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Model-fitting methods are now prominent in the analysis of human behavioural
variation. Various ways of specifying models have been proposed. These
are identical in their simplest form but differ in the emphasis given to more
subtle sources of variation. The biometrical genetical approach allows flexi-
bility in the specification of non-additive factors. Given additivity, the
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approach of path analysis may be used to specify several environmental models
in the presence of assortative mating. In many cases the methods should yield
identical conclusions.

Several statistical methods have been proposed for parameter estimation
and hypothesis testing. The most suitable rely on the method of maximum
likelihood for the estimation of variance and covariance components. Any
multifactorial model can be formulated in these terms. The choice of method
will depend chiefly on the design of the experiment and the ease with which a
data summary can be obtained without significant loss of information.

Examples are given in which the causes of variation show different degrees
of detectable complexity. A variety of experimental designs yield behavioural
data which illustrate the contribution of additive and non-additive genetical
effects, the mating system, sibling and cultural effects, the interaction of
genetical effects with age and sex. The discrimination between alternative
hypotheses is often difficult. The extension of the approach to the analysis of
multiple measurements and discontinuous traits is considered.

THE scientific understanding of many issues in the social and behavioural
sciences depends upon our ability to discern the causes of individual diff-
erences. The familial aggregation of mental disorders is well-known and
has been analysed in genetical terms with varying degrees of success (Slater
and Cowie, 1971). The social and economic inequalities in several societies
are strikingly apparent but less well understood. In England, Rutter and
Madge (1976) have exposed the continuity of deprivation between genera-
tions. In the United States, Jencks et al. (1972) considered inequality in
attainments, income and status, concluding that little of the variation could
be explained by measurable inequalities in environmental factors. On the
other hand, tables in Jencks' book (p. 337) suggest that the most marked
associations are familial, although their source is uncertain.

The great novelty ofJencks' approach, as far as sociology was concerned,
was his proposition that part of the observed inequality might be due to
inherited differences in ability. Although he conceded that differences in
ability were partly inherited, he concluded that their contribution to the
overall pattern of inequality was fairly small. Jencks did not speculate about
additional genetical factors responsible for specific aspects of social inequality
but more recently the economists Behrman, Taubman and Wales (1977)
have presented twin data which are consistent with the inheritance of
differences underlying inequalities in income.

Such claims engender criticism. Jinks and Eaves (1974) argued that
genetical non-additivity might explain inconsistencies in data relating to
intelligence and that alternative models for the family environment should
also be considered. Other authors (Rao et al., 1974) whilst showing greater
agreement with Jencks' own formulation of the model, also demurred at
Jencks' inefficient estimation procedure. Subsequently the critics them-
selves have been chastised for carelessness (Goldberger, 1 977a, b). Rao et al.
(1974) had tried to estimate inseparable parameters and Jinks and Eaves
(1974) proposed an inconsistent alternative model for the family environ-
ment by omitting the contribution of the family environment to the similarity
of spouses. The interpretation of Behrman et al.'s work has also been chal-
lenged by Goldberger (l977c) on the more familiar grounds that unsupported
twin data may give misleading estimates of population parameters and that
an alternative parameterisation can be provided which excludes genetical
factors entirely.
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In our view, such criticism does not obscure the basic importance of
the fact that social scientists are considering genetical factors alongside the
other possible causes of variation, and are prepared to countenance the
heuristic value of genetical theory for traits of social significance, or that gene-
ticists are now considering more flexible models for environmental factors.

Behind the controversial postures in the literature there has been a
substantial change of outlook. Whatever the shortcomings of present
data, there is no substitute for a model-fitting approach which tries to
predict the findings for multiple biological and non-biological relationships
from a consistent and parsimonious theory. Furthermore, there is now
serious recognition that social scientists who ignore genetical factors are no
less naïve than geneticists who disregard culture.

Within the broad framework of the model-fitting approach there have
been three principal strands of development:

(a) The specification of more flexible models for the effects of genes
and environment;

(b) The development (or " rediscovery ") of more appropriate statistical
and numerical methods for their resolution;

(c) An increased awareness of the problems of experimental design.

This paper makes no pretence at being a historical review. We attempt
to outline the principal strands of thought and controversy by reference to
key papers and illustrate the principles by examples of data analysis employ-
ing current models and methods. We have not tried to describe all the work
currently in progress in human behavioural genetics since cataloguing
genetical diversity is not our primary interest. We have adopted a stratified
approach in which we describe and illustrate ideas which have been
important to us.

Although the issue of inequality has generated the greatest interest and
controversy, the field cannot be viewed in isolation from the growing recog-.
nition of the potential significance of genetical factors in the determination
of other types of behavioural variation, including personality, interests, (see
e.g. Loehlin and Nichols, 1976) and social attitudes (e.g. Eaves and Eysenck,
1974).

Whatever traits are studied, the ground of behavioural genetics is
exploration of the limits to which genetical theory can be exploited in
accounting for the distribution of human differences. The fundamental
position is not any desire to see genetical theory vindicated in the behavioural
domain but the conviction that any theory of individual differences must
be quantitative to be testable. Indeed, as we shall show, there are a great
many instances in which a simple genetical theory fails to account for the
observed pattern of variation. In such cases the task of the behaviour
geneticist or the social scientist is to determine what quantitative theory can
be advanced to account for behavioural diversity.

1. CHoIcE OF DATA SUMMARY

Most analyses of human behaviour begin when the experimental subject
makes marks on paper. A model is implicit in any subsequent summary of
the data, although in genetical studies the psychological model used in
summarising a subject's behaviour is seldom explicit. Some of the diverse
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psychological models employed in representing behaviour are considered
by Lord and Novick (1968). The geneticist or sociologist usually begins
with data which have already been transformed or summarised to reflect
a particular theory of measurement. Such transformations will often
condition broad features of the subsequent analysis (Mather and Jinks,
1971; Eaves et at, 1977).

Even when the scale of measurement for each subject has been agreed,
there is still uncertainty about the appropriate place to begin causal analysis.
Three starting points have been considered: the raw scores (e.g. Lange et cii.,
1976b); the correlations between relatives (e.g. Rao et cii., 1974); the mean
squares of the analysis of variance (e.g. Jinks and Fulker, 1970). In this
paper we also consider a fourth, where appropriate: matrices of covariances
between relatives.

Analysis of the raw scores may be necessary, especially when the data
comprise pedigrees of variable composition. The price in terms of computer
time is high and the approach does not usually yield different answers from
alternative cheaper methods when a convenient appropriate data summary
can be generated.

Any data summary discards some information as irrelevant to subsequent
analyses. The analysis of second-degree statistics usually begins after
subgroup means are shown to be the same. Mean differences between
subgroups may indicate biases in sampling or failure of the assumptions of
a particular model (Jinks and Fulker, 1970). The correlation coefficient is
the least desirable second-degree statistic, since both mean differences, and
differences in variance are treated as irrelevant to the analysis of causes.
However, some information about effects of interest is retained in the
standardised coefficients. The Hawaii group (see Elston and Rao, 1978)
introduce a parameter which corrects for the biases introduced into parameter
estimates by genotype-environment covariation, but does not recover
information lost by discarding differences in total variance between natural
and foster-children. If the total variances of different twin groups differ
for systematic reasons, e.g. due to sex interactions or sibling effects, trans-
formation to correlations may obscure the very anomalies in the data which
might yield greater understanding of the mechanisms of heredity. The loss
of information will be minimal if such effects are absent, but since the
original variances are required to test this assumption, these might easily
be used throughout.

The usual twin study comprises five groups (MZ female, MZ male,
DZ female, DZ male and opposite-sex DZ pairs), which, summarised by
separate analyses of variance, yield 10 mean squares. Recognising possible
differences in mean and variance between first- and second-born twins, by
adopting the covariance matrix for each twin type as the basic data summary,
provides 15 raw statistics. Using the analysis of variance as a starting point
for model-fitting has several practical advantages. The mean squares are
statistically independent so that conventional linear regression techniques,
such as weighted least squares, can be employed. Even on a desk calculator,
the operations are not tedious and the method has an appealing intuitive
rationale. A disadvantage is the potential loss of information in pooling data
on the first and second twins. For example, if there are sex interactions,
some information about the basis of the sex difference in gene action is lost
in the analysis of variance of unlike-sex DZ pairs. Such problems are
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overcome by calculating a separate variance for male and female twins of
the opposite-sex pairs and representing the similarity between them by a
covariance. However, since the three statistics chosen to represent the data
in this type of summary are not independent, the analysis becomes tedious
because correlations between the statistics have to appear in the information
matrix (e.g. Cooke et al., 1962).

The data summary we choose depends on how much information we are
prepared to lose in particular instances. We can often afford to lose the
information contained in the unsummarised data except where the un-
balanced nature of the study precludes any coherent data summary.
However, the use of correlations seems pointless since the computations
are not easier than with variances and covariances and more information is
lost. The distributional properties of the statistics are, if anything, worse
and also we may actually delude ourselves into believing that the world is
simpler than it really is. We realise that there is no perfect data summary
combining ease of analysis whilst retaining all the information we might
need, but it is important to recognise that critical information might be lost
if the causes of variation are not simple.

2. THE STUDY OF TwINs

The classical twin method rests on the comparison of the degree of
similarity of identical (monozygotic or MZ) twin pairs and non-identical
(dizygotic or DZ) pairs. Similarity may be assessed by concordance between
the members of a pair for the case of discontinuous variables, or by the intra-
class correlation coefficient for continuous variables. In the first instance,
any excess similarity of MZ over DZ twins is usually taken to indicate the
presence of genetical factors producing variation in the trait concerned,
although in the majority of studies the twins are reared together, making it
impossible to discriminate between certain genetical and environmental
components of variation between pairs. In order to overcome this problem,
several investigators (e.g. Vandenberg, 1966) have used comparisons of the
intra-pair variances for the two twin types, thereby estimating only the
contributions of genetical differences segregating within families and environ-
mental effects not shared by both members of a pair. This approach makes
no attempt to consider the causes of variation in the population as a whole,
thus sidestepping the problem of the sources of variation between families,
wherein lie most of the genetical and environmental effects of greatest
interest. At best, it can only suggeFt that genetical factors may be a signi-
ficant source of variation within families. It makes no provision for pre-
dicting findings for other types of relative.

Other attempts to estimate the proportion of variation due to genetical
factors, have led to the proliferation of formulae using various combinations
of twin variances and correlations. The diversity of estimators of genetic
variance from twin data is apparent in Christian et al. (1974). Jinks and
Fulker (1970), in their critical review of the key suggestions for estimating
heritability, showed that most estimates from twin studies are limited in
their predictive validity and make no attempt to test the assumptions
implicit in their formulation and application. They provided a detailed
consideration of the difficulties associated with conventional approaches to
the analysis of the classical twin study.
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However, it is now so generally recognised as to be trivial, that the
similarity of identical twins is significantly greater than that of fraternal
twins for a wide range of behavioural traits, including measures of cognitive
ability, attainments, personality, social attitudes, preferences, habits and
various disorders, i.e. the entire spectrum of behavioural differences. A
recent abstract of the twin literature (Breland, 1978) establishes, almost
beyond doubt, the generality of this finding, even allowing for the possible
under-reporting of non-significant results. Therefore, if we subscribe to the
basic assumption of the twin method, that such differences in similarity
indicate the presence of genetical variation, few could doubt the generality
of genetical factors in determining human behavioural differences.

However, the twin method would be a limited tool, which should give
way to better designs, if it could yield only this information. We would
like to explore the mechanisms of gene action and environmental effects in
greater detail. Whilst the twin study is not the ideal for investigating gene
action (Eaves, 1972; Martin etal., 1978), it can provide a unique opportunity
to elucidate certain relationships between the action of genetic and environ-
mental factors. In the remainder of this section, we consider the range of
hypotheses which can be tested using twin data, and indeed, in some cases
we will find that twins provide an efficient design for initial investigation
of sex interactions of gene expression or of the environmental effect of one
sibling upon another. However, first we will briefly consider several criticisms
of the twin method.

(i) Problems of the twin method

Criticisms concerning methods of analysis have been mentioned and
the main part of this section is devoted to the illustration of possible models
for twin data and methods for testing the assumptions on which they are
based. Other sources of criticism command sufficient empirical substance
to demand that findings from the twin study are tested by predictions made
for other types of relationship. These concern specific features of twin data,
such as the unusual pre-natal and post-natal environmental influences on
twins which may make twins atypical of the population as a whole. Sources
of bias are potentially many and include the unusual circumstances of twin
pregnancy, birth and development, the possibility that the environments
of MZ twins may be more alike than those of DZ twins and the possibly
false assumptions that there are only two types of twin—MZ and DZ.
Other authors (e.g. Price, 1950; Kempthorne and Osborne, 1961; Lilienfeld,
1961; Koch, 1964; Allen, 1965; Breland, 1973; Matheny et al., 1976;
Plomin et al., 1976; Lytton, 1977) have reviewed such problems at great
length, making any further review of the established literature a formality.

However, since the twin method depends on comparisons of MZ and
DZ twin correlations, it is pertinent to make several comments on the
diagnosis of zygosity. It is widely accepted that zygosity can be diagnosed
by blood-typing with great reliability, given that an adequate range of
blood anti-sera are employed (e.g. Allen, 1968; Wilson, 1970). However,
such assessments are expensive and impracticable on a large scale necessitating
the use of cheaper alternatives, especially for use in studies where question-
naires are the main measuring instrument. Questionnaires concerning the
childhood similarity of twins have been shown to yield zygosity diagnoses
which compare very favourably with the result based on blood-typing
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(Cederlöf et at., 1961; Kasriel and Eaves, 1976), although the results of
Smith (1965) and Scarr (1968) suggest that care in the formulation of
zygosity questionniares is important. In general, some kind of zygosity
diagnosis is a prerequisite for the genetic analysis of populations, although
several studies have attempted to avoid zygosity diagnosis by comparing
the similarity of like- and unlike-sex twin pairs. This method not only
assumes that unlike-sex pairs give a generally valid estimate of the genetically
determined similarity between siblings (i.e. that there is no sex linkage or
sex limitation but, even f the assumptions underl)ing the method are not violated,
requires samples at least three times as large as those needed when zygosity
is known exactly, in order to provide equally powerful inferences (Eaves and
Jinks, 1972).

Most twin studies attempt zygosity diagnosis, and several large studies
are now in progress which use the questionnaire method (e.g. Cederlöfet at.,
1977). These would be much more difficult if blood samples were required
for the more conventional method of zygosity determination. Conventionally,
errors of diagnosis are presumed to reduce the apparent genetical variation,
since misclassification is supposed to be reciprocal: some MZ twins being
mistaken for DZ and vice versa (e.g. Eysenck, 1952, 1973; Scarr, 1968).
However, another equally plausible model of misclassification suggests that
the apparent heritable component might be increased by classifying the most
similar DZ twins as MZ and the most discordant MZ twins as DZ. The
only solution is to take steps to minimise misclassification.

(ii) The use of twins in tests of scale

Twins provide the best experimental design for some purposes. The
detection of genotype-environment (G x E) interaction usually requires the
replication of genotypes either in the same or in different environments.
Thus, identical twins form a natural experiment for studying some kinds
of G x E. More generally they also enable us to look at the properties of the
scale of measurement.

These and other related problems were discussed by Eaves et al. (1977)
who distinguished between "systematic" and " unsystematic" sources of
non-additivity. Systematic non-additive effects included genetical non-
additivity (e.g. directional dominance, in which the non-additive effects of
loci operate to enhance the expression of the trait in a uniform direction,
as might be expected for a trait showing a linear relationship with reproduc-
tive fitness) and genotype environmental-interactions, in which sensitivity
to environmental factors is related in a systematic way to the average per-
formance of the genotypes in a range of environments. Although both types
of directional non-additivity can result in skewness in the distribution of
phenotypes in a population, their effects may, under some circumstances,
be separable with twin data.

Jinks and Fulker (1970) suggested that systematic genotype-environment
interactions might be detected by investigating the form of any relationship
between the mean scores of monozygotic twin pairs and either the within-
pair standard deviations (i.e. the absolute intra-pair differences) or the
variances. Ideally, the relationship should be examined with twins reared
apart to prevent the confounding of genotype-environment interactions
with interactions between environmental differences within pairs and the



256 L. J. EAVES, K. A. LAST, P. A. YOUNG, N. G. MARTIN

family environment but, since such pairs are rare, we usually have to be
satisfied with tests based on twins reared together.

Since the variation within pairs also reflects errors of measurement, an
examination of the mean-standard deviation relationship for MZ twins is
of psychometric interest because significant trends may indicate the points
on a chosen scale of measurement where discrimination is most or least
effective. Very few raw scales of psychological measurement are free of
some kind of systematic non-additivity. This may be attributable to the
inability of the test to discriminate effectively between individuals at certain
points on the scale, often at the extremes.

Many standard personality tests, tests of cognitive ability and virtually
every type of questionnaire measurement, yield scales which, in their raw
form at least, display heteroscedasticity which could lead the therapist or
the behaviour geneticist to conclude that environmental factors are much
more important at some points of the scale than at others. The neuroticism
scale of the Eysenck Personality Questionnaire, for example, reveals sub-
stantial " ceiling" and " floor" effects because the collection of binary
items does not discriminate as effectively in the tails of the distribution as
in its centre. In this example of a common finding, environmental variation
is apparently much more marked in the mid-point of the scale than in the
tails. To dismiss such interactions as "scalar" is to avoid a crucial issue.
If the scales are used for prediction, predictions must take account of the
fact that individuals at the mid-point of the scale are going to be more labile
than individuals in the extreme groups. It does not mean that their be-
haviour is necessarily going to be more amenable to manipulation because
it may well be that the greater variability observed in the middle of the
scale is simply a function of the greater opportunity for random fluctuations
in behaviour. Indeed, in many instances this appears to be the case because
employing a transformation, which assumes that the relationship depends
upon a fundamental property of measurement error, removes the genotype..
environmental interaction for behavioural measurements of this type. For
example, in the case of the neuroticism scale, transforming the scores to
angles yields a scale on which the intra-pair standard deviations are virtually
independent of the pair means. This can be explained if the scale consists
of items of approximately equal difficulty and a subject with a given degree
of neuroticism distributes his responses independently with a probability
dependent on his neuroticism score over the available items of the scale.
Thus, the pattern of non-additivity observed for such traits is inherent in
the design of the questionnaire.

Since this genotype-environmental interaction can be removed by
transformations which consider only the form of the random component of
variation, we have little evidence so far to support the general conclusion
that sensitivity to environmental experiences is a simple systematic function
of the mean expression of the genotype. However, this sort of analysis does
reveal very simply some of the more obvious problems associated with the
use of scales in counselling and prediction.

Unsystematic interactions between genetic and environmental factors
are less tractable unless we can measure relevant environmental factors.
Jinks and Fulker have shown that any interactions of genotype and within-
family environmental differences, without the systematic component
described above, are inevitably confounded with the environmental variation
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within families. If analysis is restricted to twins reared together, the inter-
action between genetical effects and differences in the family environment
will be inseparable from the main effects of genes and the family environ-
ment. These effects can be resolved partly by the provision of suitable
adoption data (see Eaves et at., 1977), but even then, the power of the tests
for the resolution of unsystematic genotype-environmental interactions from
the main effects of genes and environment is likely to be small. However,
it is possible to compute the biases inherent in the estimates of other para-
meters (Jinks and Fulker, 1970; Eaves et at., 1977) and to show that the
estimates obtained are not as seriously in error as has been claimed (Layzer,
1974; Feldman and Leworitin, 1975). Theoretical work on genotype-
environmental interaction shows that errors of inference can be quantified
so that the effects of G xE on the analysis of differences should no longer be
a matter for uninformed speculation.

(iii) Testing basic assumptions: the simple model

We now consider the use of twins in a systematic analysis of variation
in human behaviour. However, we do not regard the twin study as an end
in itself, but as a valuable link in a chain of inferences about the causes of
variation. Twin data may enhance the generality of a theory, if they are
consistent with a simple model of variation, and predict quite well the results
for other kinds of relationships, or they may serve to falsify an unduly simple
hypothesis by showing revealing and detectable departures from expectations
obtained from the study of other relationships.

If all variation in a trait is due to the effects of chance, accidents of
development and individual experience, there will be no significant differ-
ences between pairs. Such traits would be dismissed as inherently unreliable
and uninteresting to the student of the cultural environment and quantitative
inheritance. However, if there are significant differences between twin pairs,
there remain several competing theories about the origin of the observed
differences. Twin data present only limited possibilities for discriminating
between such alternatives, but nevertheless allow us to distinguish traits
which show a substantial effect of the family environment from those which
show little, those where the effects of genes and environment are consistent
across sexes from those with marked sex interaction, and those where indi-
viduals remain unaffected by their siblings from those in which the affects
of competition and co-operation are substantial.

We consider firstly, a simple example of a trait which may have some
clinical and social importance. Eysenck (1952) argues that a Continuous
scale of variation in personality underlies many behavioural disorders which
are diagnosed qualitatively. Thus, neurotic and psychotic disorders are
extreme manifestations of continuous distributions of the traits " neuroti-
cism" and "psychoticism" in the population. This grossly oversimplifies
Eysenck's theory and ignores various criticisms, but introduces the idea that
continuous normal variation may underlie abnormal behaviour, recorded
qualitatively. Eysenck's school have developed personality measurements
for use in diagnosis and research. The most recent, the Eysenck Personality
Questionnaire, has been developed in an adult (EPQ) and juvenile form
(JEPQ) (Eysenck and Eysenck, 1975). Both yield scores on the three
principal dimensions of Eysenck's personality theory, Psychoticism (P),
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Extraversion (E) and Neuroticism (JV). A fourth scale is included, the
so-called "Lie" scale, which reflects either actual behavioural honesty,
or the subject's wish to present a socially desirable face to the tester.

Psychoticism is, perhaps, the most controversial of the three personality
scales, but many studies corroborate the view that high psychoticism scores
are more frequently associated with less "socially desirable" attitudes and
behaviour and less apparent regard for the feelings of others. A recent
twin study in the London area, yielded EPQ responses for a large number
of twin volunteers. The study is open to the usual criticisms of sampling
bias. There is an excess of females in the sample, probably because volun-
teers were ascertained through appeals in the press, and magazines and on
radio. Psychoticism scores were derived from the raw responses. There

TABLE I

Analyses of variance for psychoticisni scores of twins

Degrees of Mean
Twin type Item freedom square
MZ1 Between pairs 231 0033

Within pairs 233 0•014
MZm Between pairs 68 0046

Within pairs 70 0014
DZ1 Between pairs 123 0039

Within pairs 125 0019
DZm Between pairs 45 0029

Within pairs 47 0.019
DZm1 Between pairs 66 0035

Within pairs 67 0022

are relatively few people who will admit to the lack of feelings, implied by
such items as "Would it upset you to see a child or animal suffer? ", so
that the mean psychoticism scores, based on 25 similar items, are very low,
although they are somewhat higher for males than females.

Eaves and Eysenck (1977) showed that such scales yield raw scores for
which the absolute intra-pair differences (a measure of the effect of environ-
mental differences) are linearly related to the pair mean, suggesting that the
environment is far more important for those genotypes who display a high
psychotic predisposition than for those who are more "normal". A square
root transformation removed most of this non-additivity, suggesting that the
interaction is a feature of the random error component rather than of the
interaction of external environmental factors with genetical differences. A
subject of" low psychotic predisposition "has a small probability of respond-
ing to any item, so the error variance of his total score is small, compared
with the "more psychotic" person who distributes his responses at random
over the available psychoticism items with a greater probability of endorse-
ment.

The mean squares for the five types of twin in our sample are given
in table I. The sample consisted of adult twins with ages from 18 to 84
years. A correction was made for a general linear trend of decreasing
psychoticism with age, by extracting the contribution of the regression
sum of squares on age from the between-pairs sums of squares. Thus,
for N pairs there are N— 2 degrees of freedom between pairs rather than
N-l.
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A preliminary examination of the mean squares for psychoticism shows
that certain hypotheses are untenable. The significant differences between
twin pairs lead us to reject the suggestion that variation in psychoticism
is produced solely by errors of measurement or differences in individuals'
specific experiences. Furthermore, the fact that the within-pair differences
for DZ twins are uniformly greater than those for MZ twins is consistent
with a hypothesis involving genetical segregation.

In table 2, we give the coefficients of the parameters of a simple linear
genotype-environmental model for the observed mean squares. The model

TAnLE 2

Expectations for twin mean squares for a simple model

Expected mean square

Twin type Mean square DR E1

MZ1 Between pairs 1 1

Within pairs . 1

MZm Between pairs 1 1

Within pairs . 1

DZ, Between pairs
Within pairs 1

DZm Between pairs
Within pairs 1 1

DZm1 Between pairs 1

Within pairs 1

assumes that mating is random, that gene action is additive, that there are
no sex interaction effects, that there are no family environmental effects
and that the within-family environmental effects are comparable for all
types of twin in the study. The model predicts that the total variances for
the different twin groups will be the same and that the covariance of DZ
twins will be half that of MZ twins.

The predictions are embodied in the coefficients of the within-family
environmental component (E1) and the additive genetical component
(DR) in the model. In terms of the components of variance (rather than mean
squares) we may write:

2 _inabMZ —

2
eJWMZ —

=

= 1D + E1
To obtain the coefficients of the parameters in the mean squares, we

recognise that the mean square between twin pairs is equal to a,, +2 ag.
So, for DZ twins the mean square between twin pairs is:

MSbDZ = *DR+El
Having formulated this, or a similar model, we require estimates of

the parameters and a test of the assumptions where possible. The method
of weighted least squares is practicable (for individual variables at least)
even with a desk calculator. Rather than settle on estimates based on the
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most obvious combinations of statistics the method yields that combination
of the observed mean squares which, whilst giving unbiased estimates of
the paremeters, makes the greatest possible use of the information from all
the statistics in the data summary. Thus, the estimates have the minimum
possible variance and the approach provides the most powerful tests of the
parameters of the model. Furthermore, the method offers automatic
compensation for the different degrees of precision with which the observed
statistics are known, because mean squares based on fewer degrees of freedom
play a proportionately smaller role in the determination of the final solution.
The method of weighted least squares is identical to that of regression
analysis except that the coefficients of the model are the "predictors" in
the regression equation and the observed mean squares are the" criterion ".
In addition, each observation receives a weight which is the reciprocal of
its variance. Writing x for the ith mean square, we have the corresponding
weight, w1 = J\I/2(Ex)2, where Jv are the d.f. for the ith mean square.

Since the expected mean squares are unknown until the estimates of
the parameters have been obtained, an iterative procedure has to be adopted
in which the observed mean squares are employed initially to generate
weights. When the estimates using these weights are obtained, they are
used to provide expected mean squares which can then be substituted in
the above formula to generate new weights. The procedure is repeated,
using each new set of estimates to generate new weights, until the successive
parameter estimates agree to a satisfactory convergence criterion.

Employing the iterative WLS approach outlines above the estimates of
the parameters are:

OR = 00246±O0028

E1 = 0•Ol39±000I0

The standard errors are obtained as the square roots of the diagonal elements
of the covariance matrix of the estimates and are appropriate when the
model fits. Given that the original scores were normally distributed, the
method of WLS gives the maximum likelihood estimates of the parameters.
Perhaps the simplest way to test the model is to compute the weighted sum
of squared deviations of the expected mean squares from their observed
values. This statistic is distributed approximately as chi-square for 8 d.f.,
there being 10 mean squares from which two parameters are being estimated.
Alternatively, following Nelder and Wedderburn (1972), we may compute
the log likelihood ratio for comparing the two-parameter model with an
alternative which assigns a separate parameter to every mean square (i.e.
which equates each expected mean square to its observed value). Twice
the log likelihood ratio is again distributed approximately as chi-square
with 8 degrees of freedom. The weighted sum of squared residuals and
twice the logarithm of the likelihood ratio are similar (7.19 and 704 respec-
tively), showing close agreement between the two methods of assessing the
adequacy of the two-parameter model, as is usually the case when the
model fits. Since the chi-square is close to its expected value, the 10 mean
squares can be summarised economically in terms of the two-parameter
model and no further hypotheses are necessitated by the data. The con-
clusion from this twin analysis of psychoticism is very strong and, therefore,
valuable in making predictions beyond twin data, although the possibility
of mistaken inference always remains because factors present in the popula-
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tion may go undetected by chance, or because the size of study may be
insufficient. From these data, however, we would infer that variation in
psychoticism, as measured by the P scale of the EPQ, is consistent with a
mechanism of additive gene action with the distribution of the alleles
unaffected by assortative mating. There is little reason to suppose that the
family environment contributes significantly to variation in psychoticism,
because then our simple model would have failed to represent all the data
satisfactorily. Eaves and Eysenck (1977) discuss the implications of this
finding in far greater detail for behavioural research and therapy. At their
face value, the parameter estimates imply that 47 per cent of the variation
in psychoticism is attributable to additive genetic effects, the balance being
due to environmental differences within families. The key to the kinds of
environmental factors involved does not lie in the treatments shared by
members of a twin pair, because these would contribute to twin covariance,
but in the individual's unique environmental experiences and the accidents
of his own development. A similar conclusion is reached for other dimensions
of personality in Loehlin and Nichol's analysis of data from the National
Merit Twin Study (1976). One of the surprises of much twin reserach,
certainly in the domain of personality, is that the family environment does
not appear to contribute significantly to twin similarity.

For psychoticism, over half of the total variation reflects individual
environmental experiences. However, not all such influences are open to
manipulation. In particular, part of the variation contributing to E1 in
the above model is due to errors of measurement. For many psychological
tests, we can assess the contribution of errors of measurement to test variation,
either experimentally by repeated measurements (on different occasions or
by dividing the test material into two or more equivalent parts) or theor-
etically from the known properties of the scale of measurement. Psychoticism
shows a linear relationship between the intra-pair variance and the proportion
of "psychotic" responses, suggesting a measurement which may conform
closely to the properties of the Poisson distribution (individual psychotic
responses being distributed randomly with low probability). Employing
this model of psychotic responses, Eaves and Eysenck (1977) estimated that
the theoretical error variance applicable to the transformed P scores was
00ll. This is hardly smaller than the estimate of the within-family environ-
mental component of variance and implies that differences in the psychoticism
scores of identical twins are no greater than the differences which would
be found between the scores of the same individual measured on different
occasions. Similarly, it is frequently reported (e.g. Husén, 1960) that the
IQ correlations of MZ twins are comparable with the test-retest correlations,
suggesting that much apparent environmental variation in IQ within
families is due to the inherent imprecision of the test instrument rather than
actual treatment differences. Such a model for psychoticism suggests that
psychologists would be wasting their time dissecting the environment of
psychotics to discern the causes of their disorder. In so far as parents
influence the development of psychoticism in their children, it appears that
such influence is largely hereditary.

The finding that a large proportion of environmental variation is without
apparent measurable cause is not general for behavioural traits. Estimates
of theoretical error for other scales of the EPQ, especially extraversion and
neuroticism, are substantially less than the observed variation within MZ
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twin pairs suggesting that, in principle, upwards of 30 per cent of the
variation attributed to E1 could be assigned ultimately to detectable
individual experiences.

(iv) Sex interactions

Most analyses of twin data assume that a score on a given test reflects
the same underlying causes in both sexes. However, if we tried to determine
the mode of inheritance of chest girth in man, we would be surprised if
the same genetical mechanism were responsible for variation in the trait
in males and females. There have been few systematic studies of the
phenomenon of sex dependence of gene expression in human quantitative
inheritance, although several authors (e.g. Loehlin and Nichols, 1976)
report separate heritability estimates for the sexes. Several studies (e.g.
Stafford, 1961; Bock and Kolakowski, 1973) have suggested that mean
differences in performance on spatial visualisation tests might be determined
by sex-linked loci, because father-son correlations for these tests have
generally been near zero whilst other types of parent-offspring correlation
have not. Unfortunately, the sample sizes involved in such investigations
have been small and at least one recent study on a much larger sample
does not replicate the earlier finding (Defries et al., 1976).

There is little hope that twin data, by themselves, will resolve all the
nuances of mechanisms of determination which depend on sex, of which
classical sex-linkage is but one possibility. However, a properly designed
and analysed twin study may indicate the existence of sex interactions. The
key to the detection of such interactions lies with the unlike-sex twin pairs
which should be comparable in their similarity with DZ twins of like sex
if a similar mechanism is accounting for the variation in the trait in males
and females. Many twin studies in the past have deliberately excluded
unlike-sex twins, presumably out of a mistaken belief that concentrating on
like-sex pairs " controls " for the effect of sex. In reality, exactly the
reverse is true. Omission of unlike-sex pairs removes the most important tool
for the early identification of sex-dependent mechanisms of determination.

As an example we will consider responses to a questionnaire dealing
with risk-taking behaviour. The items contributing to the scale include
such questions as "Would you prefer a job involving change, travel and
variety even though it might be insecure?" and "Would you enjoy para-
chute jumping? ". The mean squares are given in table 3.

TABLE 3

Analyses of variance for risk taking scores of tWins

Degrees of Mean
Twin type Item freedom square

MZf Between pairs 231 0125
Within pairs 233 0060

MZm Between pairs 81 0082
Within pairs 83 0038

DZf Between pairs 142 0101
Within pairs 144 0098

DZm Between pairs 50 0071
Within pairs 52 0068

DZm1 Between pairs 73 0075
Within pairs 74 0074
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After correcting for the linear trend of risk-taking scores with age and
extracting the mean sex difference from the intra-pair difference of male-
female twin pairs, the mean squares show substantial sex differences, males
being less variable than females. The simple E1 DR model described above
is inadequate for these data since the residual chi-square testing the goodness
of fit is 2341 for 8 d.f. (P <0.003). But when the model is modified, as in
table 4, to allow for the greater environmental sensitivity of females coupled
with sex differences in the effects of loci on the trait, then the improvement
is significant. Separate E1 components are fitted to males and females
(Eim and E11) and separate DR components are also specified (DRm and DRI)
The additive genetical components are defined as usual (Mather and Jinks,
1971) except that the effect of each locus is defined separately for males and

TABLE 4

Expectations of mean squares for twin pairs when gene expression and within-family environmental
effect depend on sex

Expected mean square

Twin type Mean square
r

Dm DRI DRmf Ejm E,1
MZ1 Between pairs . 1 . .

Within pairs . . . . 1

MZm Between pairs I . . 1

Within pairs . . . 1

DZ1 Between pairs . . . 1

Within pairs . . . 1

DZm Between pairs . .
Within pairs . . 1

DZ,,f Between pairs I I I I I
Within pairs —I I I

females. A third genetic parameter, Dmi represents the cross-products of
the additive genetic effects of the same loci in males and females. If the
only difference in gene effects between the sexes is scalar, then the proportion
of loci which contribute to variation in both males and females (given by
r = DRmIIIDRI . should be unity. If there is no net consistency
between the effects of the loci in males and females, the correlation will be
zero, which amounts to saying either that entirely different loci are respon-
sible for variation in males and females, or that many of the loci which
increase expression of the trait in females decrease expression of the same
trait in males and vice versa. A similar argument may be used for other
types of genetical variation, such as dominance, and for environmental
factors such as those of the family environment. Once the parameters of
the model are defined appropriately, the model can be extended to represent
the variances and covariances of virtually any other type of human relation-
ship. The addition of three parameters to the model yields a chi-square
of 793 for 5 d.f. (P0.l6), representing a change of 1548 for 3 d.f.
(0.001 <P<O-0l), over that obtained for the two parameter model.

The WLS parameter estimates are:

Eim = 0042±0•006

E1, = 0.064±0.005

0043±0013
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DR, = 006l

0002±0•037

All but 1)Rm,are significant at the 000l level. The correlation (r = 0.038)
is close to zero, implying that a completely different mechanism is producing
variation in males and females. These results are unfortunately not com-
pelling because the raw intra-class correlations for like-sex DZ twins are
also very low. Most of the information about DRm/ comes from a comparison
of the two mean squares for DZm1 pairs. On the other hand, the bulk of
the information about DRm and DRI comes from comparing the mean
squares of MZ twins, with the contribution of DZ twins being substantially
smaller, so that the sources of information about the covariance parameter
are not strictly comparable. Thus, although the data are consistent with a
model which assumes that different genes contribute to male and female
variation, the data do not provide a particularly powerful basis for rejecting
alternative explanations.

(v) Testing assumptions about the environment

Many models for twin differences assume that environmental factors
are simple. In both the examples above we assumed that the environmental
variation was due to differences in the unique environmental experiences
of individuals which were neither shared with, nor dependent on, other
members of the family. Furthermore, we specified an equal environmental
correlation (zero) for MZ and DZ twins and assumed that the environmental
variance is equal in both types of twin. The weight of many published
criticisms of the twin method is often placed upon the presumed inadequacy
of such assumptions (e.g. Goldberger, l977c), although it is often difficult
to discern the precise alternative model that critics envisage. The most
serious criticism of twin methodology arises from the hypothetical situation
in which the variance of environmental factors is constant between MZ and
DZ twins but in which the correlation between the environments of DZ twins
is less than that for MZ twins. Under such circumstances the phenotypic
variances and covariances simulate those obtained under conditions of
genetic control. Such environmental factors would tend to reduce the power
of the twin study, but do not necessarily invalidate it.

Generally, factors such as assortative mating and family environmental
effects, which tend to increase the similarity of MZ and DZ correlations,
are more easily detected than non-additive effects and environmental effects
which tend to reduce the relative correlation of DZ twins. Certain com-
binations of these effects may result in the acceptance of a model which is
too simple (see Martin et al., 1978) or produce biased parameter estimates
if the power of the test of the model is too low to detect their presence. In
many instances, however, we can say whether the assumptions of a simple
model are violated using twin data, although it may be more difficult to
determine the precise cause of the failure.

Many critical reviewers fail to make any precise commitment to a
quantitative or causal model for environmental effects. In the case of the
postulated excess similarity in the environments of MZ twins, for example,
we require a mechanism which ensures the same variance of environments but
achieves a different environmental covariarice for the two groups of twins.
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A possible mechanism involves genotype-environmental covariance of
the first type described by Eaves et al. (1977), in which twins are treated
by others on the basis of their genotype or in which twins themselves select
their environment on the basis of their genotype. Such environmental
effects will inevitably be correlated with, and generally confounded with,
estimates of genetical parameters (Jinks and Fulker, 1970). An alternative
mechanism specifies that a mother selects the environment of her twin
offspring by sampling from the same population of environmental effects
as any other mother, including the mother of DZ twins, but applies the
same environmental treatment to both MZ twins because they are identical.
Scarr (1968) showed for a small sample that the similarity of twin environ-
ments did not depend on parental beliefs about the zygosity of their twins.
However, a parent's behaviour, though not conditioned by belief, may still
be affected by observation. Mothers observing the similarity of their twins
might be tempted to treat them similarly. Such effects cannot be resolved
finally by model-fitting to single variables, although the adequacy of a
simple model may leave little reason to suspect their importance, provided
that the sample is large enough. Proof that such factors are important lies
in studies of the consequences of measured environmental treatment differ-
ences for intra-pair variation in MZ twins. The issue may never be finally
resolved because advocates of an environmental theory can always claim
that the "right" environment has still to be measured, and supporters of
a partly genetical interpretation can take the view that a particular environ-
ment is a secondary consequence of (inherited?) developmental differences
between the twins concerned. If there is any way of resolving the issue it is
likely to come through a detailed analysis of the similarities and differences
of twins for carefully chosen " treatment "differences along the lines followed
by Lytton (1977), using a larger sample. In a detailed ethological study
of twins and singleton male infants, Lytton distinguished operationally
between treatments which were " parent-initiated

" and those which were
parental responses to behaviour in offspring. The former actions were
those which were not preceded by any action on the part of the children;
the latter were those which were immediately preceded by action by the
twins. The basic finding was that MZ and DZ twins were equally alike
for " parent-initiated" actions. That is, when the parent was not responding
to actions of the twins she did not discriminate between twins on the basis
of the actual genetical differences between them. However, when the
mother was responding to the behaviour of the twins, her behaviour towards
MZ twins was more alike than that towards DZ twins. Thus, there is
evidence that parents may treat their offspring on the basis of genetical
differences between them, but that this may be confined to responses to
actual behavioural differences rather than to any general tendency to treat
MZ twins more alike simply because they are alike.

(vi) Are there cultural effects?

It has long been recognised (Cattell, l960;Jinks and Fulker, 1970) that
there might be environmental differences between families which might
covary with genetical differences. Recently, environmental models have
been made more parsimonious. Cavalli-Szforza and Feldman (1973)
provided a basic framework for the consideration of cultural transmission

41/3—B
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by representing the degree of transmission of information from parent to
offspring in terms of a regression of offspring environment on parental
phenotype. Subsequently, Eaves (1976b) used this approach for the case
of polygenic inheritance in randomly mating populations, specifying both
the contribution of between-family environmental differences and the
covariance of genotype and environment. He showed that whilst non-
additive genetical effects would be reflected in the magnitude of the between-
family environmental component, the genotype-environmental covariance
would reflect only the additive effects of gene loci, since only additive effects
normally contribute to the genetical similarity of parent and offspring.
Falconer (1964) offered a similar model for maternal effects which antedates
those of both Cavalli-Szforza and Feldman, and Eaves. Other major

TABLE 5

Analyses of variance of conservatism scores of twins from three studies of social attitudes

Hewitt Martin Laot
______________ A- ATh r r

Twin type Item d.f. M.S. df. M.S. d.f. M.S.

MZ1 Between pairs 323 836 93 338 231 113
Within pain 324 191 95 62 233 025

MZm Between pain 119 1036 37 357 81 114
Within pairs 120 153 39 49 83 030

DZ1 Between pain 193 951 52 365 145 122
Within pairs 194 289 54 101 147 039

DZm Between pain 58 982 15 272 50 125
Within pain 59 318 17 82 52 045

DZmf Between pairs 127 1007 39 351 70 128
Within pairs 127 323 41 129 72 049

contributions in this area have been made by the path analysis school,
who, whilst eschewing the precise specification of non-additive effects, have
shown how cultural effects can be specified empirically using a regression
approach (Rao, Morton and Yce, 1976). All these authors agree about
the importance of adoption data for the resolution of genetic and cultural
inheritance, although they may differ in their view of the practical feasibility
of the enterprise and about the precise technicalities of the data analysis.
Cavalli-Szforza and Feldman (1973) have been largely concerned with
different mechanisms of cultural inheritance. The emphasis of the Birming-
ham and Hawaii schools has been on devising models which, whilst not
representing all the conceivable subtleties of the action and interaction of
genes and environment, do represent their broad features in a form applicable
to real data. Unfortunately, real data of adequate structure and magnitude
are scarce. The family environment and the covariance of genetical and
environmental factors between families cannot be resolved with twin data
alone, though their joint effects may be detected and we can decide whether
particular bodies of data display any characteristics of cultural inheritance.

In table 5, we present mean squares from three studies of the social
attitudes dimension " conservatism ", measured by three different scales.
The twins are all volunteers from the Institute of Psychiatry Twin Register,
and there is some overlap between the twins participating in the three
studies—certain twins have completed all three questionnaires, and some
only one. The data analysed by Martin and Eysenck (1976) are anonymous
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so we cannot correlate the replies across occasions for these twins. The
twins in the studies summarised by Hewitt (1974) and Last (1978) are
uniquely identified and can be used in an analysis of repeated measurements.
These three studies are remarkably consistent, even though the questionnaires
given were quite different in format. The three " conservatism " scales
represent the first major factor which emerges from virtually any study of
social attitudes. This dimension discriminates between subjects who adopt
more ' traditional ' and ' conservative ' views on social, political, religious
and moral values and those who hold less traditional, more radical values.
The scale, called " conservatism" by Eysenck (1951), correlates with voting
behaviour. Hewitt et al. (1977) showed that the original factor structure
postulated by Eysenck is appropriate for contemporary samples using the

TABLE 6

Expectations for twin mean squares when there are cultural differences between families

Expected mean square

Twin type Mean square E1 DR B

MZ1 Between pairs 1 1 2
Within pairs 1

MZm Between pairs 1 1 2
Within pairs 1

DZf Between pairs I * 2
Within pairs 1

DZm Between pairs 1 1 2
Within pairs I I

DZm1 Between pairs 1 1 2
Within pairs 1

original questionnaire. The mean squares superficially resemble those
reported for psychoticism. However, the simple E1 DR model used in the
analysis of psychoticism does not adequately explain variation in all three
data sets (x = 234, 77 and l43 respectively, corresponding to probabilities
of 0003, 0463, 0.074). The small sample size in Martin's study does not
permit detection of departures from this simple model, but its failure becomes
apparent as the sample size (and power of the test) increases in the two larger
studies. If we speculate that social attitudes are influenced by peers and
parental behaviour, it is not surprising that the model, which assumes these
effects are unimportant, is unsatisfactory.

An alternative model (Eaves, 1977) is given in table 6. A parameter, B,
has been added to the expectation for between-families variance, to provide
for the effects of the twins' shared environment. The following effects
are confounded irs B: 1, between-families environmental differences; 2, their
covariance with genetical differences between families; 3, their interaction
with genetical differences between families; 4, additional additive genetical
variation due to assortative mating. We cannot, therefore, attribute a
significant to any specific effect. However, the demonstration that the
mechanism may not be simple is important for the development of a theory
of cultural variation. Genetical non-additivity will lead to underestimation
of B, because dominance and epistatic effects tend to inflate the relative
contribution of genetical effects within families. However, if B proves to
be significant, some combination of the effects enumerated could be producing
variation in conservatism.
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In all three studies (see table 7), the addition of B substantially improves
the fit of the model and gives significant estimates. This suggests that some
mechanism other than simple additive gene action is responsible for variation
between families. The mechanism could be cultural transmission of attitudes
from parents to offspring or the influence of peers shared by twins of a pair.
We must also consider the possibility of a purely genetical basis to the
additional variation as a result of linkage disequilibrium caused by assortative
mating. There is certainly detectable covariation between spouses for
conservatism, estimates of the correlation between spouses ranging from
about 04 to 06 (Insel, 1974; Last, 1978). Using these values in conjunction
with the estimated contribution from additive genetical effects provides
some limits to the contribution of the genetical consequences of assortative
mating to B. Assuming that the phenotypic correlation between spouses

TABLE 7

Summary of sources of variation in conservatism in three twin studies, including estimated contribution
of assortative mating (VAar) and family environment (E,) for two marital correlations (js)

Contribution (%)
-A-

Contribution (%) Test of model / = 04 = 06
A ________ .. ,.,

Study E, fb,s B x5 P% VAM E5 VAM E5
Hewitt 314 401 288 10'08 18 101 188 272 16
Martin 274 443 284 326 78 132 151 28.4* 0
Last 351 376 273 &20 52 85 188 198 75

* Maximum possible value, corresponds to = 054.

is primary and that the genetical correlation (A) is secondary, we have,
following Fisher (1918): A = 1th. Appended to table 7, are estimates
of the contribution of assortative mating to B for the two extreme values
of the marital correlation. The limits of this contribution are wide, but
suggest that about half of the additional variance between families which
cannot be ascribed to additive genetical effects is probably due to assortative
mating. These data provide no test of this aspect of the model. They are
introduced to illustrate the fact that a simple explanation can fail to predict
the similarities and differences of twins and lead to more detailed and
informed speculation about the likely mechanism of variation. Eventually,
conclusions based on the twin study must be examined against the back-
ground of other types of relationships.

(vii) Compelition, co-operation and the genetic environment

The emerging discipline of sociobiology (E. 0. Wilson, 1975; Dawkins,
1976) has accumulated much criticism for its attempt to relate aspects of
social organisation to the evolutionary process. The chief postulate of
sociobiology is that individuals influence other individuals, and if such
influence has a genetic basis it may lead to evolutionary change. The
mathematical basis of sociobiology is provided by the theory of kin selection
(e.g. Hamilton, l964a, b; Maynard Smith, 1964) which recognises that
alleles may have effects, through social interaction, on the phenotypes of
individuals who do not carry them. Darlington (1969, 1971) introduced
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the notion of the "genetic environment" to represent the effect of the
genes of one individual on the phenotype of another. Sociobiology is largely
concerned with the examination of species characteristics by relating species
differences in social organisation to differences in genetical structure of the
population. Little attention has been paid to intra-specific variation, nor
to the detection of those aspects of behaviour in man which display the
effect of the genetic environment. The model of Cavalli-Szforza and
Feldman (1973) and its various simplifications and variations (Eaves, 1976b;
Rao et al., 1976) provide the analytical basis for the detection of the environ-
mental consequences of genetical differences segregating in the parents of a
generation. Such models might be appropriate in the investigation of
maternal behaviour.

Eaves (1976a) suggested that the effects of sibling co-operation and
competition, which are also important theoretically in evaluating the role
of the genetic environment in evolution, might be detectable in twin data,
if their effects are due to genetically determined behavioural differences.
Just as we define a parameter, DR, to represent the additive effects of
gene loci, so the model for individual differences can be extended to include
the contribution of gene effects to the sibling environment. Three parameters
are required to represent the basic components of the sibling effects model
when gene action is additive. The first is the additive genetical component
(DR); the two others represent the additional environmental variation due
to the effects of the segregating genes on siblings and the covariation of
genetical effects with the environmental influences provided by siblings.
Eaves (l976a) called these parameters D and D respectively. The
model (see table 8) shows that, whenever the same genes contribute directly
to phenotyic deviations and to a change in the phenotype of any sibling
who is exposed to their environmental effect, there will be a systematic
difference between the total variances of MZ and DZ twins. Eaves (l976a)
defined as " co-operation" the case where an allele which increases the
expression of a trait in its bearer also leads, through the sibling environment,
to an increase in the expression of the trait in a sibling. The converse
situation, in which an increasing allele exercises a decreasing environmental
effect on a sibling, was defined as "competition ".

Both co-operation and competition will produce additional "environ-
mental" variation in twins, compared with individuals reared in conditions
of reduced density (i.e. singletons). Therefore, D will be positive.
However, since the coefficients of D are identical to those of DR for
individuals reared at constant density, the contributions of direct genetic
effects and those of the genetic environment are inseparable in twin data
(table 8). Nevertheless, if there is systematic genotype-environmental
covariation due to sibling effects (because the same alleles are responsible
for the variation contributing to DR and Di), then D will differ
from zero, being negative if there is competition and positive if there is
co-operation. Under these circumstances, the E1 Dft model will fail to
account for the characteristic pattern of variation in twins. The total
variances of MZ and DZ twins will differ. Competition will tend to make
the total variance of MZ twins less than that of DZ twins, whilst co-operation
will produce the reverse effect. Also, the twin covariances will no longer
display the pattern expected under the additive model. Competition will
tend to make the covariance of DZ twins less than half that for MZ twins
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TABLE 8

The specification of additive genetic effects in the presence of co—operation or competition, omitting other
environmental effects

Parameter

Genotype-environmentalGenetic " Environmental " covariance
Mean square DR D D

Between MZ pairs 1 1 2
Within MZ pairs
Between DZ pairs If
Within DZ pairs * —+
Singletons

(thus introducing into the twin correlations, a superficial resemblance to the
effects of genetical non-additivity), whereas co-operation will tend to inflate
the covariance of DZ twins relative to that of MZ twins, thus introducing a
superficial resemblance to the consequences of the shared environment.
Such similarities are superficial and would only mislead those who continue
to work with correlations with no consideration of the information obtained
from total variances because neither the effects of the family environment
nor those of dominance could, by themselves, lead to differences between
the total variances of MZ and DZ twins. In the case of competition, the
confusion with dominance is unlikely to occur when competitive effects are
marked, since, unlike dominance, competition between twins can result in
negative covariance between DZ twins which would be inconceivable under
the classical genotype-environmental model. The effects of sibling co-
operation are more likely to be mistaken for those of the ordinary family
environment in twin data because both increase twin similarity. The
attraction of a simple model, such as that specified in table 8, is that it
establishes criteria to be sought in empirical studies, and it provides the basis
for a more general theoretical formulation which can be employed in
predicting the results for other types of relationship. Eaves extended the
sibling effects model to include the expectations for singletons and unrelated
individuals reared together. The expectations can easily be extended still
further to specify the similarity between parents and offspring under a
variety of conditions of sibling density in the parental and offspring
generations.

The competition model formulated in table 8 conceives of competitive
effects as functions only of the genetical similarities and differences between
individuals reared in the same family. Models of competition and co-
operation can equally well be formulated in which the primary source of
these effects is environmental. In twins, however, the environmental effects
of co-operation are indistinguishable from those which assume that the
variation is determined solely by chance and cultural effects without the
intervention of sibling interactions. Environmental competitive effects
could be inferred if both MZ and DZ covariances are negative (which
cannot happen under a purely genetical hypothesis about competition) and
if the total variances are homogeneous.

In a recent study of sexual attitudes (Martin and Eysenck, 1976), twin
volunteers completed questionnaires which yielded scores on a scale of
sexual satisfaction. The authors have reservations about the quality of their
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sample in view of the heavy selection which is likely to be imposed in studies
of these particular components of behaviour, but the results obtained from
female twins for this scale illustrate many of the features of data in which
competitive effects are important. The mean squares of female MZ and
DZ twins are given in table 9. A simple Dft E1 model barely fits the data
although the likelihood ratio chi-square (x = 491, 005 <P <0.10) is not
significant. Fitting the competition model based on additive genetical
differences (see expectations in table 8) gives a significant change in the
likelihood of obtaining the mean squares (x = 4.90), although the excep-
tionally good fit (x = 0.005) of the competition model would lead us to

TABLE 9

Mean squares obtainedfrom analysis of sexual satisfaction scores in female twins

Twin type Item d.f. Mean square
MZ Between pairs 93 269O

Within pairs 95 1409
DZ Between pairs 52 2409

Within pairs 54 2746

suspect, quite correctly, that this is a chosen example for the purposes of
illustration rather than a simple independent and unexpected example of
the phenomenon of competition or co-operation. The parameter estimates
are:

(DR'D) = 33F8±1189, E1 = 1411±204, 13 = —1012±555.
The negative value of the genotype-environment covariance parameter, DR',
implies that competitive effects, based on genetical differences between
female twins, are contributing to reported sexual satisfaction. If such a
finding were replicable, it would suggest that there is competition for sexual
partners based on genetical differences, perhaps because of genetical variation
in perception of the characteristics of an acceptable partner.

The real key to the analysis of sibling effects is the inclusion of family
density as a parameter in behaviour-genetic studies. The conventional
twin study does not control for family density effects, so it will not detect
sibling effects which have no genetical basis or which show no covariance
between the gene effects contributing to the genetical variance (DR) and
those contributing to the "genetic" environmental variance (Di). For
example, the inclusion of singleton controls is a desirable procedure when
the traits concerned could be subject to sibling effects. Differences between
the variances (and the means) of twins and singletons could indicate the
importance of sibling effects and enhance the power of the classical twin
study. In a study (Young, 1977) of the personality characteristics of
juveniles using the junior form of the EPQ, mean squares were obtained
for the lie scale after correction for age and sex. An angular transformation
was conducted to remove heteroscedasticity of the raw scores prior to analysis
of variance. Further details of the data and subsequent analyses are reported
in Young et al. (in preparation). The mean squares for twins are given in
table 10. These data, whilst being consistent across sexes, give no support
to the view that genetical factors contribute to variation in the lie scores
of juveniles although there are significant differences between families.
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TABLE 10

Data surnrnarjy for "lie " scores of the JEPQ*

Group Item d.f. Mean square
MZ,,, Between pairs 64 0062

Within pairs 65 0018
MZf Between pairs 53 0051

Within pairs 54 0020
DZm Between pairs 43 0053

Within pairs 44 0014
DZf Between pairs 41 0078

Within pairs 42 0'025
DZmf Between pairs 81 0067

Within pairs 82 0026
Singleton m Total variance 102 0029
Singletonf Total variance 107 0032

* JEPQ Juvenile form of the Eysenck Personality Questionnaire.

Indeed, the data suggest that there is a significant effect of the family
environment. When a model which assumes that the only sources of
variation are the within-family environment (E1) and the between-family
environment (E2) is fitted, the residual chi-square is not significant (x 84,
P = 0.39). There is no further significant increase in the likelihood when
additive genetical factors are included in the model (x 079, P<050).
An analysis based on twin data alone would be forced to stop at this point.
However, since the study was designed with the possibility of detecting
sibling effects in mind, a sample of singleton subjects was included. The
variance of singleton males was 00288 and that of singleton females was
00322. In both cases the variance of singletons is less than that of twins
(although there is no difference in means),suggesting that there is an additional
source of variation in twins, possibly because the behaviour of one twin
affects that of the other. Since the lie scores of the twins show a uniformly
significant positive correlation, we would conclude that the sibling effects
were" co-operative "rather than" competitive ": twins who are" truthful
tend to reinforce one another's " truthfulness ", whereas those who do not
admit to common failings tend to support one another in this behaviour.
The hypothesis can be formalised in terms of the following linear model

2 2BMZ — BDZ —

WMZ = cJWDZ = E+E"—2E'
where E represents specific environmental effects (i.e. the environmental
variation which would persist even if individuals were reared as singletons)
which are initially uncorrelated between twins, E" is the additional environ-
mental variance due to the interaction between twins and E'is the covariarice
between the environmental effects on an individual and effects of the same
environmental factors on his/her co-twin. In terms of this model the variance
of singletons, cr = E. The expectations of E, E' and E" will depend on
the original environmental correlation of the twins but no more parameters
can be estimated.

On fitting the linear co-operation-competition model to the twin and
singleton data for the lie scale oftheJhPQ, we found that the model provided
a satisfactory fit to the 10 mean squares for twins and the additional two
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variances for singletons (x = 876, P 0.46). Furthermore, the parameter
estimates:

E = 00306 00029

= 00l04±00014
= 00112±0•0040

are all highly significant. As we might expect, the bulk of the variation
is attributable to the direct influence of environmental factors which do
not depend on the presence of a twin since E is substantially larger than E".
However, the data on the lie scale are consistent with the existence of a
large effect of the environment provided by a co-twin. If all environmental
causes were contributing to co-operative effects, we would expect E'//(E. E")

1. This is not the case. One interpretation is that there are environmental
factors such as experiences and errors of measurement which contribute to
individual differences but do not contribute to sibling effects. This means
that E = V+ V', where Vis the variance due to environmental factors which
can produce sibling effects and V' is the contribution from other factors.
If we allow that the twin environments are uncorrelated apart from the
effects of co-operation and competition and let E'/-y'(V.E") = 1, we have
the contribution of random environmental effects, V' = E—E'2/E" = 00209.
Thus, given that the basic model is appropriate, about two-thirds of the
variation in singletons is due to environmental factors, including errors of
measurement, which in no way contribute to the influence of one twin
upon another.

Much of human behavioural genetics has involved the use of question-
naires or pencil and paper tests to assess behaviour. This approach is needed
to obtain data on sufficiently large numbers of subjects to provide small
enough errors for parameter estimates. There have been relatively few
attempts to combine a more ethological approach to behavioural measure-
ment with the advantages of a quantitative theory and methodology for
the analysis of human differences. Lytton et al. (1977) offered one example
of such a study which involved tantalisingly small numbers, and like a great
many ethological studies the number of variables studied exceeded the
number of subjects in the survey. Data were obtained on the proportion
of time individual 2-year-old twin and singleton boys spent in play with
their fathers. The means and mean squares for the three groups of subjects,
MZ and DZ twins, and singleton controls are given in table 11. The means
and variances of singletons on this scale are greater than the corresponding
statistics for twins. One interpretation of this observation is that singletons
are able to extract proportionately more of their fathers' attention than
twins, for whom there is likely to be much more competition. We may
postulate an empirical competition parameter, p, say, which is the ratio
of resources extracted on average by singletons in comparison with twins.
The parameter, p, is thus the ratio of the means of singletons to twins. How
does competition affect the variances of such a trait? We must consider
two factors. Firstly there is the scale factor, related to p. which would
represent the fact that the same source of variability (genetical differences,
For example) is likely to be magnified when the competitive restrictions of
the twin situation are removed. If we assume that the resources extracted
by a singleton are a multiple, p, of what he would obtain if he were a twin,
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then the variance of singletons is expected to be p2 times the variance of
twins. We will adopt this as a working hypothesis for the data on play
with father. Secondly, we must also recognise the possibility that the ability
of twins to extract a given amount of paternal attention may depend upon
genetical factors and thus be also influenced by competitive effects such as
those considered earlier and in the paper by Eaves (1976a). The model
for means and variances in table 12 attempts to combine the competition-
co-operation model of Eaves (19 76a) with the restricted resources model.
Using the method of WLS this model was fitted to the data on play with
father, weighting the means by the inverse of their expected variances.
Using the residual chi-sqiiare criterion of goodness of fit, the model gave a
remarkably close fit and yielded parameter values all of which are significant
at the 5 per cent level or approach significance at the 5 per cent level
on the basis of the c test, (p being tested for difference from unity). The
expected values and the parameter estimates are given with the observed
data in table 11. The expectations for singletons agree exactly with the
observations since the mean of singletons is a direct estimate of mp, whilst
the variance of singletons is the only statistic which contributes to the
separation of D and D.

TABLE 11

Observed and expected statistics for child's play with father

N (d.f.) Observed value Expected value*
30 251 250
46 249 250
44 423 423
14 1423 1745
15 097 098
22 1492 1333
23 1276 1276
43 2250 2250

Parameter Estimate
Mean 2'501± 0181
E1 0'975 0356
OR 13766± 6738

18•031 10269
—7•664+ 3898

1692± 0311

Statistic
MZ mean
DZ mean
Singleton mean
M.S. between MZ
M.S. within MZ
M.S. between DZ
M.S. within DZ
Singleton variance

Statistic
MZ mean
DZ mean
Singleton mean
M.S. between MZ pairs
M.S. within MZ pairs
M.S. between DZ pairs
M.S. within DZ pairs
Singleton variance

* Computed using expectations in table 12.

TABLE 12

Model for competitive effects for child's play with father
Parameter

ns E1 DR D"R D'R

p
1 1 1 2

1 if
1 1 1 1

—a
p2 p2
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These data suggest that both sources of sibling effects—the limitation
of resources and the actual interaction of siblings based on genetical differ-
ences—are significant factors in the determination of an individual's ability
to extract attention from his father. In particular, the twin data imply
that individuals who are genetically endowed with the capacity to engage
their father's attention may do so at the expense of their co-twins.

The model delineates objective tests which reveal the existence of
competitive or co-operative effects in man, and thus provides a basis for
charting those aspects of human behaviour for which the various models
of kin selection might be appropriate. Certainly, the failure to demonstrate
the existence of sibling effects by such objective means would be a serious
flaw in any attempt to infer the importance of kin selection, rather than
individual selection, in the evolution of particular traits.

The notion of" heritability ", as it is defined conventionally in quanti-
tative genetics, is not immediately applicable to traits in which there are
sibling effects, or any detectable effects of the genetic environment or
genotype-environmental covariation. It is not the case, however, as some
critics have suggested (e.g. Moran, 1973), that the concept of heritability
has no meaning in this context or that useful parameter estimates cannot be
obtained. Eaves and Eysenck (1977) have observed that sibling effects
may be regarded as one form of genotype-environmental interaction, in
which the expression of environmental differences is under genetical control.
It is possible to interpret all the parameters of the sibling effects model as
valid reflections of different aspects of gene action and compute a range of
ratios which reflect the range of environments in which the analysis is per-
formed. A" heritability "depends on the environment in which the estimate
was obtained so, in the case of sibling effects, we must specify the environ-
mental conditions under which the estimate was obtained and modify the
ratio accordingly to reflect the degree of genetic relationship and the family
density involved. Thus, we may obtain separate heritability estimates for
MZ and DZ twins because the degree of relatedness is different and for
singletons because the density is different. The contribution of genetical
factors to the variation of MZ twins for the trait "play with father" is:

ID iifr ij3'— ft
ItMZ +DR+D+b+El

That for DZ twins is:

— _______________ —
DZ — 9R+R+R+El

and for singletons, for whom there is no genetic environment, according
to our model:

= _______ = O876
DR + E1

The advantage of a quantitative model lies in quantitative predictions which
can then be tested. In principle, therefore, we may use the parameters we
have estimated to predict the correlations for other types of relative reared
under similar conditions. Thus, the heritability appropriate for unrelated
pairs of individuals reared together is:
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2 — DR+DR —
hUT— .. .. —0942

Since there is apparently so little variation in this trait as a result of environ-
mental factors which do not depend on sibling effects, the above heritability
estimates are all very high and the differences between the estimates for
different types of relationship are small. This will not always be the case
and it may be expected in principle that sibling effects could require quite
different estimates for different individual cases.

Singletons and multiple births represent the two extremes of density
which might be experienced in the human family and we have concentrated
on these because they may provide the most direct evidence of the importance
of sibling and density factors on behaviour. However, there is a continuum
of density which may depend on such factors as family size and spacing of
siblings which might be exploited in the development of models for social
interactions. Inevitably, extraneous genetic and social factors correlated
with the trait under study (especially when the trait concerned is human
intelligence) make foolproof analysis of such systems difficult, but with care
such resolution may be possible along the lines suggested. Indeed, in the
case of human intelligence, Zajonc (1976) has already proposed a quanti-
tative environmental model for the relationship between such factors as
density and intelligence. At the level of finer analysis, other workers (e.g.
Corey et al., 1976) have suggested that, even within the two main groups
of twins, the environmental factors and the competitive circumstances may
not be entirely homogeneous since different types of placentation (whether
monochorionic or dichorionic, whether the developing twins have separate
or partly anastomosed placental vascular systems) may affect certain early
characteristics of twins. It remains to be seen whether such early differences
can be shown convincingly to have long-term consequences for measured
behaviour.

(viii) The place and power of the twin study

Since the early 1950's every conceivable type of psychological test has
been applied to at least some twins. The substantive finding is that MZ
twins are more similar than DZ twins for virtually any measurable behavioural
trait. Little light has been shed upon the detailed causes of variation. This
is partly because the twin method is inherently unsuitable for such resolu-
tion and partly because the analysis even of twin data has usually stopped
with the detection of a genetic component to individual differences. There
is little doubt, for all its weakness, that the twin method has contributed
more than any other to a growing awareness of the importance of gerietical
factors in psychological measurements and to the recognition that a psycho-
logy, which ignores man's evolutionary past and the biological basis of his
present differences, is barren.

The examples we have chosen are not selected at random. In the vast
majority of cases twin data are consistent with a very simple model. We
have emphasised the exceptions to show that the twin study is by no means
impotent but can reveal patterns of variation which require further explan-
ation. The twin study, for example, can draw our attention to the existence
of cultural factors for a particular trait, suggest the importance of siblins
effects or sex-dependence of gene expression.
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If the twin study is to have a future in human quantatitive genetics,
it will no longer be as the mainstay of an investigation of the "heritability"
of a heterogeneous collection of behavioural measurements. Twins are going
to be chosen as part of a wider strategy for the analysis of selected measure-
ments which are believed to have properties of particular interest. Either
their use illustrates a principle important to our scientific understanding of
man—as in the case of the effects of the personal environment provided by
parents and siblings—or the chosen trait has a particular social importance
as in the study of Behrman et al. (1977). In either case, twins are not an
end in themselves since the twin study cannot constitute a definitive basis
for genetic analysis. The use of twins in epidemiological research is becoming
more widespread because of the opportunity they provide of separating
some of the constitutional and environmental factors in the aetiology of
disease. The controversial relationship between smoking and morbidity
(Cederlof et al., 1977) has been the object of twin research which provides
substantial support for the view that the tendency to smoke is one constitu-
tional factor among several which may lead to an individual subjecting
himself to a damaging environment.

The twin method has positive value in providing necessary information
about scaling and the likely importance of certain genetical and environ-
mental factors, including sex interactions and sibling effects. It may,
therefore, help prune a morass of behavioural measurements to a few reliable
traits which illustrate particular features of determination, significant for
psychological or sociobiological theory.

In particular, the replicated finding that there are differences between
families, which cannot be simply attributed to the additive effects of genes
in a randomly mating population, draws attention to the domain of social
attitudes as one in which cultural factors, or the effects of the mating system,
may be especially important.

Martin et al. (1978) show how to quantify the primary areas of weakness
in the twin study. Their approach recognised two main justifications for
the criticism of particular designs. The first is that particular effects may
he formally inseparable no matter how large the study. The second criticism
is statistical; namely that the sampling errors attached to parameter estimates
may be so large for a particular study, that even if certain parameters could
be estimated in principle, the actual sample sizes are too small to permit
gross effects to be detected. Virtually any study can be criticised on one
or both of these grounds. We have shown how twin data are often ambiguous
once the simple DR, E1 model has failed. Thus, in the case of social attitudes,
we showed that additional variation between families was present, but were
unable to discriminate, with the twin design, between its genetic and
environmental components. No twin study, however large, could permit
such discrimination.

The presence of genetic dominance could, in theory, lead to rejection
of the simple model providing that the relative reduction in DZ twin
similarity is not offset by a corresponding relative increase due to the family
environment or assortative mating (see e.g. Jinks and Fulker, 1970). How-
ever, even when dominance is complete, the actual contribution of dominant
gene action to variation is small compared with additive effects, so that
twin studies would need to be prohibitively large, or the trait measured
unusually heritable, to permit the detection of dominance (Martin ci aL,
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1978). The difficulty associated with the detection of non-additive effects
is not confined to the twin study (Eaves, 1972).

The study of Martin et al., and those of other authors (Eaves, 1972;
Eaves and Jinks, 1972; Klein, 1974; Eaves et al., 1977) make criticism
quantitative rather than verbal. They allow estimation of the errors of
inference inherent in a particular design, and permit the power of given
studies to he specified precisely. In the case of the detection of non-additive
factors, or in the comparison of statistics from different populations (Eaves
and Jinks, 1972), the power of the twin study is low. In other cases, for
example in the rejection of the DR, E1 model (Martin et al., 1978), the
findings lead to cautious optimism.

3. Tow&ars A GENERAL MODEL: ALTERNATIvEs TO TwINs

Eventually the results of the twin study must be tested by examining the
wider predictive validity of the twin model. No single extension of the
twin study is foolproof, but we may distinguish three broad strategies: the
parent-offspring study; the adoption study; the study of half-siblings and
offspring of MZ twins.

(i) Parent-offspring studies

The strategy of parent-offspring study has grown up in human genetics
around the analysis of morphological traits like dermatoglyphics, for which
the assumptions of an unsupported parent-offspring study are most likely
to be met. The principal untestable assumption of the parent-offspring
study is that the mechanism of transfer of information from parent to
offspring is entirely genetic. On the other hand, comparison of parent-
offspring similarity with the similarity of siblings will permit basic assump-
tions to be tested, whatever the primary mechanism of inter-generational
transfer. In particular, the differences between parent-offspring and sibling
similarity may reveal genetical non-additivity (although the power of the
test is still low) or show that there are environmental differences between
sibling families which do not depend simply on the parental phenotype.
Many of the largest bodies of data for human traits still consist of parent-
offspring measurements.

The parent-offspring study is useful when there is already substantial
evidence of a genetic component to provide a more precise estimate of
additive genetical variation and to permit more reliable separation of the
contribution of genetical non-additivity by comparison with the results of
sibling and twin data. A large parent-offspring study also permits a test
for sex interactions. A recent large study of measures of ability (Defries et al.,
1976) in parents and offspring confirms earlier findings and gives estimates
of the narrow heritability for intelligence which are comparable with those
reported by earlier workers (Jinks and Fulker, 1970). Furthermore, their
data generally confirm the equality of maternal and paternal contributions
to parent-offspring similarity and, thus, give no reason to suppose that there
arc sex-dependent mechanisms in operation as far as the determination of
abilities is concerned.

Parent-offspring data do not always vindicate models based on twin
data. This would surprise few plant geneticists who have been forced to
grow parents and offspring in different years. It is a common finding that
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the parent-offspring covariance underestimates the contribution of additive
genetical factors because of genotype-environmental interaction; different
genetical effects being expressed in different years of measurement. Perhaps
the surprising fact is that the analyses of parent-offspring data on intelligence
yield results which are generally so comparable with the findings from other
types of relationship. Thus, for example, Jinks and Fulker (1970) and
Eaves (1975) showed how the parent-offspring data for general intelligence
appeared to fit well to the pattern of variation deducible from other relation-
ships and vice versa. However, there are several reasons for caution. Firstly,
the similarity of adopted individuals and their foster-parents is not zero
either in the earlier studies (Burt, 1966; Jencks et al., 1972) nor in the more
recent studies of Scarr and Weinberg (1976). If such similarity is not entirely
due to placement, then there must be environmental factors in parent-
offspring similarity which will lead to the natural parent-offspring correlation
being an overestimate of the hereditary similarity of parents and offspring.
Correcting for this will lead to a smaller narrow heritability and consequently
to a significantly larger estimate of the contribution of non-additive genetical
factors if twins and siblings provide most of the information about the
broad heritability.

Exactly how the environmental similarity of parents and offspring is to
be regarded is still a source of disagreement. Eaves' (1975) reanalysis of
the correlations of Burt (1966) demonstrated that there was little reason
to treat the small foster-parent-foster-child correlation as differing signifi-
cantly from zero and thus to regard the whole of the natural parent-child
similarity as an estimate of genetical covariation. All family environmental
effects on siblings and twins were thereby assigned to factors which did not
depend on the IQ of parents.

Several alternative hypotheses have been advanced to summarise the
environmental similarity of parents and offspring for IQ, given that there
is such. The Hawaii group (Rao et al., 1976) have argued that there is
non-genetic transfer of information from parent to offspring which produces
the environmental similarity between parents and offspring. The Birming-
ham group (Jinks and Eaves, 1974; Eaves 1975) considered both sibling
similarity and parent-offspring similarity as a joint consequence of the social
and physical proximity which goes with living in a common environment
rather than as a direct causal consequence of parental intelligence. This
model is analogous to recognising the family environment as a transient
partition of the total environment. An extreme example would be the
environmental correlation introduced by testing all members of a family
on the same day.

Neither approach has survived criticism unscathed. Goldberger (1 977a)
has claimed that the Hawaii group made an error in specifying their path
model for the effects of genes and environment which resulted in the mistaken
resolution of inseparable paths. Eaves (1975) omitted the environmental
covariance from the model for marital correlation, thus, overestimating the
genetical consequences of assortative mating. The precise consequences of
correcting these errors have not been determined, though Goldberger has
argued that the Hawaii model now yields nonsensical parameter estimates.
The alternative specifications of the family environment may be beyond
resolution with the data currently available. However, the model of Rao
et al. (1976) predicts environmental similarity for relationships more distant
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than parents and offspring and siblings, whereas the model proposed by
Eaves (1975) would not do so.

One thing, however, is quite clear. The data which are currently
available have neither been collected nor presented in a sufficiently uniform
way to leave the contribution of cultural factors to variation in human
intelligence beyond dispute.

(ii) The adoption study

As a strategy for the estimation of family environmental effects, the
adoption study has long been recognised as the most powerful in principle
but the most difficult to execute effectively in practice. There are two
main problems in conducting adoption studies. The first is identifying the
appropriate subjects with the severe strictures of confidentiality surrounding
the practice of adoption. The second problem is sampling and placement.
The extent to which children offered for adoption are a random sample of
the population of genetic and environmental effects is as questionable for
this group as for any other type of human subject. Furthermore, the
similarity between foster-parent and foster-child may be due partly to
conscious or unconscious selection which places more gifted adoptees in the
homes of more intelligent parents. There is evidence of placement for
cognitive traits. Jencks (1972) cites the similarity between the educational
levels of foster and natural parents as one index of placement in adoption
studies. Shields (1962), in his exhaustively documented case histories of
separated twins, records numerous instances of twin pairs in which one
member of the pair has been reared by a relative.

Most criticisms of the adoption study, which are usually taken as grounds
for dismissing such studies entirely, appear to miss the fundamental point
that placement is going to lead to the overestimation of the environmental
similarity between unrelated individuals reared or living together and to
overestimation of the genetic similarity of related individuals reared apart.
Placement does not preclude any legitimate attempt to infer the degree of
causal environmental similarity between relatives, provided the researcher
is prepared to postulate the mechanism on which placement is achieved.

(iii) The offspring and spouses of twins

A third attractive possibility is the study of the offspring and spouses
of twins. The method, applied to the families of MZ twins, has been dubbed
the " MZ half-sib method" (Nance and Corey, 1976), but there are
advantages to extending the design to include the families of DZ twins
(or siblings). Although the design is based initially on the selection of
twins, the method combines a great many powerful features and is able to
test certain assumptions implicit in the analysis of other designs. The design
can detect the effects of the maternal genotype without the difficulty of
parity effects and other environmental complications which attend half-
sibling studies. Since the offspring of female MZ twins are, genetically
speaking, maternal half-siblings and the offspring of male MZ twins are
paternal half-siblings, the coventional half-sibship analysis will yield tests
of maternal effects. Since the mothers and fathers are twins, however, the
only maternal effects contributing to maternal half-sibship similarity will
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be those which depend either on the family environment or the genotype
of the mother. As in other half-sibship designs, maternal effects will also
contribute to the differences between sibships within paternal half-sibships.

Simultaneously the design yields data on parents and offspring. Since
MZ twins are genetically identical each offspring can be paired with its
natural parent and with the parent's MZ twin, who is genetically related as
parent but who has played no direct parental role. At first glance it would
seem that the design, therefore, generates parents and offspring reared apart
who are almost impossible to ascertain in large numbers through the con-
ventional adoption study. In the adoption study, however, the natural and
foster-parents are normally regarded as unrelated. In the MZ half-sibling
design the formal equivalent of natural and foster-parents are genetically
identical and may share many important cultural features. In terms of the
adoption study, therefore, the MZ half-sib design is maximising the effects
of placement for related individuals reared apart and, thus, underestimating
the contribution of cultural effects if a simple genetical model is fitted.
Some of these difficulties would be overcome by the inclusion of DZ (or
sibling) parents, since the additional relationships would provide further
information for the discrimination between alternative hypotheses.

A further attractive feature of the design, especially in its extended form,
is the information provided for the direct resolution of alternative models
of assortative mating. In addition to the direct phenotypic correlation of
spouses, the design provides correlations between an individual and the
spouse of his/her MZ CO-twin. Under certain conditions this will be a
direct estimate of the genotypic component of assortative mating. In
general, the design should strengthen the tests of assumptions underlying
models for the mating system.

So far, only relatively small studies have been published employing this
approach (e.g. Christian and Kang, 1977) and there has been no systematic
analysis of all the relationships inherent in the design. Much larger studies
are needed if the design is to make its full impact on the field, and the current
restriction of the design to the offspring of MZ twins reduces its general
predictive power. No design entirely escapes criticism. Many of the diffi-
culties associated with the analysis of parent-offspring data, for example,
do not disappear in the ascertainment of the families of twins. However,
as we shall see, the models and methods for the analysis of such data are
now available. Indeed, as Elston and Rao (1978) have observed, "The
most useful advances, however, can be expected to arise as a result of
deficiencies noted in the application of current models in the analysis of
bodies of real data rather than as a result of model building divorced from
data analysis ". With this view we heartily concur. What we need now
are the data. The only long-term hope for the resolution of the manifold
primary sources of variation lies in simultaneous model-fitting to data
collected on a wide variety of relationships.

4. THE ANALYSIS OF EXTENDED DATA SETS

The attraction of the twin study is the independence of the summary
statistics for each type of twin. As long as the study consists entirely of
families in which each individual only enters into one relationship, the
analysis of variance offers a convenient data summary and the method of

41/3—c
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weighted least squares, with a diagonal weight matrix, an effective basis
for model-fitting. Most of the data collected in human studies, however,
cannot be summarised conveniently in the form of analyses of variance or
independent correlations since the same individual enters into many different
relationships. Early studies of the similarity between relatives have assumed
that the repeated use of information in different statistics is no serious problem.
For this reason attempts to reanalyse early studies have to assume that the
observed statistics (usually correlations) are independent (Eaves, 1975),
although it is highly unlikely that this is really the case. It is impossible
to recover the raw data behind such studies and make the necessary cor-
rection. In practice, moderate correlations between the statistics of the
data summary do not lead to serious errors in the parameter estimates but
they may lead to errors in the variances of the estimates and in the tests
of the model.

There are several ways of extending the model-fitting procedure to
encompass more extensive bodies of data in which there are correlations
between the observed statistics. We distinguish two main types of data:
(i) balanced pedigrees; (ii) unbalanced pedigrees.

(i) The analvsis of balanced pedigrees

When data may be grouped into several basic types of pedigree involving
the same set of relationships and the same number of individuals, we have
a "balanced pedigree ". A design which involved the measurement of
pairs of twins and their parents, for example, would yield balanced pedigrees
of four individuals, each consisting of a pair of twins with their mother and
father. If there were five classifications of twin type recognised in the study,
there would be five independent types of pedigree. However the data are
summarised for each type of pedigree, the statistics for parents and offspring
will not be independent of those for twins, so the analysis must recognise that
every individual contributes to three relationships in a pedigree of this type.

The weighted least squares procedure may be adapted to the estimation
of genetic and environmental components from correlated statistics, by
modifying the weight matrix to include the covariances between the observed
statistics. The method is described in Mather and Jinks (1971). Eaves
and Gale (1974) used a similar approach in estimating the components
of variance and covariance in a multivariate genetical model. The practical
advantage of weighted least squares is retained for linear models but once
the model involved is non-linear it is probably no less tedious to maximise
the likelihood directly using, e.g. Fisher's scoring method.

We illustrate the analysis of balanced pedigrees by reference to a study
of personality of adults and juveniles by Young et al. (in preparation). The
data consist of responses ofjuvenile twins and singletons to the junior version
of the Eysenck Personality Questionnaire. In addition, the parents of the
twins and singletons completed the adult version of the EPQ, and there
was also a large sample of adult twins for whom EPQresponses were available.
Young et al. analysed the scores of the three personality scales of Eysenck's
theory, psychoticism, extraversion and neuroticism, together with the lie
scale. Adult and juvenile data were transformed separately to secure uniform
error variance throughout the range. Adults and juveniles were corrected
separately for the linear effects of age.
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Previously the twin and singleton data had been analysed by the con-
ventional method of weighted least squares and the existence of a genetical
component of some kind for neuroticism and extraversion had been demon-
strated for both adults and juveniles (Young, 1977). These results are
fairly typical of those reported widely for twin studies of personality (e.g.
Gottesman, 1963; Claridge, et al., 1973; Loehlin and Nichols, 1976), in
showing greater similarity for MZ than DZ twins in personality, whilst
confirming a somewhat lower overall value of twin similarity in comparison
with morphological variables such as stature and total ridge count or
behavioural variables such as general intelligence.

Our analysis goes beyond the demonstration that personality is partly
heritable. We assess the long-term stability of personality measurements
by determining the similarity between causes of variation in juveniles and
adults. Thus, the example provides a valuable test of the extent to which
genetical and environmental factors expressed in juveniles measured on the
JEPQ are identical to those expressed in their parents measured on the
EPQ. Apart from a longitudinal study, there is no other way of testing
such generalisations.

We consider the analysis of the neuroticism scores and give the data
summary in full (table 13) because it assists in visualising the study and its
subsequent analysis. For each type of pedigree a covariance matrix is
computed consisting of all the variances and covariances from the pedigree.

TABLE 13

The covariance between relatives for neuroticism, five 4 x 4 (juvenile twin families), five 2 x 2 (adult
twins) and two 3 x 3 (singleton families) matrices: covariances (upper triangle), variances (diagonal)

and correlations (lower triangle)

Juvenile twin/singleton families Adult twins
—

Group d.f. Mother Father Child I Child 2 d.f. Twin 1 Twin 2

MZm 58 0078 0009 0010 0011 69 0070 0037
0•144 0054 0017 0013 O5ll 0076
0•l53 0291 O•059 0030 — —
0149 0211 0456 0•072 —

MZf 49 0070 —0'Oll 0•032 0023 232 0065 0028
—0•155 0•070 00l8 0•012 0425 0066

0•460 0257 0069 0•029 —
0342 0•178 0436 O065 — —

DZ,,, 39 0079 —0009 0•028 0004 46 0054 0001
—0•153 0042 —0•005 —0•003 0021 0059

0381 —0085 0069 0•000 — —
0059 —0•057 0•007 0•058 — —

DZ1 36 0059 0000 —0004 0'022 124 0•063 0004
—0005 0•068 —0'007 —0005 0066 0•065
—0082 —0138 0037 00l6 — —

0427 —0'081 0403 0045 —
DZmf 75 0041 0001 0009 0008 67 0069 0011

0027 0057 0'022 0001 0I67 0060
0156 0329 0077 0023 — —
0146 0.010 0•293 0O77 — —

Singleton 84 0086 000l 0019 — — —
m 0015 0071 0006 — — —

0•263 0089 0058 — — —
Singleton 96 0058 —0005 0022 — — —

—0089 0•060 0002 — — —
0359 0040 0063 — — —
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Each pedigree type of n individuals yields n(n+ 1) different statistics, so
the entire data summary consists of 77 statistics. In this case, we begin
building a model with the observation that the twin and juvenile data are
consistent with the assumption of random mating, additive gene action,
and environmental differences within twin pairs only.

However, since this model has been developed separately for adults and
juveniles, there is no reason to suppose that the genes whose effects are
assessed in juveniles are the same as those expressed in parents, although it
would be a vindication of the neuroticism scales of the two questionnaires
if this were indeed the case.

The parameters of the model are similar to those used to represent sex
interactions in the case of risk-taking. We represent the additive genetical
variation in adults by the parameter DRA and the additive genetical variation
in juveniles by DRJ. Each parameter is defined in terms of the additive
genetic deviations and allele frequencies as usual (Mather and Jinks, 1971).
Neither of these parameters, however, can be used to represent the genetic
part of the parent-offspring covariance since we are postulating different
gene effects in adults and juveniles. Instead, we introduce the parameter
DRA j which represents the covariance of gene effects in adults and juveniles.
If there is no dominance:

DRAJ = 4 UaVadaAdaj,

Ua = lVa is the frequency of the increasing allele at locus a; daA is the
additive genetic effect at that locus in adults; and daj the additive effect at
that locus in juveniles. The parameters can be modified, if desired, to
incorporate the effects of dominance but the resolution of dominance is
unlikely in the case of age dependence of gene expression since both domi-
nance and genotype x age interactions will tend to reduce the parent
offspring correlation relative to the correlation of, for example, siblings,
when parents and offspring are measured at different ages. If DRAJ turns
out to be zero, there is no evidence that the genes contributing to juvenile
variation are also being expressed in adults and vice versa. On the other
hand, if DRAJ/(DRA .DRJ) does not differ significantly from unity, we
may assume that exactly the same gene effects are manifest in adults and
juveniles and that any difference between DRA and DRJ is merely a matter
of scale.

Since the model for neuroticism does not incorporate family environ-
mental effects, we have not made any allowance for non-hereditary transfer
of information from parent to child. For this reason the only environmental
components in the model are "within family" environmental effects: E1A
for adults and Ej, for juveniles. No attempt has been made to constrain
these to be equal since the tests were different and allowance has to be made
for associated differences in errors of measurement.

The simple model, therefore, involves five parameters which are used
to construct the expectations for the variances and covariances between
relatives given in table 14.

The maximum likelihood estimates of the parameters are those which
maximise:

L = —i- N[ln I +tr(S,1')]+constant
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where S. is the ith observed covariance matrix, based on N1 d.f. and i is
the corresponding expected covariance matrix, obtained by substituting the
current parameter estimates in the expectations of table 14. In practice
we minimise F = — L. Since the function to be minimised is non-linear,
an iterative procedure must be employed. A variety of such methods are
available of which Fisher's scoring method (e.g. Bailey, 1961) is perhaps
the most familiar to geneticists and requires the computation of the first
and second derivatives of the log-likelihood with respect to the parameters.

TABLE 14

Expectations of variances and convariances for neuroticism

Relationship Statistic Expectation
Adult individuals Variance DRA + EvA
Juvenile individuals Variance DRJ + E,
Mother-father Covariance — —

Parent-offspring Covariance *DRAJ —
Juvenile MZ twin Covariance DRJ —
Juvenile DZ twin Covariance DRJ —
Adult MZ twin Covariance DRA —
Adult DZ twin Covariance -DRA —

The algebraic evaluation of such derivatives is often tedious and a deterrent
to developing and testing new models. For this reason we have employed
numerical differentiation throughout and find that the results are generally
satisfactory. The actual numerical analysis was conducted using a pro-
gram written by ourselves, which incorporated the Numerical Alogrithms
Group sub-routine EO4HAF for non-linear and constrained minimisation
(N.A.G., 1974).

The parameter estimates are:

1RJ = OO57±OOlO

= OO36±OOO4

LRA = OO53 OOO6

= OO38 O•003

ORAJ = OO46±O•OO7

The standard errors are obtained as the square roots of the diagonal
elements of the covariance matrix of the estimates. This was obtained as
the inverse of the matrix of second partial derivatives ofF at the minimum.
Although the derivatives were obtained numerically, we believe that the
approximation is sufficiently close for the construction of significance tests,
etc.

The adequacy of the model may be tested by comparing the log-likelihood
of obtaining the observed covariance matrices, given the current model
(L1), with that of obtaining the same covariance matrices, given that each
statistic was represented by a separate parameter (L0). The latter is simply:

L0 = —3 N[ln S, +v1]+constant
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where we have m matrices and v is the order of the ith matrix. The statistic

s = 2 (L0—L1)

is approximately chi-square for k-p d.f., k being the number of statistics,
andp the number of parameters estimated. In this case we find, X2 = 872,
Ol <p < O2. The non-significant chi-square confirms that the five para-
meter model is as likely to yield the observations as many more complex
alternatives. A wide range of alternative summary statistics may be provided
once an adequate model has been determined and parameter estimates
have been obtained. The narrow heritability of neuroticism in adults is
estimated to be:

= O41±OO4
and for juveniles:

= O44±OO7

The additive genetic correlation between the adult and juvenile measures
of neuroticism is:

rGAJ = DRAJ = O84±O14
(DRA . DRJ)'

The fact that the correlation is large and differs little from unity is a
strong indication of the long-term consistency of the neuroticism scales of
the EPQ and JEPQ. That is, neuroticism differences measured in juveniles
are reflecting the effects of the same genes as measurements made on adults.
As well as illustrating a method of analysis, therefore, the data reveal a
surprising consistency in the determination of individual differences in
measured neuroticism which could otherwise only be detected by a long-
term study of the same individuals.

Although the analysis provides evidence of substantial genetical stability
of neuroticism over time, we are unable to say anything about the continuity
of environmental influences since these have been shown to be of a largely
specific nature and do not, therefore, contribute to parent-offspring similarity.
The discrimination between short-term and long-term environmental effects
can only be undertaken in the context of a longitudinal study.

Had the genetical correlation, rcj, been markedly different from unity,
we would conclude that there was either genetical non-additivity or that
quite different loci were contributing to variation in adults and juveniles.
Young et al. (in preparation) report that the same model gave an adequate
fit to EPQandJEPQdata on extraversion, but that TGA j was only O44 011,
indicating that much of the gene expression was "generation specific"
either due to dominance or genotype x environment interaction of the type
we have been considering. We favour the latter explanation because
analysis of adult data on extraversion does not support the hypothesis of
genetic non-additivity (section 4 (ii)). On the other hand, further analysis
of neuroticism (section 4 (ii)) lends some support to the hypothesis of
dominance in adult scores.

For psychoticism the situation is even more extreme since, after allowance
for assortative mating, approximately 90 per cent of the genetical variation
expressed in juveniles is quite unrelated to that which would be expressed
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in the same individuals as adults. This provides little genetical support for
a claim that current measurements of juvenile psychoticism will be effective
predictors of adult psychotic behaviour.

(ii) Environmental models in balanced pedigrees

Although the analysis of twin pairs may confirm that an environmental
model is required and suggest certain types of environmental hypothesis, a
more precise resolution of environmental factors requires additional data.
In the demonstrable absence of genetic effects such resolution may be
achieved with ordinary family data. If there are genetical effects, family
data may be supplemented with adoption data.

Young et al. pursued the analysis of the lie scale presented above (section
2 (vii)) by considering jointly the lie scales of the EPQ and JEPQ. The
covariance matrices for the lie scale are presented in table 15. The analysis
of juvenile twins and singletons discussed earlier suggested that there were
no genetic effects on juvenile twins, but that there was substantial environ-
mental covariation between twin pairs. The adult twins, however, showed
evidence of genetical effects. Furthermore, there was a significant corre-
lation between spouses for lie scores and the correlation between the EPQ
lie scores of parents and the JEPQ lie scores of their children was significant.
The essential features of any model, therefore, must be:

i. genetical and environmental variation in adults;
ii. no genetical variation in juveniles;

iii. co-operative effects in twins;
iv. correlation between the lie scores of adults and juveniles;
v. assortative mating in adults.

Since there is no apparent genetical variation in the juvenile lie scores,
the correlation between parent and offspring must be environmental, and
must contribute in part to the variation and covariation of twin pairs.
Since there is a significant correlation between spouses' phenotypes, it is
necessary to consider the consequences of assortative mating, both for the
distribution of genetical differences in the parents and for the distribution
of familial environmental influences in the offspring.

Young et al. showed that the simple model, which had given an adequate
explanation of the variation in neuroticism, came nowhere near explaining
the lie scale data (X2 = 14546, P<00001). They thus proposed a model
which incorporates all the above features. Their model is best described
in stages.

Considering first the adult variation, Young et al. argued that Fisher's
(1918) model for assortative mating could be applied as a first approximation.
They assumed, in addition, that there were no effects of the family environ-
ment and that dominance effects were negligible.

Letting Vp be the phenotypic variance of adults we thus have:

VP =
4(1L)DRA+EIA

DIM is the additive genetic component in adults, E1A the within-family
environmental component of variance in adults. A is Fisher's assortative
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mating parameter, which represents the correlation between the additive
genetical deviations of spouses. The heritability of the trait is thus:

h = DRA/VP

and, given that the population is in equilibrium and that assortative mating
is based primarily on the phenotypes of the parents, the phenotypic corre-
lation between spouses is expected to be:

p = A/h
Since there is significant covariation between parents and children, we

assume that part of the similarity between twins, and therefore of the

P /
(a) Twins (b) Singletons

FIG. 1.—Representing environmental sibling effects by path coefficients.

variance of both twins and singletons, is due to the environmental effects
of the parental phenotype as proposed by Cavalli-Sforza and Feldman
(1973) and subsequently reformulated by Rao et al. (1976) and Eaves
(l9761). In this case we follow Rao et al. and introduce the parameter c
to denote the path from parental phenotype to offspring environment.

In order to allow the specification of the co-operative effects, we introduce
the path c, from the environment of a twin to the phenotype of his co-twin,
which does not appear in the expectations for singletons. The path models
for the two basic types of parent-offspring pedigree are given in fig. 1. The
regression model yields the following expectations for variances and covari-
ances in which parameter values may be substituted to obtain the expectation
of any variance or covariance in table 15:

Variance of singletons = E1+22(l + p)Vp

Covariance of singleton and parent = z(l + i) Vp

Variance ofjuvenile twins = (1 + c2)E1 + 2z2 (1 + )(I + c)2 Vp

z
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Covariance ofjuvenile twin and parent = (1 + c) (I + VP
Covariance ofjuvenile twins = 2cE1j + 22( I + c) 2(1 + s) Vp.

E1j is used to denote the variance of random environmental effects which do
not depend on the parents and which are not primarily correlated in twins.

TASLE 15

Covariances and correlations between relatives for the EPQ and JEPQ" lie " scales

Juvenile twinJsingleton families Adult twins
______________________________________________________ A -

Group d.f. Mother Father Child 1 Child 2 d.f. Twin I Twin 2
MZm 58 0-035 0-016 0-012 0-011 69 0055 0-027

0-399 0-044 0-012 0013 0-513 0-051
0347 0•31 1 0034 0023 —
0-285 0294 0588 0045 —

MZ1 49 0-037 0-009 0-010 0003 232 0-044 0-022
0-271 0-032 0-010 0•009 0516 0042
0-297 0-300 0-033 0-017 — —
0-090 0-239 0-460 0-040 — —

DZm 39 0-025 0014 0-007 0-003 46 0025 —0-001
0-404 0•046 0-005 —0003 —0041 0-035
0-209 0-123 0-038 0021 —
0-123 —0-081 0•647 0-029 — —

DZ1 36 0047 0•Oll 0029 0005 124 0-047 0020
0•299 0-028 0-016 0-006 0-429 0-045
0-525 0•366 0067 0•031 — —
0104 0-164 0-549 0-048 — —

DZm1 75 0-035 0-012 0009 0-013 67 005l 0-008
0-355 0•034 0•009 0-009 0-170 0039
0229 0233 0•048 0022 — —
0304 0209 0-442 0050 — —

Singleton 84 0-032 0-012 0-002 — — —
m 0328 0045 0002 —

0-083 0•048 0•028 — — —
Singleton 96 0-036 0-008 0-008 — — —

0215 0•039 0-004 — — —
0-251 0-112 0-028 — — —

The model thus involves six parameters: DRA; E1A; A; z; E1 and c.
We employed numerical differentiation in the scoring procedure to obtain
the following parameter estimates and standard errors:

E1A == OO2ll

ORA 00330±0•OO25

E1 = 0•0346±00019
A = 0l64±0•024
2 = O'140±0-023

= 0•244±0•027.

The chi-square testing the goodness of fit of this model was = 8808
(p = 0.08) showing that the data are consistent with the hypothesis implied
by the model. This does not exclude other plausible, more complex alter-
natives including models involving juvenile genetic variation. On the other
hand, many simpler models may be shown to yield a poor fit to the data.
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All the parameters are highly significant, confirming that co-operative
effects and non-genetic influences of parent on child have a substantial, if
transient, effect on the reported standards of behaviour in juveniles. The
model assumes that all the similarity between twins is due to the effects of
competition and the lie scores of the parents. We have considered a modi-
fication of the model which allows for some of the twins' shared environmental
experiences to be independent of the parental lie scores but to contribute
to the variance of offspring and be augmented by the effects of co-operation
in twins. The extension of the model allows the additional sources of twin
similarity to be estimated. In fact, it is shown that the contribution of such
factors does not differ significantly from zero and inclusion of the additional
environmental parameter does not improve the fit of the model.

The analyses of neuroticism and the lie scale represent two extremes.
The first analysis shows what might be expected for a trait in which there
is great stability in gene expression throughout development. The analysis
of the lie scale, on the other hand, shows what might be expected from a
trait whose expression is extremely labile. The lie scale is characteristic of
a measure in which environmental factors play a paramount role. More
than this, all the significant sources of environmental similarity between
relatives can be shown to depend on identifiable features of the interpersonal
environment. It will be recalled that all the measured similarity between
juvenile twins could be explained in terms of the lie scores of the parents and
the effects of co-operation between twins. There is no suggestion at all in
the data that there are significant features of the family environment which
do not depend either on the effects of siblings, or on the lie scores of the
parents. In this model genetical factors play only an incidental role in
determination of variation in adults. Variation among offspring is entirely
environmental although partly conditioned by genetical differences in
parents. There may be two reactions to this claim. One is scepticism founded
either on the lack of replication or upon the inability of the model-fitting
procedure to discriminate between all the possible alternatives. We have
suggested previously that co-operation based on genetical factors may
simulate the effects of the family environment. The second response is to
look again at the lie scale as an index of the socialisation of the developing
child and of the way in which development is determined by social inter-
actions between children, parents and siblings.

(iii) Model-fitting to unbalanced pedigrees

The quantitative geneticist is frequently presented with haphazard data
which comprise a collection of family studies consisting of whatever constel-
lation of relatives happen to be both alive and co-operative. Such unbal-
anced data do not allow the simple data summaries considered above.

Recently, Lange et al. (1976b) have shown how the maximum likelihood
approach is applied to the estimation of variance components from such
unbalanced pedigree data. Their paper emphasises the more conventional
assumptions of quantitative genetics including random mating, absence of
familial environmental components, etc., although their model allows for
the effects of inbreeding. A subsequent paper (Spence et al., 1977) shows
how such models may be fitted to dermatoglyphic data and includes the
specification of a family environmental component. In their initial formu-
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lation, these authors rely on algebraic differentiation of the likelihood
function, which may deter newcomers from attempting to specify their own
models. As we have seen, such refinements are unnecessary in a great many
practical applications.

The approach of Lange et al. (1976b) assumes that the distribution of
scores in a pedigree is multivariate normal. This will be approximately
true for polygenic systems in which there is no directional genetical non-
additivity or genotype-environmental interaction and can, in any case,
usually be achieved by transformation. For a given pedigree of iiindividuals,
we define a vector of observed scores x, and a corresponding vector of
expected values, Ex. The values of the elements of Ex will depend on
such factors as age and sex, except where prior correction has been made
when the expected values will be the same for all individuals in the pedigree.

Similarly, we define the expected covariance matrix, L, of individuals
in the pedigree. The elements of L will depend on the relationships between
members of the pedigree and on the causal model assumed for the trait
under study. Thus, we may regard a pair of MZ twins as a pedigree of
two individuals with expected covariance matrix:

E.J+DR+EI jDR

\, 4D 3JDR+El

under a model which assumes random mating, additive gene action and
no family environmental effects. Similar expectations may be written for
other types of relationship or under other sets of assumptions. For a given
Ex, and E, the log likelihood of obtaining the pedigree of individuals of
given observation vector x is:

L = —fln I I —Mx--Ex)'r1(x—Ex)+constant.
The joint log-likelihood of obtaining p pedigrees of different size and com-
position is simply the sum of the log-likelihoods of the individual pedigrees.
Estimation involves the selection of parameter values under a given hypo-
thesis which maximise the joint likelihood of observing the given set of
pedigrees. Conventional methods of minimisation may be employed to
minimise F = —L.

The expected covariance matrices must be positive definite for the
likelihood to be defined. Although this constraint should always be met
for consistent models which incorporate some error variation in the diagonal
elements of , the minimisation procedure may attempt to pass through a
region in which the current parameter values yield non-positive definite E.
A proper choice of trial values will usually avoid this difficulty, although a
penalty function technique (Lootsma, 1972) might be invoked to constrain
the estimates to lie in a region for which L is positive definite. We have
found the simple unconstrained procedure robust for simple models but the
condition of positive definiteness becomes increasingly difficult to satisfy
with more intricate models. Under these circumstances we have found
estimates from a related but simpler model often provide satisfactory trial
values.

As Lange et al. (1976b) point out, there is no simple test of the model
with this approach, although by comparing the likelihoods obtained under
hypotheses of differing complexity it may be possible to falsify simpler
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explanations. In theory it is possible to estimate separate empirical covari-
ances for every conceivable type of biological and non-biological relationship
in the data and use the likelihood under this model as a base line for com-
parison of more parsimonious alternatives. This would be analogous to
the "goodness of fit" test used in weighted least squares and in the analysis
of balanced pedigrees. There are, however, many non-biological relationships
in large pedigrees for which unique specifications ought ideally to be given.
This results in the absurd situation that the model in which we have least
interest is that which involves the largest number of parameters and consumes
a disproportionate amount of effort and resources for estimation. Attempts
to fit such an extensive empirical model to large bodies of pedigree data
have, with our current numerical procedures, proved fruitless.

TABLE 16

Sample sizes (diagonal and lower triangle) and phenotypic correlations (upper triangle) for adoption study
of conservatism

'a
V a- a ii

Type of individual 9 r-5 -fi .
2 V . .

2 2 .ag .S—
-n -n 3 6 .a'- .9°
.< <

Adopted male 31 — 0-32 0-52 — —
Adopted female 0 239 0-34 007 036 045
Footer-mother 9 40 77 040 0-76 037
Footer-father 5 34 47 62 — 0-51
Biological son of

footer-parents 0 8 3 2 12

Biological daughter of
foster-parents 1 8 5 5 1 13

The approach is illustrated by analysis of twin and adoption data from
a version of the Wilson conservatism scale (G. Wilson, 1975). Three twin
studies of questionnaire data relating to attitudes led to the rejection of
a D E model for the conservatism dimension and suggested that either
assortative mating or cultural effects might explain the departures of observed
covariances between twins from their expected values under the random
mating model which assumed no family environment effects. In an attempt
to discriminate between these alternatives and to provide more precise
estimates of the contribution of cultural factors, data were collected on
adult volunteers who were adopted in the first few months of life, together
with certain of their foster-relatives. The study yielded responses on an
additional 445 individuals in a variety of pedigrees ranging from individual
adopted subjects with no foster-relatives, to families in which there were
both foster-parents and additional natural or foster-children. We give the
number of pairs contributing to each possible type of relationship (table 16),
but since many individuals enter into several relationships these pairs will
not be independent.

The adoption data were included with the twin data and a general
conservatism factor was extracted from the 68 questionnaire items. The
factor scores for males and females were corrected separately for the linear
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increase in conservatism with age. As an approximate guide to the likely
findings of the analysis, correlation coefficients were calculated for each type
of relationship. These are also given in the table.

Examination of the numbers or correlational pairings makes us cautious
about expecting too much from the analysis. The correlations between
adopted child and foster-relatives are based on relatively small numbers so
that the twin data will still carry most of the weight in the analysis. How-
ever, the relatively large number of adopted individuals, even though they
have no other relatives participating in the study, yield the total variance
of individuals reared by foster-parents and provide information about the
likelihood of cultural effects which depend partly on genetical differences
between parents. Jinks and Fulker (1970) and Eaves (1976b) showed how
genotype-environmental covariation due to genetical and environmental
differences between families (one of the consequences of cultural transmission)
would lead to differences between the total variances of natural and adopted
children since, in the case of the latter, the association between parental
genotype and offspring's environment would be broken by fostering. For
the conservatism scores, the total variance of adopted individuals is 0845
which is slightly, but not significantly greater than that for individuals
reared by their natural parents (F (281, 1619) = l06; P = 0.25). Thus,
we might conclude that adult variation in conservatism is not influenced
greatly by the environmental effects of genetically determined differences
in parents. This finding is supported slightly by the non-significant corre-
lation between foster-parents and their adopted children (table 16). On
the other hand there is significant husband-wife similarity, suggesting that
assortative mating may affect the distribution of genetic and environmental
effects in the population. Many models may be fitted to these data once
we allow for the various possible sources of environmental differences between
families. It suffices here to concentrate on a few typical hypotheses and show
to what extent they can be distinguished.

We already know from the twin data alone that a model assuming
additive gene action, random mating and within-family environmental
effects does not explain the observed pattern of variation in conservatism.
Fitting this model to the full data set by the Lange approach gives the
following estimates:

JDR = I•1O±007

E1 026±002
and a log-likelihood of —5l797. There is no simple test of this model but
additional parameters might be included to detect gross changes in the
likelihood. Inclusion of Fisher's assortative mating parameter, A, for
example, as described earlier, (section 4 (i)), increases the log-likelihood
to —51024. The parameters are now:

= 0•81

026±0'02

A = 026±006

suggesting that there is more support for a hypothesis involving assortative
mating. This model is identical to the path model of Rao et €11. (1976) in
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the absence of cultural effects and family environmental influences the two
approaches yield identical results with the same data and method of analysis.
The chief divergence between the biometrical genetical school and the path
coefficients school has been in the relative theoretical importance attached
to the analysis of non-additive effects compared with additive environmental
effects. The biometrical genetical school emphasised the potential practical
and theoretical importance of non-additive effects, such as dominance and
genotype-environmental interaction. Also, following in the tradition of
Fisher, it has sought for a theoretical formulation of variation in terms of
the effects and correlation of individual polygenic loci prior to the attempt
to explain actual data. The path coefficient approach, since it is essentially
a form of regression analysis, has concentrated on the estimation of empirical
additive genetical and environmental parameters at the expense of interac-
tions which are difficult, if not impossible, to specify in a regression model.
There are cases in which the conventional path analytic approach can
yield no obvious solution, whereas there are others in which path coefficients
are an effective way of representing the principal relations between com-
ponents of the data. In many more cases the two approaches will lead to
identical conclusions, providing the same data are analysed with the same
statistical procedure.

The model for conservatism so far makes no allowance for family environ-
mental effects, although it does include the effects of assortative mating.
Once we consider the inclusion of the family environment, a variety of
possible explanations might be considered which are unlikely to be resolved
with the present body of data. We concentrate on two of these because
they represent extreme positions of some theoretical importance. The first
hypothesis might be that the environment shared by twins, siblings, or
foster-siblings does not depend on the parents' conservatism scores at all
but is simply the result of environmental circumstances outside the family
(schooling, peers etc.) which individuals share when raised together, or to
aspects of parental behaviour which are independent of their degrees of
conservatism. In this case we simply add to our expectations for all the
covariances of twins, siblings and foster-siblings, the component, E2, to
denote the contribution of shared environmental influences to their
covariation.

The expectations of variances and covariances under this model are
given in table 17. Since this type of environmental causation generates no
covariance between individuals' genotypes and environments, the total
variances of natural and foster-children are expected to be identical.

Parameter estimates are:

OR = O65±O•l3
= O27±OO2

A = O•l7±OO7

E2 = Ol5±OlO
and the likelihood does not increase significantly over the previous value
which assumes no family environmental effects. The value of E2 is numerically
positive, though not statistically significant, confirming that about half of
the additional variation between twin pairs previously assigned to "B"
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TABLE 17

Expected variances and covariances for conservatism under two models

Additive
biometrical-genetical

model Path model
Variances

Parents (Vp) (l/(l—A))DR+Ei+E, VP (h'+e2+2 ehs)
Natural children (l/(l—AflDR+Es+Ea V (h'+e'+2 ehs')
Adopted children (l/(l—A))Dis+Ei+E, V (h'+e')

Covariances
MZ f(l/(l—A))DR+E, V (h2+2 ehs'+e')
DZ (and siblings) D(l+A)/(1—A)+E, V, (h'z+2 ehs'+e')
Spouses 2A (1— A) Vp'/DR
Parent-offspring (l/(l —A))DR+ AV V (fh'(l + y) + feh(s+ 8) +

e (l+h'y+2 eh8+e'e))
Adoptive parent- Vp (es(l + h'y + 2eh8 + e2s))

offspring
Unrelated individuals E, Vpe'fl

reared together

(section 2 (vi)) could be due to the family environment but there is almost
as much support for the hypothesis that it is all due to additional genetical
variation resulting from linkage disequilibrium caused by assortative mating.

The second broad hypothesis which we explore is the " cultural trans-
mission" hypothesis which has appeared in a variety of guises since the
first publication of Cavalli-Szforza and Feldman (1973). This hypothesis
stipulates that non-hereditary transmission of parental differences to off-
spring takes place, giving rise to non-genetic covariation between parents
and offspring and between individuals raised in the same family. Subse-
quently, others have formulated the original model in simplified forms which
are likely to be testable in practice. Eaves (l976b) followed a biometrical
genetical approach, assuming random mating but including the effects of
dominance. Rao et al. (1976) adopted a path analytic model, which ignored
the effect of dominance but included assortative mating. Since the data
on conservatism offer no indication of dominance, but show assortative
mating, we illustrate the path coefficients approach using a simple form of
their model.

We regard the following parameters as fundamental:

1. the means of male and female individuals (approximately zero in our
case, since the scores have been standardised);

2. the path from genotype to phenotype (h);
3. the path from parental genotype to offspring genotype (i);
4. the marital correlation (p;
5. the environmental path from parental phenotype to offspring

environment (c);
6. the correlation between the genotypes and environments of individuals

(s);
7. the total variance of the population of the parental generation, (Vp).

The paths may be represented in diagrammatic form (fig. 2). Several
correlations may be derived from the path diagram, employing standard
regression theory. Of particular interest is the correlation, s', which is
that between genotype and environment of offspring reared by their natural
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6

Gp E

FIG. 2.—The environmental effect of the parental phenotype: a simplified path model.

parents. At equilibrium, when assortative mating and cultural transmission
are constant between generations, it is expected that s' — s.

Our model assumes that assortative mating is based primarily on the
phenotype with respect to conservatism. The correlations y, and on
the diagram are then given in terms of the marital correlation and the
other parameters as follows:

y =
= a(hs+e) (h+es)
= a(e+hs)2.

For our model, the expectations of variances and covariances for all the
types of relative in our pedigrees are given in table 17. The principal
difference between our model and those of Rao et al. (1976) is that ours
is simpler. There is little point in attempting more general solutions before
elementary ones have been found wanting. The principal difference in
estimation procedure is that we are employing the method of maximum
likelihood applied to the original observations, whereas Rao et al. work
with transformed correlations. Thus, our model specifies variances and

e

F1

E/
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covariances whereas that of Rao et al. begins with correlations. We have
already considered the potential loss of information which is involved in
discarding the total variances. In this case the loss is potentially more acute
since the model actually predicts differences in the total variances between
natural and foster-children. Rao et al. modify their expected correlations
by introducing a scaling factor, 0, to differentiate between correlations
involving natural children from those involving foster children, but this
only allows for differences in the total variances which might be predicted
from variation among the correlations. It does not allow the total variances
themselves to determine whether particular paths should be other than zero,
nor does it allow differences in the total variances to contribute to the values
of the paths, except in so far as they lead to perturbations in the correlations.

The paths and correlations of this model are empirical, in the sense that
the paths do not bear any direct simple relationship to the mechanism of
gene action and the genetical component is necessarily assumed to be
additive. The method will be inappropriate when there are substantial
non-additive components of variation. In the past (e.g. Jencks et al., 1972),
it has been assumed that, in the presence of genetical non-additivity, the
path between genotypes of parent and offspring will be other than . This
is not the case. Under any model of gene action the path will be . The
confusion may arise because under circumstances in which the additive
model fails, allowing the path to take its own value may lead to a better
fit to the data. However, under these circumstances, there is no general
theoretical value for the estimate that will be obtained, since it will depend
on the particular constellation of relationships from which the genetical
path is estimated. When the additive model fails, there is no alternative
but to modify the expectation for each genetical variance and covariance
to incorporate the contributions of non-additive effects as they might be
represented by genetical theory. When the path model above is fitted
using the maximum likelihood approach the log-likelihood increases to
—5lOO5, indicating that the modified theory receives no more support
than the original model in which cultural effects were assumed to be absent.
However, the numerical estimates of the parameters are of interest.

The basic parameters of the model for variation are:

= O82 OO9

= O79±OO6

2 = OO4±OO7

S =OO5±Ol3

ft = O37±O1O.

From these we can derive summary statistics including the path, e, and further
correlations implied by the model:

e =O57

9 =O25

6 =Ol9
= Ol4.

41/3—n
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In this instance it has been assumed that s—s' = 0, i.e. that the population
is in equilibrium under assortative mating and cultural transmission.

The hypothesis of cultural equilibrium can be tested by letting s' and s
take their own values. Applying this test to the attitudes data does not
increase support for the new model, the log-likelihood being increased only
to —50863. Under the unconstrained model the parametsrs S, 3' and
altered to 028, 000 and 000 respectively. Although these changes are
not significant, they illustrate the great variability of important parameters
under modifications of the model and show how difficult it is to discriminate
between alternative hypotheses with these data. The path from parental
phenotype to offspring's environment (z) is of particular theoretical interest,
since this is the" cultural transmission "parameter, representing the amount
of information passed from parent to offspring by non-genetic means. Of
equal importance is the genotype-environmental correlation, s, since this is
a guide to the magnitude of the "genetic environment ": the extent to
which genotypic differences between parents are being perpetuated in their
descendants by cultural rather than genetical means. Both parameters are
close to zero, suggesting that non-hereditary transfer of attitudes is not
implicated by these data.

The evident weakness of the design based on small samples does little
to strengthen confidence in this conclusion. Also, although the twin data
give reason to include genetical factors in the model we have not considered
other possible sources of failure of the model, including sampling effects
and non-additivity. Since the method does not yield a direct test of the
model, the only way of exploring these factors is through examination of
summary statistics or through fitting more complex models. However, a
larger study should be able to discriminate more effectively between the
social and genetical components of differences between families. The models
we consider represent some of the major variants that might be examined.
They should stimulate the development of new scales for the measurement
of culture-dependent behaviour to illustrate the mechanism of non-hereditary
transmission between generations.

The above analysis has been confined to close relatives. Even more
extensive data are now available on personality measurements, collected by
the Institute of Psychiatry, London using the EPQ. The entire sample
includes the adult twins considered earlier, together with a large number of
non-twin families and adoption families. Altogether 2469 individuals
responded which yielded the sample structure given in table 18.

The extended data provided an opportunity to test the simple models
for extraversion and neuroticism which fitted the balanced pedigree data
in section 4 (i). Since the subjects are adults, there is no initial need to
consider differences in scale between adults and juveniles.

Using Lange et al's approach, we first fitted the basic DR, E1 model to
the entire data set for both traits. Subsequently the models were modified
by the inclusion of dominance (HR) and the family environment (E2). No
allowance was made for assortative mating since there was no evidence of
marital similarity for either trait. The results of fitting the successive
models are given in table 19. The findings for extraversion are remarkably
stable. Inclusion of dominance and the family environment have almost
no effect on the likelihood and the estimates of the additive genetical
component and the within-family environmental component do not change
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TABLE 18

Correlational pairings for personality study

Relationship Number of pairs

Spouse 152
Parent 545
Grandparent 57
Uncle (Aunt) 314
Great-uncle (aunt) 13
Sibling 418
DZ twin 229
MZtwin 314
First cousin 113
First cousin once removed 32
Foster-parent 230
Foster-child-—natural-child 36
Foster-child—-foster-child 22

Total number of individuals 2469
Total nuthber of fostered individuals 340

greatly. This gives some additional generality to the original simple model
for extraversion. The neuroticism findings, however, are more unexpected.
Although there is no support for a family environment (E2) component,
there is substantial support for a large non-additive component, which in
this model has been assigned to dominance. Indeed, although the variance
of the estimate of Hj is expected to be large, the estimated contribution of
dominance is unusually large. This implies that either the parent-offspring
covariance, and other statistics which contribute to the estimate of DR, are
improbably small, or that the twin covariances are improbably large.

One explanation could be the interaction of genetical differences with
age. Although the twin pairs are variable in age, the members of each
pair are measured at approximately the same age. Any interaction ofgenetical
differences with age will thus contribute entirely to variation between MZ
pairs, and the contributions of C x age interactions to the covariance of
siblings will be maximised in DZ pairs. When the age correlation between
relatives is reduced, as in the case of non-twin siblings or more distant
relationships, an increasing proportion of the interaction of genetic effects
with age will contribute to variation within pairs at the expense of covariance
between pairs. Thus, as an alternative to fitting dominance, we may
represent the non-additive effects in terms of the interaction of age and
genetical differences.

About the simplest model is to regard the expected covariance between
individuals measured at different ages, a1 and a2, as less than their expected
covariance had they been measured at the same age, a0. We then require a
function relating the expected covariance of individuals measured at
different ages to their expected covariance given that they had been measured
at the same age. One possibility is the exponential function. Writing C0
for the covariance expected between relatives measured at the same age
(which is a function of the genotype-environmental model), we could write
for the expected covariance of the relatives of the same degree measured at
different ages, C1, 2 = C0e'1°2i. If there is no interaction, Ic will be zero.
It will be negative if the covariance for relatives of the same degree declines
with increasing age difference. This model could be modified in several
ways depending upon the precise relationship between the interaction and
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age which is envisaged, and upon the actual factors (genetic or environ-
mental) expected to interact with age.

Since each individual pair of relatives has its own pair of ages, this
model could not be fitted without recourse to the original observations and
the method outlined by Lange et al. (1976b). Since the ages of our subjects
were recorded, it is possible to modify the DR, E1 model to include the
genotype x age interaction and decide whether the age interaction hypothesis
is supported better than the dominance hypothesis. The extraversion data
give absolutely no indication of age interactions. The estimate of Ic is
numerically small and the values of DR and E1 do not alter. The situation
for neuroticism is different since the likelihood increases significantly when Ic
is incorporated in the model and the value of Ic is now quite large and
negative. The estimate of Ic implies that a 10-year interval between relatives
measured as adults leads to a reduction of 35 per cent in their similarity.

Comparison with the results for the dominance model in table 19 shows
that the present study is unable to resolve the source of non-additivity since
there is no clear difference between the likelihood under the alternative
hypotheses involving dominance or age interactions although those with
dominance are somewhat larger. The analysis of neuroticism data suggests
that factors such as age interaction, which are frequently ignored in the
analysis of human traits, may be prevalent but are not intractable. Such
effects are not removed by conventional age corrections since these are based
on population trends that ignore the specific ageing characteristics of the
individual. The possibility of age interaction does question the fundamental
generality of the twin method in behavioural and clinical research of this
type. Just as twins of unlike-sex are frequently neglected in twin studies,
through a mistaken desire to " control" for the effects of sex, so the oppor-
tunity which the twin study provides to "control" for differences in age
may, in some instances, avoid bringing to the investigator's attention a basic
factor in the maintenance of variation.

5. LONGITUDINAL STUDIES

Several studies have shown how long-term predictions of behaviour are
likely to be undermined because of changes in gene expression with age.
That such developmental changes can and do occur is well documented in
animal studies (Broadhurst and Jinks, 1966).

In man there has been a growing interest in the influence of genetical
factors on the profile of behavioural development. Wilson (1972), for
example, has shown how the profile of mental development of MZ twins
tested on successive occasions are more alike than those of DZ twins and
concludes that genetical factors influence the timing of stages of development
as well as the overall level of final performance.

Eaves and Eysenck (1 976a) showed that the changes of the neuroticism
scores of MZ and DZ twins over a 2-year period were uncorrelated over
twin pairs. They concluded that short-term fluctuations in behaviour,
although significantly greater than chance fluctuations, were due to the
specific environmental experiences of individual twins. There was no
suggestion that the family environment or genetical factors were involved
in the determination of short-term changes. On the other hand, in a study
employing an early version of the neuroticism scale of the EPQ, the same
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authors (1976b) showed that the absolute intra-pair differences for DZ
twins correlated significantly with age whilst the intra-pair differences for
the MZ twins did not. This finding suggested that in the longer term genetical
factors were becoming more marked with increasing age. Dworkin et al.
(1976), using an analysis similar to that of Eaves and Eysenck (1976a),
showed that changes in personality of twins over a 12-year period using the
Minnesota Multiphasic Personality Inventory, were more consistent for MZ
than DZ twins and argued for the involvement of genetical factors in the
long-term changes in behaviour as much as in the overall personality score.

In spite of the detectable interactions between genotypes and occasions
of testing, there remain stable patterns of behaviour which are in part under
genetical control. Several authors (e.g. Fischbein, 1978) have drawn atten-
tion to changes in MZ and DZ correlations with time. Several have
considered behaviour profiles in the context of the twin study, but virtually
no one has offered a systematic methodology for fitting genetical and
environmental models to repeated measurements. What is clearly needed
is a formulation of genotype-environmental models that express hypotheses
about the basis of the behavioural changes in an algebraic and testable form.
Merely to demonstrate a change in twin correlation with time or to show
that MZ twins resemble one another more than DZ twins for a particular
profile of measurements is to recognise a problem but not to offer a solution.

In two of the studies of conservatism cited earlier, we identified twin
pairs who had completed both the original social attitudes inventory (i.e.
that analysed by Hewitt, 1974) and the modified form of the Wilson con-
servatism scale analysed by Last (1978). The interval between tests was
approximately 3 years. The questions on the two tests are quite different
and the test format requires different types of response, so there is very little
overlap of material between the two occasions. The covariance matrices
between twins on the two occasions are given (table 20). Since there are
two occasions and two twins, each matrix is 4 x 4. The d.f. are smaller
than in either of the two component studies since not all twins participated
in both. The model proposes that there is additive genetical variation for
both occasions (DR1 and DRS), within-family environmental differences
(E11 and E12) and between-family effects (B1 and B2), which might be due
to assortative mating or the family environment or both. In addition, since
all three major sources of variation may contribute to the covariation
between scores on the two occasions of testing, we use D1112, E112, and B12
to represent the additive genetic, within-family environmental and additional
between-family components of covariance. The coefficients of the components
in the expectations of the variances and covariances are those of the com-
ponents of variance and the total phenotypic variance of the twin model.
Thus, the expected matrix of MZ twin covariances is:

4DRS +E11 +B1 +DR12+E112+B12
— +DRI2+E112+B12 4DR2 +E12 +132—

4DR1 +B +DRS2+B12
+DRS2+B12 +DR2 +B2

+DR1 +B
+DR12+B12 fDRZ +B2
+DR1 +E11 +B1 4DR12+E112+B12
+DRI2+EII2+B22 +DR2 +E12 +B2
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TABLE 20

Twin covariances and correlations for repeated measures of conservatism

Twin 1 Twin 2
Occasion Occasion

Twin
type d.f. 1 2 1 2

MZf 181 69-90 3-91 45-27 3-03
0-55 0-72 380 0-46
0-59 0-49 84-42 464
0-43 0-64 060 0•71

MZm 53 6192 4-17 50-63 3-40
0-63 071 3-50 040
0-74 0-48 76-12 3-79
0-50 0-55 0-50 0-74

DZ1 97 119-27 6-33 60-87 501
064 0-81 3-89 042
0-58 0-45 91-96 6-96
0-47 0-47 0-74 0-97

DZm 21 12321 652 32-69 2-33
0-61 0-93 1-95 0-08
0-31 0-21 89•54 4-07
026 010 0-53 065

DZmf 39 8613 452 15-23 2-18
0-53 0-83 232 0-25
0-18 0•28 84-64 4-27
029 0-34 0•57 0-66

J'fote: Correlations are given in the lower triangle.

Similar expectations may be written for the DZ covariances by substituting
the coefficient, , for the additive genetic contribution in the between-twin
covariances where - appears in the above. The method of estimating the
parameters is exactly the same as that used in the analysis of balanced
peciigrees, except that we are now dealing with covariances between occasions
rather than between generations. It is found necessary to set the correlation
of the additional between-family effects to unity to prevent violation of the
constraint that —1 <B12!(B1.B2)t< 1. This may be done by substituting
(B1.B2) for B12 in the above expectations. The chi-square for testing the
adequacy of the model (X2 = 4478; 03<p <0.4) confirms that the model
which explains each of the studies separately is capable of doing so jointly.
The estimates are:

-CR1 = 82 0•79±0•18 R12 = 5•8±1•6
= 30±3 E12 = 028±0•03 E112 = 078±0•l9
= 16± 10 '2 = OlO±0•O8

Thus, within-family environmental influences contribute but little to

the covariation between occasions since E112 is close to zero. The genetic
correlation between the test scores on the two occasions, however, is sub-
stantial (r0 = 0.72) and the correlation of the additional between-family
effects contributing to B is necessarily constrained to its upper limit of unity
by the data. This finding is remarkable in view of the assumed instability
of attitudes. Whatever factors contribute to the overall changes in indivi-
duals' attitudes with time, it is quite clear that two distinct tests of con-
servatism given at 3-year intervals show a remarkable consistency in the
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ranking of individuals' attitudes. Thus, whatever other criticisms may be
levelled at attempts to study behaviour by questionnaire, it is quite clear
that stable results can be obtained and that such repeatability is partly
dependent on genetical differences. Since the correlation of the "B
effects is unity, the factors which contribute to additional between-family
differences, i.e. the family environment and assortative mating, are even
more stable with time. This implies that the genes involved in the choice
of spouse and the influences of the family environment on development are
the most lasting and constant in their effect on this particular aspect of
behaviour.

6. THE ANALYSIS OF MULTIPLE VARIABLES

The elusive task of behavioural measurement has been the definition of
reproducible dimensions of behaviour which summarise the consistency of
subjects' responses in diverse situations. For this reason, a great deal of
behavioural research has been founded on the hope that such consistencies
may appear and be measurable through the Simultaneous study of multiple
variables. The corner stone of multivariate research has been the technique
of factor analysis which seeks to resolve the relationships between multiple
variables in terms of (hopefully few) underlying variables—the hypothesised
"factors ". Factor analysis has concentrated chiefly on the description of
phenotypic variation and has, therefore, had little interest for the behavi-
oural geneticist except as a tool for reducing the number of measurements
for genetic analysis or as a source of speculation about the likely genetical
significance of" factors ".

Covariation between traits, like variation within traits, may have both
genetical and environmental causes resolvable by analysis of appropriately
designed studies. No matter how many measurements are made, no
analysis of phenotypic covariation can ever test the hypothesis that a given
association between traits is genetic. Two basic approaches were prevalent
in the 1960's. The first approach, suggested initially by Tukey (1951), is
to estimate the matrices of environmental and genetical components of
variance and covariance and subject these to factor analysis. This is the
method employed by Loehlin and Vandenberg (1968) in their analysis of
inherited abilities. There are two difficulties with this approach. Firstly
the component matrices obtained in this way are rarely positive definite
and so do not permit the usual factor decomposition. Secondly, there is
no simple combination of covariance matrices readily obtainable from
human relatives which yields a direct estimate of the total genotypic covari-
ance matrices. All the approximations which have been suggested require
certain untested assumptions about the mechanism of gene action or the
origins of environmental variation. A second approach which avoids the
statistical problems but does not answer the genetical criticisms is to base
the analysis on canonical analysis and seek the linear combination of
observed variables which maximises Vandenberg's F ratio of the intra-pair
DZ variance to the intra-pair MZ variance (Vandenberg, 1965; Bock and
Vandenberg, 1968). This approach has many attractions for its simplicity,
but is not a general method which employs all the data available from a
particular data set (in the case of twins) nor does it extend readily to en-
compass multiple sets of data or different types of relative. Furthermore,
the method extends to the multivariate case all the problems inherent in
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the corresponding analysis of single variables, chiefly the absence of any
test of the underlying genetical model.

The work ofjoreskog (e.g. 1973) has provided a more general framework
for the analysis of trait covariation which can be applied to the analysis of
twin and family data. The approach, based on the principle of maximum
likelihood, includes conventional ML factor analysis as a special case, but
permits specific models for trait covariation, including the developmental
models discussed earlier, to be tested. Several genetical applications of the
approach are now in the literature. Behrman et at. (1977) have applied
Joreskog's method to the analysis of the interrelationships between abilities,
attainments and income in a large sample of middle-aged veteran twins in
the U.S. The application of the twin method to multiple measurements
does not overcome the inherent problems of the twin design but, nevertheless,
the work of Behrman et al. does reveal that the basic traits measured are
consistent with a model which assumes that the variation and covariation
of the measurements is partly under genetic control.

Martin and Eaves (1977) applied a similar approach to the factor
analysis of ability data. Their analysis confirmed the findings of the original
authors (Loehlin and Vandenberg, 1968) and those of Eaves and Gale
(1974) using weighted least squares, that the covariation between abilities
depended hardly at all on environmental differences within families, but
somewhat more on genetical differences segregating in the population.
Under the linear factor model it appeared that some of the genetical variation
was trait specific. As might be expected for traits for which mating is
assortative, the simple model, which omitted the contribution of assortative
mating and cultural effects to differences between families, gave a poor fit
which was significantly improved by allowing for these additional effects. A
similar conclusion also follows from the data of Behrman et at. ft is tantali-
sing that the twin study does not permit the resolution of these two sources
of variation, since it is becoming clear from such studies that the effects of
culture and/or assortative mating are most highly correlated across traits
of this type, whilst the effects of genetical segregation are substantially,
though not exclusively, trait specific and those of the within-family environ-
ment almost entirely trait specific. If the additional effects between families
are due to the mating system, then these early findings suggest that individuals
are integrating their potential mate's performance over a wide range of
abilities with the result that disequilibrium has been established between
loci responsible for variation in different traits. If these effects are cultural,
then the results suggest that the influence of cultural differences are far more
generalised than those of specific environmental experiences within families.

The method of maximum likelihood, as formulated in the work of
Joreskog, allows far greater flexibility in the specification and testing of
models for trait covariation and removes the uncertainties and constraints
in the conventional formulations of factor analysis. Eaves, Martin and
Eysenck (1977), for example, have applied the method to the analysis of
scales which were believed to represent dimensions of impulsiveness. The
models used permitted trait-specific sex interactions to be specified and allowed
the detection of genetic environmental effects common to the component
traits and consistent over sexes.

All the published applications of the approach in behavioural genetics
have involved a fairly small number of traits. Increasing the number of
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variables beyond five or six produces problems which have become familiar
in the application of the approach to phenotypic variation (Joreskog, 1969),
especially the difficulty in finding a model which actually "fits" the
multivariate data. However, it is regularly possible to show that major
changes in likelihood accompany theoretically significant changes in the
basis of the model, and thus, to provide a powerful basis for discrimination
between equally plausible alternatives. The chief advantage of the approach
is that the researcher can specify his expectations for trait covariation in
advance and subject such hypotheses to rigorous test. Virtually any con-
sistent model can be tested in this way. There is no restriction to the
conventional factor analysis models. Models for longitudinal data, family
data, models in which the structure of trait covariation is specified in advance
are all within the scope of this approach, providing only that the experimental
design is capable in principle of resolving the necessary genetical and
environmental components.

Testing a psycho-genetical theory

The analysis of multiple variables is likely to be most powerful when
applied to variables chosen with a particular hypothesis in mind rather than
for unstructured collections of variables. Thus, Behrman et al. chose
variables with a direct bearing on the issue of inequality of income. A
further illustration is provided by an attempt to test Eysenck's personality
theory in the domains of impulsiveness and sensation-seeking. It has been
argued that the hereditary basis of the three principal dimensions of per-
sonality, psychoticism, extraversion and neuroticism, affects more general
aspects of behaviour. By combining measures of the three factors with
other variables in a genetical study, it is possible to test this theory. Martin
et al. (in preparation) analysed the genetical and environmental covariances
of 12 measures: the P, E, X, and L scales of the EPQ; four measures of
impulsiveness (Eysenck and Eysenck, 1977) and four measures of sensation-
seeking (Zuckerman, 1971). Various models were fitted, but the most
critical is that which defines four genetical factors in terms of P, if, 1V, and L
and examines their contribution to the other behavioural measurements.
It is then possible to assess the proportion of the variance in a particular
measure that can be explained by genetical variation in the dimensions of
Eysenck's personality theory. A similar model is fitted simultaneously to
the environmental variation, but in this case, allowance is made for the
specific contribution of errors of measurement etc. to all traits including the
four primary scales, P, E, Jv, and L.

The model was fitted to twin data of both sexes simultaneously but
making allowance for sex differences in the trait-specific additive genetic
variance. The results are summarised for females in table 21, which gives
the percentage contribution of the hypothesised factors to the total variance
of each variable. Examination of the genetic contributions shows that
genetical differences of the four factors individually contribute very little
to the total variation in the dependent traits. When taken together all
four factors contribute quite significantly to the genetical variation in indivi-
dual measurements. The largest contributions are those of extraversion
and the lie scale to the sensation-seeking variables. Of particular interest
from the standpoint of Eysenck's theory are the contributions of extraversion
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to disinhibition and boredom-susceptibility since an important component
of Eysenck's psycho-physiological theory of extraversion is the relationship
between cortical inhibition and extraversion, demonstrated behaviourally
in the association between measures of extraversion and boredom or dis-
inhibition (Eysenck, 1967).

Unfortunately, as is frequently the case in multivariate studies, the model
fails badly to account for the observed pattern of covariation between traits
for the five groups of twins in the sample (Xo = 963; P < 108). Several
factors could cause this including failure of the basic genotype-environmental
model for any of the reasons discussed in the context of twin data, or failure
of the psychological model to explain all the observed genetical covariation
between the dependent measures. Improvement can be achieved by
relaxing the very stringent model for the genetical covariation, but the
statistical test of such extended models suggests that the improvement is
far from sufficient to account for all the residual covariance between measures
and twins. Nevertheless, our model predicts a matrix of phenotypic cor-
relations between the variables which departs substantively from the observed
correlations in only a few places.

Thus, by the criterion of the statistical test of the model, the four
dimensions of Eysenck's personality theory do not exhaust all the genetical
covariatiori between the measurements of impulsiveness and sensation seeking,
although they do contribute significantly and in a predictable fashion to
measurements of sensation seeking. This brief treatment cannot examine
all the alternative models which might be proposed for the relationship
between personality and other measures of behaviour, but it suffices to
illustrate the principle that a rigorous test can be provided of a model whose
form is dictated by both genetical and psychological considerations, with the
consequent reduction of a very large number of variances and covariances
to a few basic causal principles.

7. ANALYSIS OF SPECIFIC ITEMS: THE THRESHOLD MODEL

(i) Item profiles

All the previous examples employ continuous or quasi-continuous
measurements. Test scores are obtained by summing over a number of
discrete item responses and the resultant scales are often either approximately
normal of can be shown to have satisfactory properties for the purposes of
biometrical genetical analysis. Some loss of information is involved, which
is normally offset by the consistency and predictive validity of the findings
using the composite scales. We now ask: "What type of information is
being lost in the analysis of composite scales? ". We may either devise a
measure of the information which is not contained in the composite score
of a test, or conduct an analysis of the individual items of the test to determine
the extent to which they reflect the properties found for the entire scale.
Eaves and Eysenck (1 976a) considered the former approach by studying
the similarities and differences of twins for the items x subjects interaction
of a short neuroticism scale. Just as the variability in total scores on a
scale can be partitioned into that due to differences between and within
twin pairs, so can the interaction of subjects and test items, representing the
variability in the unique profiles of individuals' responses around their mean
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response for all the items of the test. The subject x items interaction mean
squares for the five twin groups studied by Eaves and Eysenck (1976a) are
reproduced in table 22. The disadvantage of this type of summary is that
the general "interaction" does not give much information about the
actual types of profile contributing to it. The subject x items interaction is
often employed as an estimate of error variance in psychometric studies.
The analysis presented in the table suggests that this is not justified for this
trait, if by " error" we mean "sampling variance" in the strict sense.
The interaction variance between twin pairs is significant and the variance
within DZ pairs exceeds that within MZ pairs. Indeed, for the item specific
interactions as for many other more general dimensions of measured

TABLE 22

Twin mean squares for inconsistency of neurol icism scale

Twin type Item d.f. Mean square

MZf Between pairs 2010 29
Within pairs 2020 16

MZnj Between pairs 500 27
Within pairs 510 18

DZ1 Between pairs 1030 27
Within pairs 1040 22

DZm Between pairs 240 27
Within pairs 250 22

DZmf Between pairs 580 25
Within pairs* 580 20

Pooled Errort 10

* Corrected for sex differences.
t (Subjects x items x occasions).

behaviour, genetical factors seem to play a significant role in the determina-
tion of quite specific behaviour profiles. It would seem to be generally true
that genetical differences contribute to item profiles as well as to composite
scores. Hewitt (1974), for example, conducted a similar analysis of social
attitudes items and showed that there is significant genetical heterogeneity
of item response profiles among "conservatism" items after extraction of a
composite conservatism score. This finding was contrary to intuition since
we had speculated that the more measurements approached the subjects'
attitudes on separate issues the more likely it was that chance and cultural
factors would play a significant role in the determination of individual
responses.

In fact, the apparent familial environmental component, which was a
marked feature of the three studies of radicalism-conservatism reported
above, was not obvious once the common factor of conservatism had been
extracted from the item responses, suggesting that the family environment
(or assortative mating) is exercising a generalised effect on item covariation.

Such findings remind the behaviour geneticist that almost any trait,
no matter how apparently trivial or specific, can display a genetical com-
ponent and that the mere demonstration that a trait is partly inherited
should not, by itself, be a cause for rejoicing in some new-found evolutionary
"significance" for behaviour. The important factors which govern such
statements are the nature of the gene action, the genetical consequences of
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the mating system, and the environmental effects of genetical differences
as in the case of cultural and sibling effects. Many of these specific genetical
factors could be merely byproducts of genes whose main contributions to
fitness lie elsewhere.

(ii) Specific items

The analysis of individual items raises the more general issue of the
analysis of discontinuous variation when the discontinuities represent the
arbitrary decision of the experimental subject to endorse one category of
response rather than another or of the clinician who assigns a patient to one
category of disorder rather than another.

There are three basic approaches to the analysis of such traits. The first
is to consider the ability of a single gene model, with or without reduced
penetrance, to explain the observations. This approach is suggested by e.g.
Elston and Campbell (1970). The second approach, due to Falconer (1965),
is to regard the observed phenotypic discontinuity as a manifestation of one
extreme of an underlying continuous distribution of liability which may
itself be affected by polygenic factors. These two approaches represent the
two extremes of model which might conceivably be fitted to discontinuous
variation. C. Smith (1971) has demonstrated powerfully that the task of
discriminating between the two alternatives is prohibitive even when the
complications of G x E and the family environment are discounted, except
when the penetrance (or heritability) is high. The latter effectively precludes
a great many of the traits of psychological and clinical significance from the
domain wherein the number of loci might be inferred reliably by population
studies. The third approach, that of segregation analysis (Morton, 1969),
has some attractions for the analysis of traits about which little is known
because it concentrates primarily on the estimation of empirical parameters
to summarise the risk to relatives without any necessary reliance on any
specific theory of causation. The disadvantage of the empirical approach,
as Morton (1976) himself stresses, is the inability of empirical models to do
more than explain existing data. It is only when a sound theoretical basis
for the observed risks can be provided that general predictions may be made.

For many traits the number of loci is still elusive largely because there
is imprecise information even about the degree of genetic determination
and more especially about the environmental causes of variation. Any
approach which yields such information effectively and simply will be
attractive. Falconer's threshold model offers a conceptual basis for the
analysis of such traits, although modifications may be made to the model
and methods of analysis in the light of more recent developments. Falconer
(1965) considers a continuous distribution of liability in which there is a
threshold beyond which individuals display a particular category of response.
Edwards (1969) has questioned the validity of the sharp threshold of dis-
continuity but the alternative model, assuming a cumulative distribution
of liability, is formally indistinguishable (C. Smith, 1971). Edwards pointed
out that the threshold model for pairs of relatives had much in common
with the model underlying the tetrachoric correlation coefficient, namely
that an arbitrary dichotomy was imposed upon each margin of a bivariate
normal distribution, to yield the observed table of concordances for the
dichotomous trait in pairs of relatives. The problem of estimation, in the
first instance, reduces to estimating the position of the threshold in standard
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measure and the correlation required to yield the observed coincidence
between relatives. Gottesman and Shields (1967) employed Falconer's
approach for the genetic analysis of data on schizophrenia and Fulker (1973)
employed the tetrachoric correlations estimated from family data to provide
the starting point for a biometrical genetical analysis of schizophrenia which
suggested that the data were indeed consistent with the effects of additive
gene loci on the trait, without the influence of family environmental factors.
Such adoption data as are available confirm that the family environment
makes little contribution to the development of schizophrenia. This field
has been reviewed extensively by Gottesman and Shields (1972).

In table 23, we give five contingency tables, for each of two items taken
from the social attitudes inventory described by Eysenck (1951) and employed
in the generation of the radicalism-conservatism scores in Hewitt's twin
analysis. The items are not dichotomous, but subjects were asked to assign
their attitudes to one of five categories on a scale from strong agreement to
strong disagreement. The items were: "Ultimately, private property should
be abolished and complete socialism introduced" (item 4) and "People
should realise that their greatest obligation is to their family " (item 16).
Occasional missing responses have caused the deletion of a few pairs. The
fact that there are five categories rather than two does not affect the analysis

TABLE 23

Contingency tables for twins' attitudes to two issues

Abolition of Greatest obligation
private property is family

Group Response 1 2 3 4 5 1 2 3 4 5

MZrn 1 2 1 1 1 1 13 9 2 4 1

2 1 2 0 3 3 10 39 1 5 3

3 0 2 0 '1 0 2 7 2 0 1

4 0 3 1 0 16 3 7 4 5 0
5 4 6 1 18 41 0 2 0 1 0

MZf 1 1 0 0 1 5 37 29 2 7 3

2 1 4 1 11 5 32 70 14 28 5

3 0 2 5 8 6 3 11 7 5 0

4 1 11 7 35 35 10 27 7 21 3

5 6 4 2 35 141 0 3 0 4 2

DZm 1 0 1 0 0 2 5 3 0 4 0

2 0 1 0 0 0 6 15 2 1 2

3 1 3 0 1 1 2 3 0 1 0

4 0 2 3 6 10 2 2 3 4 1

5 1 1 2 9 15 1 1 0 1 0

DZ1 1 0 1 2 2 3 13 24 3 12 0

2 0 3 1 4 2 18 43 8 11 2

3 1 1 2 3 4 4 9 2 4 3

4 1 3 5 27 34 7 14 4 9 2
5 4 2 4 26 61 0 1 0 2 3

DZmf 1 2 2 3 3 3 6 9 1 1 1
2 0 1 4 1 5 16 25 6 9 0
3 1 2 0 4 1 5 6 3 7 0
4 3 1 4 12 14 3 12 4 9 1

5 2 1 1 18 40 0 1 1 2 1
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but merely illustrates its greater generality. We require the process which
could generate the observed contingency tables. Talus (1962) considers
the estimation of correlations from contingency tables. Writing pfor the
expected proportion of pairs in cell zj of the two-way tables, and n1j for the
observed number of twin pairs in that cell, then the log-likelihood of
observing the given two-way table is:

L = n In

The log-likelihood of observing all the tables is the sum of the component
log-likelihoods. The analytical problem is finding an appropriate model
for the p for each table and obtaining the parameter estimates which
maximise the likelihood. In the model, following Falconer, we regard each
category as bounded by a lower threshold (t1) and an upper threshold (t2)
on a standard normal scale of liability. In the case of the extreme classes,
either t1 or t2 will be infinite. Thus, in the case of a 5 x 5 table, there will
be four finite boundaries delineating the classes. In the absence of sex and
birth order effects, and any effects which contribute to differences in total
variance between MZ and DZ twins, the thresholds should be the same for
all five tables for a given questionnaire item. The expected proportion of
individuals, p, is thus:

('t2j ('t2j
I I (x, y, p)dydx
J t1 .ini

where t1, t2, t15 and t2 are the upper and lower boundaries on the standard
normal scale of liability delineating cells on the ith row and jth column of
the tables. I(x, y, p) is the standard bivariate normal distribution with
correlation p. The value of p will depend on the particular theory for
differences in liability. Since there is some evidence of additional non-
genetic similarity between the attitudes of relatives from the earlier analyses
of composite attitudes scales, we shall pursue the same model for the
component items and write:

Prnz = j-DR+B; Pdz = DR+B.
The model for the five tables thus involves six parameters: four threshold
values plus DR and B. Since the total variance in liability is constrained
to be unity in each group, the contribution of within-family environmental
factors is obtained by differences: E1 1 —jDR—B. Allowing for the
arbitrary total number in each of the tables, there are 5 x 24 = 120 d.f.
altogether, leaving 114 d.f. for testing the model by the Pearsonian chi-
square. Since the numbers observed are often small this may not be a
reliable test.

Several factors, apart from the failure of the basic genotype-environ-
mental model, might contribute to failure of this model e.g. failures of the
basic scaling assumption that the categories are ordered in a linear sequence
from strong agreement to strong disagreement.

As an illustration the six-parameter model was fitted to the data
tabulated for the two social attitude items. For item 4 the fit of the model
was poor, suggesting that substantial residual effects, including those of
sex and scaling, may need to be resolved for the individual items. The test
of the model for the individual items is therefore more demanding than a
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test based on composite scores because analysis of the latter proceed from
data which have been subjected to greater preliminary reduction. The
actual parameter values are:

Item 4 Item 16

—l•723 —O735

2 = —l233 0.453

13 = —0•959 0•745

14 = —0095 1.799

= 0•266 O306

= 0•280 0.178

X14 = l69•76 128.38

P = <000l 0•17

Thus, the contribution of both genetical and cultural factors to the individual
items can be assessed. In general, the items of the scale show great variation
in the adequacy of the model and in parameter estimates.

Although it is difficult to generalise, it appears that attitudes on economic
issues display greater cultural determination whilst attitudes towards
criminals and minority groups display greater genetic variation.

Clearly, the method of maximum likelihood in this context is not con-
fined solely to the analysis of twin data using the threshold model but may
be applied to other degrees of relationship. Furthermore, the variety of
models is just as great as those which can be applied to continuous traits
using the methods outlined earlier. There is no reason why the threshold
model is necessarily confined to simple additive genetic systems when
adequate family data can be obtained. The main numerical difficulty
encountered in the application of model-fitting techniques to pedigrees of
more than two individuals is the increase in the dimensionality of the normal
probability integral which needs to be evaluated in order to obtain the
expected proportions. Lange et al. (1976a) have outlined procedures which
might be used in applying the threshold model to unbalanced pedigrees and
show how these might be employed for the computation of likelihoods. It
is not yet clear how practicable the approach would be for parameter
estimation when the method has to be implemented with large pedigrees
or with more complex models, such as those involved in the previous
examples of the analysis of continuous traits. For the case of larger balanced
pedigrees, however, in which the multivariate normal probability integral
need be computed only for a certain number of fixed family types, the
analysis appears practicable.

8. DiscussioN

The examples illustrate growing flexibility in the formulation of models
for human behavioural variation. Social scientists are more aware of the
potential importance of genetical factors and geneticists attempt to include
cultural and social factors in models for individual differences. Much of
the new flexibility stems from advances in statistics and computing, especially

41/3—E
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in the field of numerical optimisation, which enables more imaginative
models to be tested.

Theory and method have currently outrun knowledge for want of data.
The requirement for new data is urgent. Few studies combine all the
features desirable for an adequate resolution of cultural and biological
factors. The problem is heightened by the choice of idiosyncratic measures
relating neither to a clearly defined theory of individual differences nor to a
definite educational, clinical or social problem. This is due to disagreement
about what is worth measuring, to the absence of centralised data collection,
and to lack of consultation between geneticists and social scientists about
the design of surveys. In spite of many short-comings a pattern is emerging
which could govern present research into individual differences. Unless
the twin method is generally misleading there is substantial evidence that
genetical differences lead to behavioural variation in man. The role is
quite general—involving abilities, personality, attitudes, attainments and
even income—and applies as much to individual profiles of behaviour as
to the most general measurable dimensions of human variation. Alternative
environmental interpretations are possible involving new principles which
simulate inheritance. At the level of twin research of individual variables,
model-fitting has clarified many important anomalies in twin data and
provided a theoretical basis for their interpretation, as in the case of sibling
effects. In addition, simulation and data analysis have charted more
clearly the areas in which errors of inference are most likely (Eaves, 1972;
Eaves et al., 1977; Martin et al., 1978), and provided a quantitative basis
for experimental design.

Of all factors, a basic understanding of the mechanism of gene action is
elusive since many behavioural traits are not so overwhelmingly heritable
as to permit the reliable determination of gene action by biometrical
genetical methods based on second-degree statistics, still less by analysis
in terms of one or two loci. This does not preclude the worthwhile analysis
of individual differences since modelfitting methods are capable of revealing
factors which have merely been subjects of speculation in the past, including
the environmental effects of genetical differences and the interaction of
genetical differences with age. Once research into individual differences
is sufficiently established to go beyond the measurement of one or two
types of individual on collections of unrelated variables, there is no alternative
to some variant of the procedure as a rational basis for discriminating
between plausible and probable hypotheses. More traditional ad hoc
methods do not provide this and, at best, can only magnify weaknesses
inherent in the model-fitting approach.

Environmental differences within families play a significant role in the
determination of variation although this role is exceedingly small in the
case of general measures of ability. Part of this variation is attributable
to measurement error. In a few cases, of which Eysenck's Psychoticism
scale is one, the majority of the environmental variation within families
could be attributed to errors of measurement. The problem remains of
resolving the precise causes of intra-family environmental variation not due
to error. Studies of repeated measures over a short interval, in the case
of neuroticism, suggest that many of these differences reflect transient
environmental experiences. Studies of multiple measures suggest that the
within-family environment is trait-specific in its action. These considerations
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imply that population studies of the within-family environment are not
going to reveal major new insights into the causes of behavioural variation
in general. A trait-specific approach will be required, needing the com-
parison of the environment of individuals showing a particular disability
or disease with their normal identical co-twins. Research of this type has
already become established in the study of smoking and morbidity (e.g.
Cederlofet al., 1977).

The role of the family environment, with or without the added compli-
cations of genotype-environment covariance is still controversial. Many of
the doubts expressed about particular bodies of data relating to intelligence
(e.g. by Kamin, 1974) have been dispelled (e.g. by Fulker, 1975) but
unresolvable doubts remain which can only be settled by the collection of
new and more extensive data. Since the majority of large twin and sibling
studies give consistent results (e.g. Record et al., 1970), the weight now
resides with adoption studies with greater attention paid to the estimation
of placement effects which lead to overestimation of the familial environment.

An essential distinction has been made between personal and impersonal
aspects of the environment in which individuals develop. Models for
cultural transmission and co-operation or competition recognise that the
environment of man is largely personal because he is a social organism with
a defined family structure. In specifying the effects of the personal environ-
ment, the genetic basis of variation is considered and the notion of gene
expression is extended to include the influence of one phenotype upon
another. The recognition of the personal and possibly genetic basis of the
environment in social organisms has provided stimulus for the growing
discipline of sociobiology (e.g. E. 0. Wilson, 1975; Dawkins, 1976). It is
premature to suppose that the study of human differences has made any
significant contribution to this area, but some criteria for detecting the
behavioural effects of social interactions have been established. We may
now be able to discriminate between those traits which are primarily
individual and those which are influenced by factors in the interpersonal
environment. In so far as natural selection operates upon the former it
will do so on an individual basis, in so far as it affects the latter, changes
in gene frequency will depend upon the effect of genetical differences on
the social environment (Hamilton, 1 964a, b; Maynard Smith, 1964).

We have said little about the concept of "heritability ". We agree
with Feldman and Lewontin (1975) that behavioural genetics has suffered
a "heritability hang-up" but do not see this as any grounds for dismissing
human behaviour as a worthy object of genetical research. As the above
analyses have shown, the concept of" heritability" plays only a subsidiary
role in human psychogenetics. It is of pressing scientific interest to resolve
competing claims about the basis of behavioural variation in man and to
delineate those areas of human behaviour where social and personal factors
are paramount. In our view the issue should be decided on the basis of
data and not on philosophy, politics or prejudice. The model-fitting
approach will not avoid human error nor preclude controversy, but provides
a scientific basis for resolving competing claims and for quantifying our
degree of ignorance.
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