R, DeFries JC, Knopik VS, Neiderhiser JM.
2016 Top 10 replicated findings from behavioral
genetics. Perspect. Psychol. Sci. 11, 3 – 23. (doi:10.
1177/1745691615617439)

33. Turkheimer E. 2016 Weak genetic explanation
20 years later: reply to Plomin et al. (2016).
Perspect. Psychol. Sci. 11, 24 – 28. (doi:10.1177/
1745691615617442)

34. Turkheimer E. 1998 Heritability and biological
explanation. Psychol. Rev. 105, 782 – 791. (doi:10.
1037/0033-295X.105.4.782-791)

35. Clausen J, Keck DD, Hiesey WM. 1940 Experimental
studies on the nature of species. I. Effects of varied
environments on western north American plants.
Washington, DC: Carnegie Institute of Washington.

36. Dobzhansky T, Spassky B. 1944 Genetics of natural
populations. XI. Manifestation of genetic variants in
Drosophila pseudoobscura in different environments.
Genetics 29, 270 – 290.

37. Kouchi M. 1996 Secular change and socioeconomic
differences in height in Japan. Anthropol. Sci. 104,
325 – 340. (doi:10.1537/ase.104.325)

38. Nisbett RE, Aronson J, Blair C, Dickens W, Flynn J,
Halpern DF, Turkheimer E. 2012 Intelligence: new
findings and theoretical developments. Am. Psychol.
67, 130 – 159. (doi:10.1037/a0026699)

39. Rowe DC, Jacobson KC, Van den Oord EJCG. 1999
Genetic and environmental influences on vocabulary
IQ. Child Dev. 70, 1151 – 1162. (doi:10.1111/1467-
8624.00084)

40. Turkheimer E, Haley A, Waldron M, D’Onofrio B,
Gottesman II. 2003 Socioeconomic status modifies
heritability of IQ in young children. Psychol. Sci. 14,
623 – 628. (doi:10.1046/j.0956-7976.2003.psci_
1475.x)

41. Harden KP, Turkheimer E, Loehlin JC. 2007
Genotype by environment interaction in
adolescents’ cognitive aptitude. Behav. Genet. 37,
273 – 283. (doi:10.1007/s10519-006-9113-4)

42. Tucker-Drob EM, Rhemtulla M, Harden KP,
Turkheimer E, Fask D. 2011 Emergence of a gene �
socioeconomic status interaction on infant mental
ability between 10 months and 2 years. Psychol. Sci.
22, 125 – 133. (doi:10.1177/0956797610392926)
43. Hanscombe KB, Trzaskowski M, Haworth CMA, Davis
OSP, Dale PS, Plomin R. 2012 Socioeconomic status
(SES) and children’s intelligence (IQ): in a UK-
representative sample SES moderates the
environmental, not genetic, effect on IQ. PLoS ONE
7, e30320. (doi:10.1371/journal.pone.0030320)

44. Lewontin RC. 1974 The analysis of variance and the
analysis of causes. Am. J. Hum. Genet. 26, 400 – 411.

45. Dickens WT, Flynn JR. 2001 Great leap forward: a
new theory of intelligence. New Sci. 21, 44 – 47.

46. Dickens WT, Flynn JR. 2001 Heritability estimates
versus large environmental effects: the IQ paradox
resolved. Psychol. Rev. 108, 346 – 369. (doi:10.1037/
0033-295X.108.2.346)

47. Turkheimer E. 2000 Three laws of behavior genetics
and what they mean. Curr. Dir. Psychol. Sci. 9,
160 – 164. (doi:10.1111/1467-8721.00084)

48. Polderman TJC, Benyamin B, de Leeuw CA, Sullivan
PF, van Bochoven A, Visscher PM, Posthuma D. 2015
Meta-analysis of the heritability of human traits
based on fifty years of twin studies. Nat. Genet. 47,
702 – 709. (doi:10.1038/ng.3285)

49. Falconer DS, Mackay TFC. 1996 Introduction to
quantitative genetics, 4th edn. Essex, UK: Longman.

50. Lewontin RC. 1970 Race and intelligence. Bull. At. Sci.
26, 2 – 8. (doi:10.1080/00963402.1970.11457774)

51. Feldman MF, Lewontin RC. 1975 The heritability
hang-up. Science 190, 1163 – 1168. (doi:10.1126/
science.1198102)

52. Sniekers S et al. 2017 Genome-wide association
meta-analysis of 78,308 individuals identifies new
loci and genes influencing human intelligence. Nat.
Genet. 49, 1107 – 1112. (doi:10.1038/ng.3869)

53. Vilhjálmsson BJ et al. 2015 Modeling linkage
disequilibrium increases accuracy of polygenic risk
scores. Am. J. Hum. Genet. 97, 576 – 592. (doi:10.
1016/j.ajhg.2015.09.001)

54. Nature editorial. 2017 Intelligence test: modern
genetics can rescue the study of intelligence from a
history marred by racism. Nature 545, 385 – 386.

55. Chabris CF, Lee JJ, Cesarini D, Benjamin DJ, Laibson
DI. 2015 The fourth law of behavior genetics. Curr.
Dir. Psychol. Sci. 24, 304 – 312. (doi:10.1177/
0963721415580430)

56. Eaves JF, Eysenck HJ, Martin NG. 1989 Genes, culture
and personality: an empirical approach. San Diego,
CA: Academic Press.

57. Loehlin JC, Martin NG. 2013 General and
supplementary factors of personality in genetic
and environmental correlation matrices. Pers.
Indivd. Differ. 54, 761 – 766. (doi:10.1016/j.paid.
2012.12.014)

58. Martin NG, Eaves LJ, Heath AC, Jardine R, Feingold
LM, Eysenck HJ. 1986 Transmission of social
attitudes. Proc. Natl Acad. Sci. USA 83, 4364 – 4368.
(doi:10.1073/pnas.83.12.4364)

59. Turkheimer E, Pettersson E, Horn EE. 2014
A phenotypic null hypothesis for the genetics of
personality. Annu. Rev. Psychol. 65, 515 – 540.
(doi:10.1146/annurev-psych-113011-143752)

60. Morton NE. 1974 Analysis of family resemblance
I. Introduction. Am. J. Hum. Genet. 26, 318 – 330.

61. Conley D. 2017 What’s your polygenic score?
Scientific American blog network: https://blogs.
scientificamerican.com/guest-blog/whats-your-
polygenic-score/.

62. Johnson W, McGue M, Krueger RF, Bouchard TJ Jr.
2004 Marriage and personality: a genetic analysis. J.
Pers. Soc. Psychol 86, 285 – 294.

63. Feldman MW, Christiansen FB, Otto SP. 2013 Gene-
culture co-evolution: teaching, learning, and
correlations between relatives. Israel J. Ecol. Evol.
59, 72 – 91. (doi:10.1080/15659801.2013.853435)

64. Gibson G. 2012 Race and common variants: twenty
arguments. Nat. Rev. Genet. 13, 135 – 145. (doi:10.
1038/nrg3118)

65. Boyle EA, Yang IL, Pritchard JD. 2017 An expanded
view of complex traits: from polygenic to
omnigenic. Cell 169, 1177 – 1186. (doi:10.1016/j.
cell.2017.05.038)

66. Yang J, Lee SH, Goddard ME, Visscher PM. 2011
GCTA: a tool for genome-wide complex trait
analysis. Am. J. Hum. Genet. 58, 76 – 82. (doi:10.
1016/j.ajhg.2010.11.011)

67. Bares CB, Kendler KS, Maes HHM. 2016 Racial
differences in heritability of cigarette smoking in
adolescents and young adults. Drug Alcohol.
Depend. 166, 75 – 84. (doi:10.1016/j.drugalcdep.
2016.06.028)

68. Martin AR, Gignoux CR, Walters RK, Wojcik GL,
Neale BM, Gravel S, Daly MJ, Bustamante CD, Kenny
EE. 2017 Human demographic history impact
genetic risk prediction across diverse populations.
Am. J. Hum. Genet. 100, 635 – 649. (doi:10.1016/j.
ajhg.2017.03.004)

69. McClellan JM, Lehner T, Kin M-C. 2017 Gene
discovery for complex traits: lessons from Africa. Cell
171, 261 – 264. (doi:10.1016/j.cell.2017.09.037)

http://dx.doi.org/10.1177/1745691615617439
http://dx.doi.org/10.1177/1745691615617439
http://dx.doi.org/10.1177/1745691615617442
http://dx.doi.org/10.1177/1745691615617442
http://dx.doi.org/10.1037/0033-295X.105.4.782-791
http://dx.doi.org/10.1037/0033-295X.105.4.782-791
http://dx.doi.org/10.1537/ase.104.325
http://dx.doi.org/10.1037/a0026699
http://dx.doi.org/10.1111/1467-8624.00084
http://dx.doi.org/10.1111/1467-8624.00084
http://dx.doi.org/10.1046/j.0956-7976.2003.psci_1475.x
http://dx.doi.org/10.1046/j.0956-7976.2003.psci_1475.x
http://dx.doi.org/10.1007/s10519-006-9113-4
http://dx.doi.org/10.1177/0956797610392926
http://dx.doi.org/10.1371/journal.pone.0030320
http://dx.doi.org/10.1037/0033-295X.108.2.346
http://dx.doi.org/10.1037/0033-295X.108.2.346
http://dx.doi.org/10.1111/1467-8721.00084
http://dx.doi.org/10.1038/ng.3285
http://dx.doi.org/10.1080/00963402.1970.11457774
http://dx.doi.org/10.1126/science.1198102
http://dx.doi.org/10.1126/science.1198102
http://dx.doi.org/10.1038/ng.3869
http://dx.doi.org/10.1016/j.ajhg.2015.09.001
http://dx.doi.org/10.1016/j.ajhg.2015.09.001
http://dx.doi.org/10.1177/0963721415580430
http://dx.doi.org/10.1177/0963721415580430
http://dx.doi.org/10.1016/j.paid.2012.12.014
http://dx.doi.org/10.1016/j.paid.2012.12.014
http://dx.doi.org/10.1073/pnas.83.12.4364
http://dx.doi.org/10.1146/annurev-psych-113011-143752
https://blogs.scientificamerican.com/guest-blog/whats-your-polygenic-score/
https://blogs.scientificamerican.com/guest-blog/whats-your-polygenic-score/
https://blogs.scientificamerican.com/guest-blog/whats-your-polygenic-score/
https://blogs.scientificamerican.com/guest-blog/whats-your-polygenic-score/
http://dx.doi.org/10.1080/15659801.2013.853435
http://dx.doi.org/10.1038/nrg3118
http://dx.doi.org/10.1038/nrg3118
http://dx.doi.org/10.1016/j.cell.2017.05.038
http://dx.doi.org/10.1016/j.cell.2017.05.038
http://dx.doi.org/10.1016/j.ajhg.2010.11.011
http://dx.doi.org/10.1016/j.ajhg.2010.11.011
http://dx.doi.org/10.1016/j.drugalcdep.2016.06.028
http://dx.doi.org/10.1016/j.drugalcdep.2016.06.028
http://dx.doi.org/10.1016/j.ajhg.2017.03.004
http://dx.doi.org/10.1016/j.ajhg.2017.03.004
http://dx.doi.org/10.1016/j.cell.2017.09.037
http://rstb.royalsocietypublishing.org/

	Missing compared to what? Revisiting heritability, genes and culture
	Introduction
	Path analysis, ACE models and cultural transmission
	Heritability and twins, again
	Recent meta-analyses
	Personality and attitudes
	On the interpretation of heritability
	Culture transmission and heritability
	Concluding remarks
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


