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SYNOPSIS

Race and sex differences in mean ability follow the usual pattern

in Black and White twins from the US. Whites are more variable, partly

due to greater differences between families, This may reflect greater

cultural heterogeneity within populations or greater heterogeneity of the

White population, Differences in mean performance of Whites from

different regions partly explains this heterogeneity. Many apparent

interactions between genotypic and environmental factors can be

attributed to test construction. 4

A twin study confirms the role of common and specific environmental

factors, assortative mating and additive genetical variation in

determining social attitudes. Path models, specifying the effects of

cultural transmission and the mating system,are fitted to twin and

adoption data using the maximum likelihood methods of pedigree analysis.

The between families component is apparently explained by the effects

of the mating system in these data, but a more powerful test is needed.

Simulation studies show that exclusion of potentially important

factors (e.g. genotype-environment interaction) from models of variation

does not necessarily lead to overestimation of genetical effects, as

commonly supposed. The precise biases depend on experimental design,

population parameter values and the actual models fitted to the data,

but can be quantified exactly and probable errors of inference can be

estimated,
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GENERAL INTRODUCTION

This thesis is divided into three distinct parte which at first

glance may appear unrelated, However, they are linked through a common

philosophy and aim and show progress in the concepts and theory of

behavioural genetics, methodological advances and the direction of

ideas about data collection.

In all three parts model-building and hypothesis-testing are of

paramount importance and the underlying philosophy may be summarised by

the enumeration of five distinct stages of data analysis:

1. Construction of a series of alternative models for the observed

pattern of variation

2. A clear statement of the assumptions on which these alternative

hypotheses about the data are based

3. Tests of the assumptions whenever possible

4. Efficient estimation of parameters of the models

5. Powerful tests of the adequacy of the models using suitable

statistical criteria.

Failure to follow the guidelines implied by these five points will in

many instances lead to errors of inference, The overall aim of this

thesis may, thus, be stated as the attempt, throughout the analyses,

to recognise when errors of inference may occur and to show precisely

how biases produced by the failure to test critical assumptions can affect

our conclusions. This is the particular concern of Part C,

The earliest work in behavioural genetics largely concerned the

determination of ability (e.g. Galton, 1869; Burt, 1912; Burks, 1928)



and the twin design suggested by Galton (1869) has commonly been used.

The work in Part A of this thesis continues this tradition and considers

the causes of variation in a number of measures of ability in Black and

White twins from the southern United States, It allows a detailed and

thorough analysis of data in an area where poor data, unrealistic analyses

and mistaken interpretations have caused much confusion. However, the

models tested are not original and are well known to biometrical-

geneticists (see Jinks and Fulker, 1970), although they have not

commonly been employed in studies of Black and White twins. It was

hoped that the rigour of the analyses in Part A would make powerful

influences possible and minimise the possibility of mistaken conclusions,

Although all types of relative provide information about

genetical and environmental components of variation, most commonly

monozygotic and dizygotic twins have been used (as in the Georgia Twin

Study of Part A), since generally these were thought to provide the most

powerful initial tests of simple genotype-environmental models, It was

recognised that, after preliminary analysis, other experimental designs

may be more useful, For example, parent-offspring covariances provide a

powerful test for sex-linkage, In view of the power calculations in

Parts A and C, we suggest that alternative experimental designs should

be considered from the outset.

The weakness of two statistics commonly used by behavioural

geneticists in the past are demonstrated in Part A, Many previous workers

have used the intraclass correlation coefficient as a measure of the

resemblance between pairs of relatives, rather than analysing variance

components (e.g. Loehlin and Nichols, 1976), This approach is useful

when only straightforward analysis is performed and the causes of



variation are very simple. However, with behavioural traits, this is

usually not the case and we may be seriously misled by using the

correlational approach, Using correlations rather than variance

components assumes equality of the total variances between groups.

Therefore, the assumption is made that all effects leading to inequality

of the total variances are absent, If this is not the case then estimates

obtained from the data will be biased, and information will be lost

about effects leading to unequal variances, Jinks and Fulker (1970)

have enumerated several factors producing inequality of the total

variances:

1. The genetical components differ between groups,

2. Between and within pairs environmental components differ between

gTOUPS.

3. Genotype-environment covariance is present,

Recently, Eaves (1976a) showed how competition/cooperation between

siblings leads to genotype-environment covariance which produces a

predictable pattern of inequality in the total variances for monozygotic

and dizygotic twins and unrelated individuals reared together,

Thus, if we test the total variances for equality before using

correlations, we can ensure that we are not mislead into accepting a

simple model of variation where a more complex model is the true

explanation. However, since the analysis that can be performed using

correlation coefficients is limited and there are problems when the total

variances are unequal, it would be better and easier to make maximum

use of the information available in the data and to base all analysis of

this type of data on the biometrical-genetical approach as applied to

variance components,



The limitations of the simple analyses which may be undertaken

using the correlational approach are amply demonstrated in Part A using

the data of the Georgia Twin Study,

The second statistic which we show to be of limited value in

behavioural genetics is the heritability, This is often used as a

summary statistic and is the amount of genetical variation expressed

as a proportion of the total variation. It gives the relative

contributions of genetical and environmental components within any

population.

Several authors (e.g. Newman, Freeman and Holzinger, 1937;

Nichols, 1965; Vandenberg, 1966) have used data on MZ and DZ twins to

generate so-called "heritability ratios". Such ratios, however, bear no

simple relationships to either the broad or narrow heritabilities familier

to quantitative geneticists (Jinks and Fulker, 1970) unless some radical

simplifying assumptions are made, The approaches generally used offer

no test of these assumptions, The model fitting approach of biometrical

genetics, however, combines parameter estimation and tests of assumptions

in the same analysis with the result that many fundamental. biases and

inconsistencies of older approaches can be avoided,

The heritability ratio may not be used for comparisons between

groups, Two populations, where the environmental and genetical components

of variation are quite different may have similar heritabilities by chance,

The analyses presented in Part A provide conclusive evidence on this

point and reinforce our belief that analysis of variance components

provides the most efficient use of data, when its structure is regular

as in the case of twins,

The problem of genotype-environment interaction for measures of

ability and the extent to which apparext interactions between within—



families environmental differences and genetical differences can be

attributed simply to the scale of measurement are considered. A

second cause of non-indenendence of genotype and environment i.e.

genotype-environment covariation is not considered, since previous

workers have found no substantial effect of CovGE in the determination

of ability in human populations (e.g. Jinks and Fulker, 1970).

Previous work suggests a fairly simple genotype-environmental

mechanism for individual differences in intelligence. The pattern of

variation is that of a trait determined by environmental differences within

families and genetical differences, ‘There is no indication that

environmental differences between families produce any substantial effect

on intelligence. However, additive genetical variation produced by

assortative mating (Burt and Howard, 1956; Jinks and Pulker, 1970) and

dominance variation (Schull and Neel, 1965; Spuhler, 1967; Jinks and

Fulker, 1970) are implicated. Boththese phenomena show that ability

as measured by conventional intelligence tests is a biologically

meaningful variable and, in particular, the presence of strong directional

dominance for I.Q. indicates that during man's evolution high I.Q.

contributed to reproductive fitness, Thus intelligence might appear a

suitable trait for the study of biological and cultural evolution.

However, this may be precluded in the latter case by recent work of

Faves (1976a, b) which postulates three mechanisms which could lead to

genotype-environment covariation. His specification of one of these

mechanisms in algebraic terms provides a theoretical model for cultural

transmission of polygenic traits. Demonstration of cultural transmission

would be of great biological and sociological interest. Since there is

little evidence for a between families environmental component of variation



or genotype-environment covariance for ability, both of which are

generated by cultural transmission of the type envisaged by Faves

(1976b), exploration of this novel aspect of multifactorial inheritance

requires a new trait.

Interest in the measurementof personality began when methods

for determining an individuals intelligence were well established.

Cattell (1957, 1965a) developed a theory of personality involving sixteen

first order factors. This is complex and renders analysis interpretation

and prediction difficult. EHysenck's work describing his three

personality dimensions - neuroticism, psychoticism and extraversion

(Eysenck 1952, 1968; Eysenck and Eysenck, 1969) - has been extensive

and provides a more useful model for personality than that of Cattell.

Twin data has been used to study the genetical determination of these

three major dimensions and simple mechanisms appear to account for

variation in neuroticism (e.g. Eaves and Eysenck, 1976), psychoticism

(faves and Eysenck, 1977) and extraversion (Faves and Eysenck, 1975).

There is no indication of between families environmental variation or

genotype-environment covariation. Therefore, interest has turned to the

analysis of social attitudes, |

karly work showed that the two dimensions of social attitudes -

Radicalism = Conservatism and Tough - Tendermindedness - were partly

inherited (Eaves and Eysenck, 1974). A priori, we might suppose that

these traits are of some cultural and evolutionary significance and that

they are suitable candidates for the study of cultural transmission,

In Part B of this thesis a detailed analysis of social attitudes

data is given. Analysis of 587 pairs of twins uses conventional methods



for determining genetical and environmental components of variation,

but is important for two reasons, The number of twins is now

sufficient to overcome the problems of power encountered in the Georgia

Twin Study and can 1, allow discrimination between simple environmental

and simple genetical models of variation and 2. demonstrate the

importance of the joint effects of culture and the mating system. A

comparison between the components of variation estimated in Part B and

and those from two previous studies is made, The cultural transmission

of attitudes based on parental phenotype might be implicated in the

production of environmental differences between families, giving rise

to genotype-environment covariance. This cannot be studied using

data on twins reared together and we again see the need for the

collection of data on other relatives, Adoption data are critical for the

resolution of cultural transmission and data on 445 individuals who

formed part of an adoption atudy were available. It is in the analyses

of these data that there is novelty in the models and analytical

techniques used.

The relevance of the model of Faves (1976b) is considered for these

data, However, simultaneous specification of assortative mating and

cultural transmission are not possible within the framework of this model,

Therefore, new models are formulated using the methods of path analysis.

Maximum-likelihood estimation and hypothesis—testing are used in order to

estimate parameters of the models and determine which are the most

likely explanations of the observed variation. This work is exciting

because it combines the use of path models, which have hitherto been

used ineffectively in the analysis of human data, with a method of

maximum-likelihood estimation which permits the analysis of irregular



pedigrees, (which are normally wasteful of information), in the most

efficient manner. It shows how path models can be useful when dealing

with effects which are basically phenotypic in origin and demonstrates

a trend, likely to prove fruitful, towards the collection of families

as they occur naturally in the human population, This will allow a

variety of effects to be detected and estimated, without the problem

arising that particular sorts of individuals may be atypical of the

population as a whole,

However, a large area in human behavioural genetics remains to be

discussed, Path models are useful in the analysis of phenotypically

based effects (e.g. assortative mating, cultural transmission), but

cannot be used to satisfactorily specify non-additive effects such as

dominance, epistasis and genotype-environment interaction. A thorough

consideration of all the sources of genotype-environmental covariance |

has not been made. This lead us to an area of great potential

importance for the design of future experiments, A series of simulations

were performed in order to detect the biases and errors of inference

which may occur when certain important effects, such as genotype-

environment interaction are mistakenly omitted from models of variation,

There is a body of opinion which expresses the view that the heritable

component of variation will be over estimated in such cases, The

simulations were carried out to show that this is not necessarily the

case, although the precise errors made will depend on experimental design,

the true causes of variation and the particular mistaken models fitted

to the data, In Part C, we outline methods for the exact quantification

of the biases for a given situation and show how to estimate the probable

errors of inference. The use of these methods in planning future research

is considered,



PART A

THE GHORGIA TWIN STUDY



INTRODUCTION

The work reported in the first part of this thesis continues

research into an area with a long and controversial history. It concerns

the role of biological and environmental factors in producing individual

differences in ability. Galton was the first to consider this topic.

His studies concerning the importance of inheritance in determining high

levels of achievement are summarised in his book, Hereditary Genius

(1869), where he showed that among the exceptionally gifted, the number

of relatives also outstanding in their achievements is much larger than

that expected by chance, Since then a large body of data, collected

throughout this century, has suggested. that general ability as measured

by conventional I.Q. tests is largely genetically determined, at least

in Caucasian populations in western Europe and the United States, The

evidence provided by these data has been extensively reviewed and

discussed recently (e.g. Erlenmeyer-Kimling and Jarvik, 1963; Burt, 1966,

1972; Jarvik and Erlenmeyer-Kimling, 1967; Jensen, 1967, 1969, 1970;

Lindzey et al, 1971; Vandenberg, 1971; Jencks, 19723; Anderson, 1974;

Broadhurst et al, 1974; Eaves, 1975), and further comments upon it

will not be made here,

In the United States, attention became focussed upon the

determination of individual differences in intelligence in Black and

White populations, Much of this work was summarised in two books edited

by Vandenberg (1965, 1968). A large mean difference in ability between

the two races was reported (e.g, Shuey, 1966; Jensen, 1969) and work

purporting to show that this difference was due to genetical differences

caused much argument. Many reviews of the evidence have been published



often reaching very different conclusions (e.g. Klineberg, 1944,

19633 Dreger and Miller, 1960, 1968; Pettigrew, 1964; Shuey, 1966).

Much attention was drawn to the debate by Jensen (1969) whose critical

review of the research concluded that the mean difference was due mostly

to genetical differences between the populations. He showed that T.Q.

tests measure a dimension of general ability of great social relevance,

that individual differences on this dimension are highly heritable

(genetical differences accounting for 80 per cent of the total variance)

and that educational programmes have proved generally ineffective in

changing the relative status of individuals or groups on this dimension,

The most recent review of the work in this area was made by

Loehlin et al (1975) in their book "Race Differences in Intelligence",

which provides an excellent account of the background for the present

study. They discuss evidence of four main types which may be used to

separate genetical and environmental components of variation. Studies

of racial admixture, adopted individuals and their parents and half

siblings are reported. However data on twins and siblings is the most

extensive and will be briefly outlined here.

Jensen (1973) gave a battery of tests of ability to 8000 children

and calculated correlations for Black and White sibling pairs. He

found similar correlations in Blacks and Whites, In a large study of

twin and sibling pairs, Nichols (1970) concluded that the heritability

of ability in Blacks was lower than that in Whites. However, the

evidence is somewhat ambivalent depending on the age at which the

individuals were tested and the particular tests used,

The largest study of Black and White twins is that of Scarr-

Salapatek (1971). She had data on aptitude and achievement tests,



However, despite the size of the study, she failed to find a

systematically greater similarity of same-sex twins compared with

opposite sex twins i.e. there was no demonstrable heritable component,

This result is anomalous compared with the results of many previous

studies. Thus, of the three studiea mentioned so far, two have given |

internally inconsistent results and the other only tells us that sib

correlations are approximately equal in Blacks and Whites. ©

The present study is a direct follow up of the fourth major study

of Black/White differences in ability - that of Vandenberg and Osborne

(Vandenberg, 1969; Osborne, Gregor and Miele, 1968),

They administered the same test battery to two sub-samples of

twins, one in Louisville, Kentucky and the other in Atlanta, Georgia,

Later theyindependently published papers on the analysis of the combined

samples comparing heritabilities of the measures of ability in Blacks

and Whites (Osborne and Gregor, 1968; Osborne and Miele, 1969;

Vandenberg, 1970). Although both were analysing the same data, they

came to contradictory conclusions, Vandenberg found that heritabilities

were lower in Blacks, but Osborne found little difference in heritabilities,

except that heritabilities were marginally larger in Blacks than Whites

for some tests. The discrepancy between the two analyses can, in this

case, be explained in terms of the two differing methods of calculating

heritability, neither of which is truly the proportion of the total

variance asrribable to variation produced by all genetical influences

(see Jinks and Fulker, 1970).

Osborne's analyses were based almost entirely on the MZ and DZ twin

correlations, whilst Vandenberg used his F statistic; which includes

only within families genetical and environmental effects, In both



cases, the choice of statistics and methods of analysis did not make

the most efficient use of the available data.

In the following pages, we will analyse the data of the follow=-

up to their studies, known as the Georgia Twin Study, The methods

used will be those of biometrical~genetics, based mainly upon the

analysis of variance components, These methods are discussed by Mather

and Jinks (1971), Jinks and Fulker (1970), Eaves et al (1977) and

others, In this way, we hope to make the most efficient use of the

data and to draw more powerful conclusions about the sources of

individual differences in ability in Blacks and Whites in the United

States,



SECTION 1: A DESCRIPTION OF THE DATA

1 INTRODUCTION

The collection of the data which forms the Georgia Twin Study

was begun in the early sixties by Osborne and vandenbere. Forty five

pairs of twins were tested by Osborne in Atlanta, Georgia and Clarke

County, Georgia, Two hundred and thirty nine pairs were tested by

Vandenberg in Louisville, Kentucky; Jefferson County, Kentucky and

Indiana, These 284 pairs of identical and same-sex non-identical

twins form the Co-operative Twin Study of Vandenberg (1967) and

Osborne (Osborne et al 1968; Osborne and Gregor, 1968).

In 1972, Osborne decided to enlarge the sample size of the

Co-operative Twin Study to enable comparisons to be made by race and

sex, The earlier study had been criticised by Jensen (personal

communication) and Loehlin et al (1975) because the number of Negro

pairs (especially dizygotic, Negro pairs) was too small to enable

meaningful comparisons to be made, Therefore, in selecting schools

for participation in the Extended Study care was taken to ensure that

the racial composition of the schools reflected the racial composition

of the region, The Extended Sample is composed of 143 same-sex pairs

and 47 opposite-sex pairs, tested by Osborne in Atlanta, Georgia;

Chatham County, Georgia and Clarke and surrounding counties in Georgia

in 1972.

The total sample of 474 pairs of twins from the Co-operative Twin

Study and the Extended Sample together form the Georgia Twin Study. The

data of the Georgia Twin Study were kindly made available to the



Genetics Department of the University of Birmingham by Dr. RT.

Osborne, Professor of Psychology at the University of Georgia, for

biometrical-genetical analysis in the spring of 1974,



2 THE SUBJECTS

2e1 Location of the Subjects

Twins were located through public and private schools in the

areas mentioned above, In Kentucky and Indiana, lists of twins were

obtained from school boards and permission for the twins to participate

in the study was obtained from parents. The twins were paid an

honorarium and testing sessions took place during school hours,

Vandenberg (1968, 1969) reports that in nearly all cases the twins

contacted actually agreed to participate in the study. Co-operation

in the schools varied between 85 and 100%, Although co-operation was

not 100% in all cases, there was no reason to expect any serious biases

introduced by the sampling procedure.

In Georgia location of the twins was by a slightly different

procedure, A call for like-sexed twin volunteers in the eighth grade

and above was placed through the guidance counsellor in the selected

schools, Eighth grade children have an average age of thirteen years.

All twin volunteers were accepted as part of the study, including 47

pairs of opposite-sex twins who asked to participate. The consent of

the parents and approval of school officials was obtained, Testing

took place in two half-day sessions on Saturdays, To encourage both

members of the pair to attend the testing sessions and to defray and

cost of meals and travelling to school on a Saturday, an honorarium

was paid to the twins.

The number of twin pairs not volunteering for the study is unknown,

but is believed to be small. Volunteers might not be a random sample



of the population with respect to the traits being measured, However,

there was no evidence that this was the case. It was hoped that the

volunteers would be a representative sample of twins in schools in the

Southern United States,

2e2 Structure of the Sample

The subjects were pairs of monozygotic and dizygotic twins. Forty

seven pairs of dizygotic twins were opposite-sexed, These twins had

volunteered for the study when the call for like-sexed twins went out,

It was decided to test them also because turning away some volunteers

might discourage others from participating. However, since their

inclusion was accidental, it was decided to exclude these pairs from

the analysis in case they were a biased sample of opposite-sexed pairs,

Analysis of data on the same-sexed pairs was performed and is reported

here.

The twins were further classified as male or female and into two

racial groups, i.e. whites and blacks, The ages of the twins lie in

the range from twelve years to twenty years, The mean age is 15.33

years with a standard deviation of 1.56 years, This age range is an

additional factor in ensuring that twins could not have been included

in 1963 and 1972. Testing took place in different schools on the two

occasions, but a pair might possibly have been included twice by

transferring from one school to another, However, all twins tested in

1963 would have completed their schooling by the time of the second

testing in 1972.



The distribution of the total sample by age, race and sex is shown

in Table Al. Sixty-three pairs of twins, for whom there were missing

data for one or both members of the pair, are excluded from the analysis,

Thus, a sample of 364 pairs of twins remains, Their distribution by

zygosity, race and sex is shown in Table A2.



 

 

TABLE Al: DISTRIBUTION OF THE TWINS BY RACE, SEX AND AGE

White Negro Total

ge o F F © F F 6 F F

|

man paive

12 2 2 2 2 4 4 2 ok

13 30 46 76 44 30 bh 4h 76 120 60 14.4

44 46 52 98 2h 36 60 70 88 158 79 18.5

45 54 76 130 18 «34 #52 72 «+110 182 94 24.3

46 Sk 7h 128 16 322 %4& 70 106 176 88 20.6

17 56 52 1088 6 2 3 62 76 138 69 16.2

48 22 3) 56 2 8 10 2 42 66 33 707

49 6 2 8 6 2 8] 4 9

20 2 2 2 2 1 22

Means 15-9 Heh1 HAD 4.78 15.01 193 15.41 15.28 15.33

S.D's 1.61 12.5% 1.58 1.29 1.50 1.44 1.58 1.5 1456] 427

No.Twin Pairs 135 169 30h 40 83 123 175 252 h27  



TABLE A2: DISTRIBUTION OF THE TWINS BY ZYGOSITY, RACE AND SEX

Monozygotic

Twins

Males Females Total

Caucasians 66 715 141

Negroes 22 47 69

Totals 88 122 210

Caucasians

Dizygotie

Twins

Grand
Males Females Total Totals

42 68 110 251

12 32 44 113

24 =—-:100 154 364
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3 DIAGNOSIS OF ZYGOSITY

All twins studied in 1963 were blood-typed by the Minneapolis War

Memorial Blood Bank, The following factors were tested: A, By, O, My, N,

Sy Sy» Pi» Rho, rh'*, rht, Miltenberger, Vermeyst, Lewis, Lutheran,

Duffy, Kidd, Sutter, Martin, Kell, Cellano and occasionally some others,

All pairs discordant for one or more blood types mst be dizygotic.

However, a small proportion of dizygotic twins may be concordant for all

blood types tested just by chance and therefore, be misclassified as

monozygotic. This will increase the within pairs variance of monozygotic

twins and so the effect of within families environmental influences will

be over estimated. Thus, misclassification produces a bias which reduces

the proportion of variance ascribable to genetic factors,

Misdiagnosis of zygosity is a possible explanation for the

gignificant excess of monozygotic twins compared with the numbers expected

from the proportion of monozygotic twins-births in the population given

by Standskov and Edlen (1946) (see section 1.5.2.). However, Smith and

Penrose (1955) give tables for the most frequently tested blood groups

which enable the probability of misclassification to be calculated.

Martin and Martin (1975) found probabilities for concordant pairs being

dizygotic varying between 0,002 and 0,035, Assuming a fairly high

estimate of three per cent misclassification, then in Vandenberg's

sample we would expect only seven pairs of twins concordant on all

blood markers to be dizygotic. Since there were twenty pairs of

monozygotic twins more than expected, it seems that although misclass-

ification may contribute to the excess of monozygotic twins, it is not

a sufficient factor in itself to explain the excess, The proportion of



monozygotic:dizygotic twins and the excess of monozygotic twins is

further discussed in Section 1.5.2.

Vandenberg classified the 239 pairs of twins studied by him as

monozygotic or dizygotic using the results of serological tests alone,

Possible misdiagnosis could have led to as many as seven pairs being

misclassified, This is a small proportion of the total sample and

will produce only a small bias. However, such misclassification will

lead to the under-estimation of the proportion of the variance due to

genetical causes.

Osborne had anthropometric as well as serological data for the

sub-sample of forty five pairs of twins studied by him in 1963, ‘The

anthropometric measures were: face length, head length, head breadth,

head circumference, height and weight. Three other measures were

computed: Cephalic index, Kaup's Index (body weight in grams/(height

(in cm))*) and Rohrer's Index of body structure (body weight x 100/(height

(in cn))>). Data on colour-blindness and handedness were also available,

Twins were automatically classified as dizygotic if they were discordant

for blood-type or colour blindness. Concordant twins were then classified

as similar (MZ) or dissimilar (DZ) using the nine physical measures

described above, Six pairs of twins concordant for all plood-types

were classified as dissimilar and called dizygotic on the basis of

probabilities obtained from the tables of Verschuer (1932) and Dahlberg

(1926). It was hoped that this procedure would pick out dizygotic twins

who would otherwise have been classified as monozygotic because they were

concordant on all blood-types by chance, Reclassification of six pairs

out of forty five on the basis of physical measures implies thirteen per

cent misclassification by blood-typing, which is higher than in any



previous study. When we consider the absolute numbers involved, we

find that we would have expected to reclassify one or two pairs on

the basis of physical measures and we have, in fact, reclassified six

pairs. Thus, even if we have mistakenly classified some monozygotic

twins as dizygotic by using the physical measures, the absolute number

of pairs involved is small and unlikely to produce a large bias, This

procedure would produce misdiagnosis of the type where true monozygotic

twins are mistakenly called dizygotic because they differ more in their

physical characteristics than expected for monozygotic twins, They

will not necessarily differ more than expected for the abilities being

studied here and, therefore, the within pairs variance of dizygotic

twins will be reduced, This means that the within families genetical

effect and the proportion of variance due to genetical influences will

be underestimated. Thus, the possible sources of misclassification in

Vandenberg's sub-sample and Osborne's sub-sample studied in 1963 both

lead to underestimation of the genetical components of variance,

The twins studied by Osborne in 1972 were not blood-typed, Physical

measures and characteristics were used in conjunction with two

questionnaires to determine the zygosity of these twins, One question-

naire was that developed by Nichols and used in the National Merit Twin

Study (Nichols, 1965; Nichols and Bilbro, 1966); the other was a

modification of that used by Schoenfeldt for Project Talent,

(Schoenfeldt, 1968).

On the basis of this data, two computer programs were used to

classify the pairs as monozygotic or dizygotic, The Automatic Interaction

Detector (AID) Program is explained in detail by Schoenfeldt (1968),

fe other program was the Discriminant Analysis Program (BMDO7M) from



the Package of Biomedical Computer Programs (Dixon, 1973). ‘This

utilised the nine physical measurements described for the twins

studied by Osborne in 1963, The 1963 group were used as the criterion

group for determining the accuracy of diagnosis using the discriminant

scores of the 1972 group. ‘The results of the two programs were

compared, Where these agreed, the twin pair was classified

accordingly. Of the 143 pairs, 61 pairs were classified as

monozygotic and 35 as dizygotic. This total of 96 pairs had been

classified the same by both programs.

For the 47 pairs of twins remaining, a second discriminant

analysis was run using the 96 pairs of twins already diagnosed as the

criterion group. Seventeen variables were used in this analysis.

They were the nine measures from the first analysis plus nose length,

eye colour, hair colour, other hair differences, colour blindness

(two variables), mistaken identity variables from the Project Talent

Questionnaire and handedness,

Three judges classified the 47 pairs of twins as monozygotic or

dizygotic using front and profile photographs, statements of likenesses

and differences made by the twins and the twins self-report of zygosity.

Thirty six pairs of twins were diagnosed as identical by the second

discriminant analysis and by the judges, these were classified as such

(20 MZ pairs and 16 DZ pairs).

The complete files of the eleven remaining pairs (except the

psychological test results) were examined by the principal investigator

and he made the final classification of these pairs. His comments are

presented in Appendix A.



Te results of the ATD program agreed with the final result in

81.2 per cent of cases. For the nine variable and seventeen variable

discriminant analysis programs the diagnoses agreed with the final

classification in 85.3 and 76.6 per cent of cases respectively.

Assuming the final classification to be the correct one, the reliability

of all these methods is low. However, in the 47 cases where judges

were used, the judges consensus always agreed with the final

classification. Out of the eleven cases, where no decision could be

made and the principal investigator decided the issue, ten pairs

turned out to be dizygotic. These comments on the zygosity determination

are especially interesting if we consider several studies of zygosity

diagnosis. Cederlof et al (1961) recorded an accuracy of 98.6 per

cent with 145 pairs of twins using two mailed questionnaires about

physical similarity when growing up and confusion in childhood,

Unfortunately they could make no diagnosis for 55 (or 27.5 per cent)

of the original 200 pairs either because of failure to reply or

because diagnosis could not be made from the responses given, More

recent work by Kasriel and Eaves (1976) showed an accuracy of 96.1 per

cent using only two questions on physical similarity and confusion in

childhood. The "true" zygosity of the twins was determined by blood-

typing 178 pairs of twins for fifteen different systems, Of 94

pairs of twins diagnosed as monozygotic by blood-typing, 92 pairs

agreed that they were alike and had been confused in childhood, If

pairs agreed that they were alike and were confused in childhood, Kasriel

and Faves classified them as monozygotic, If they said they were not

alike and not confused, or if they failed to agree on these two questions,

they were classified as dizygotic. Using these criteria only 7 pairs out

of the 178 pairs were misdiagnosed (i.e. 3.9 per cent).



In the Georgia Twin Study, the judges and the principal investigator

used responses to questions on similarity and confusion in childhood to

help reach their decision, Kasriel and Faves point out that disagreement

between the twins as to their zygosity and any other doubts about

zygosity are usually a good indication that the pair in question is

dizygotic. In this study, we notice that of the final eleven pairs

for whom there was doubt about zygosity, ten pairs were finally

classified as dizygotic.

It is hoped that the lengthy processes involved in reaching a

decision about the zygosity of these 143 twin pairs has reduced errors in

diagnosis to a very low level. Errors could have occurred in either

direction, i.e. some monozygotic twins may have been classified as

dizygotic and some dizygotic twins may have been classified as monozygotic.

The effect of these errors would be to increase the within pairs

variance of the monozygotic twins, leading to overestimates of the

within families environmental effect, and to decrease the within pairs

variance of the dizygotic fwins, leading to underestimates of the within

families genetical effect, Both these effects will reduce estimates

of the 'proportion' of variance due to genetical influences,

Zygosity was determined differently in the three sub-samples

studied, leading to misclassification of dizygotic pairs as monozygotic

in Vandenbergs sub-sample, misclassification of monozygotic pairs as

dizygotic in Osborne's 1963 sub-sample and errors in both directions in

Osborne's 1972 sub-sample, However, in each case the bias introduced

by the misdiagnosis of zygosity is predictable and leads to the

underestimation of the proportion of the variance due to genetical

causese



4 THE TESTS

All the tests selected for use in the Georgia Twin Study were

easy to administer by pencil and paper methods, The twins were tested

in groups and testing usually took place in the subjects own school

in two half day sessions,

Thirteen tests of ability were taken by all the twins participating

in the study. These tests were chosen to represent the unique, primary

mental abilities identified independently by Thurstone, Cattell and

Guilford, Tests thought to include items requiring specific learned

achievements or tests of short term memory were not considered for use

in the Georgia Twin Project. These tests measure abilities called Level

I abilities by Jensen. Level I abilities are similar in nature to

Cattell's crystallised general ability (g,) which is a general factor

found “largely in a type of abilities learned at school, representing

the effect of past application of fluid intelligence, and amount and

intensity of schooling", (cattell, 1965a). Jensen's Level I abilities

and Cattell's crystallised general ability have in common an emphasis

on learned achievements.

All the tests used in the Georgia Twin Project should be measuring

the Level II abilities of Jensen. “Level II ability is characterised

by transformation and manipulation of the stimulus prior to making the

response. It is the set of mechanisms which makes generalisation beyond

primary stimulus generalisation possible, Semantic generalisation and

concept formation depend upon Level II ability; encoding and decoding of

stimuli in terms of past experience, relating new learning to old

learning, transfer in terms of concepts and principles, are all examples



of Level II. Spearman's characterisation of g as the ‘educ_tion of

relations and correlates corresponds to Level II", (Jensen, 1973 a). ,

It is also similar to Cattell's fluid intelligence (g-) which is

"that form of intelligence which is largely innate and adapts itself

to all kinds of material, regardless of previous experience with it",

(cattell, 19650). However, it seems unlikely that all: the tests chosen

for use in the Georgia Twin Study are entirely free of Level I

abilities, especially tests of verbal ability and arithmetic ability.

Six of the tests used in the Georgia Twin Study were selected from

the Educational Testing Service (ETS) kit of reference tests, but the

others are less well-known, All were originally selected by Vandenberg

for use in the Louisville Twin Study (Vandenberg, Stafford and Brown, 1965),

The tests measuring each primary mental ability are shown in Table A3,

together with other information about the primary mental abilities

involved. A brief description of the thirteen tests used in the Study,

reference to their source and the abbreviation for each used in the

text are given in Appendix Bo

There are data only on these thirteen tests for the sub-sample of

twins studied by Vandenberg in 1963, ‘The forty-five pairs of twins

tested by Osborne in 1963 took nine additional tests, ‘These are shown

in Table A4 together with their sources, The sub-sample tested in

1972 took the thirteen main tests and also four others as follows:

1. Test of "g" culture fair, A
prepared by Cattell and Cattell

2, Test of "g" culture fair, B

3, Primary Mental Abilities Test (PMA) prepared by Thurstone

4. ‘The Junior-Senior High School Personality Questionnaire (J.S.HSy ),

prepared by the Institute for Personality and Ability Testing.



TABLE AZ: EXPECTED FACTOR STRUCTURE OF TESTS USED IN THE GEORGIA

TWIN STUDY

FACTOR T

VERBAL
ABILITY

FACTOR IL

NUMERICAL
ABILITY

FACTOR IXI

SPATIAL
AGILITY

FACTOR IV

PERCEPTUAL
SPEED

Inveatigators

Cattell (1957)
Guitford (1967)

Tourstono (1938)

Garrett (1946)

Cattell (1957)

Guilford (1967)

Thurstone (1938)

Fruchter (1948)

Macfarlane Smith (1954)

Guilford and Iacey (1947)

Thurstone (1933)

Cattell (1957)

Guilgord (1967)

General types
identifying the of test

Factors

Thurstene (1933) Vocabulary

Burt (1940) Reading

Garrett (1946) Comprehension

Grammar etc.

Addition
Subtraction
Multipliéation
Divistoa etc.

Formboard

Punched Holes

Qubes etc.

Speed in finding
figures sad
making ¢o- -arisons

Specific test used in
the Georgia Twin Study

Vide range vocabulary
Self-judging vocabulary
Spelling -
Calendar test

Simple arithmetic

Hewcantle Spatial
Cubes comparicon
Burface developaent
Paper folding
Formboard
Object aperture tent

Mazes
Identical, pictures



The socio-economic status of the patents of these twins was

determined also. A summary of all the tests used in the Georgia Twin

Project is given in Table A4,



TABLE Aus

TESTS TAKEN BY ALL TWINS

TEST

Arithmetic

Vocabulary

Rein

Spelling

Calendar

Identical pictures

Cubes

Surface development

Form Board

Paper folding

Object aperture

Spatial ability

Mazes

SCURCE

Mukherjee (1963)

French et al (1963)

Heim et al (1965)

Allen et al (1946)

Remondine (1962)

French et al (1963)

French et al (1963)

French et al (1963)

French et al (1963)

French et al (1963)

DuBois and Gleser(1948)

Macfarlane Snith and
Lawes (1960)
Mackirnon and Henle

(1948)

THE TESTS USED IN THE GEORGIA IWIN STUDY

TESTS TAKEN BY TWIs
OSBORNE IN 1963

TEST

Cord Rotation

Cancellation

Whiteman Test
of Social Perception

Logical Reasoning

Ship Destination

Mooney Faces

Draw a Nan

Inference I

How well do you xow
yourself?



TESTED BY TESTS TAKEN BY TWINS TESTED BY
OSBORNE IN 1972

 

SOURCE TEST SOURCE

1 (196: Test of t 1French et al (1963) Festof is a & te12.(2959)

Van Der Ven (1965) Test of tg! Cattel1 (1959)
Culture Fair 3

Whiteman (1954) Pri Mental Jhurgtoneoven Abilities U4958)
Hertzy a q SeniGaitfora(1965) (Heese

risteasen and Personality

 

Guilford (2955) \questionnaire Cattel1(1967)

Mooney (1957)

French et al (1963)

Jenkins et 22(1959)

o
e



5 ASCERTAINMENT OF THE SAMPLE

5el Sourcesof Bias

In studies such as this, one hopes to make inferences about a

population by analysing data from a sample of the population.

Therefore, ideally, the sample should be drawn at random to avoid

introduction of biases, When human subjects are used, sampling is

rarely random for a number of reasons,

VolunteeringBehaviour

When research is carried out on human populations, all subjects

are volunteers, This immediately introduces the problem that volunteers

may not be typical with respect to the trait under study, For example,

it is well known that females tend to volunteer more frequently than

malese

It is also known that females score more highly on average on

neuroticism scales than males (Eysenck and Eysenck, 1969). Therefore,

in any sample, the number of subjects with high neuroticism scores will

be over-represented. In this case the problem is easily overcome, The

two sexes are recognised as separate classes and tested for mean

differences and differences in total variance. Similarly racial

differences and differences in socio-economic status may be recognised

and tested. However, less obvious classifications of the data may exist,

If there are mean differences between the classes and some classes tend

to volunteer more often than others, then unsuspected biases may be



introduced into the data, The problem is more serious where psychological

traits are being studied, and volunteering behaviour may be partly

determined by the trait being studied,

The Representativeness of Twins

In the Georgia Twin Study problems could be introduced by the

constraint, inherent in the experimental design, that all subjects must

pe twins. If twins are not typical of the population from which they

are drawn with respect to the trait under study, then conclusions based

on the sample may not be legitimately generalised to the population as

a whole.

Several workers have criticised the "Twin Method", because twins

are atypical. Evidence that twins are atypical for the type of

abilities studied here has come from a number of sources, Various

workers (Mehrotra and Maxwell, 1949; Sandon, 1957; Drillien, 1961;

Husen, 1969; Record, McKeown and Edwards, 1970) have shown that twins

have a mean for tests of ability several points lower than that of

singletons. Mittler (1971) reviews the extensive evidence for the lower

mean ability of twins, Several workers (e.g. Sandon, 1957) have shown

that there are relatively more individuals with low ability among twins

than among singletons which suggested that the operation of pre-natal

and natal factors may cause cerebral injuries more often among twins than

among singletonse Price (1950) has fully reviewed the literature on

the possible sources of bias introduced by pre-natal and natal factors

in twins. Husén (1969) in his study of 2200 singletons and 1000

individual twins has shown that the lower mean score of twins is due



to a downward displacement of the whole ability distribution among

twins, which makes the birth injury hypothesis less tenable, Husén

(1959) showed that twins tend to display a verbal retardation and

suggested that psychological factors gave rise to the lower mean

ability, since twins seemed to communicate more among themselves and

less with the outside world than singletons, He predicted that

monozygotic twins would be more retarded than dizygotic twins. However,

Husén showed in his 1969 paper that this was not in fact the case and

that identical twins show somewhat higher means,

Several workers (e.g. Willerman and Churchill, 1967) have pointed

out the correlation between low birth weight and ability and the lower

birth weight of twins and suggested that low birthweight and ability

are causally connected.

Record, McKeown and Edwards (1969a, bs 1970), however, have shown

in a large study that the low ability scores of twins are not explained

by differences from single births in their distribution by maternal age

and birth order or by birth weight and duration of gestation, ‘They are

also not explained by any increased risks in monozygotic twins or with

delivery of the second twin, They suggest that the explanation for the

aifference in ability between twins and singletons must be sought in the

post-natal environment.

They have also compared verbal reasoning scores of twins raised as

eingletons due to the death of the co-twin before or soon after birth

with the scores of twins reared in pairs. In this case the prenatal

environments of twins raised as singletons and twins raised in pairs

were similar. Only the post-natal experiences of the two groups

aiffered, The twins raised as singletons had higher scores than the



twins raised as pairs, which were only slightly lower than those of

singletons. This suggests that the cause of the lower mean intelligence

scores of twins must be sought in differences in post-natal environment

between twins and singletons, Whatever the cause of the lower mean

scores of twins, it seems that twins are not typical of the population

as a whole with respect to environmental factors causing variation in

ability. Therefore, great caution must be exercised in generalising the

results of twin studies to the population as a whole,

Other sources of Bias in the Georgia Twin Project

Given that the "twin method" is to be used, there are many other

possible sources of bias. The first is that the schools chosen for

study may not be random with respect to the abilities of interest,

However, a number of both private and public schools over a wide area

were used in this study and bias from this source, if present, should be

small, Secondly individuals may not be chosen randomly within schools,

vandenberg tried to eliminate this source of bias by testing all

individuals in the schools studied, However, cooperation was not a

hundred per cent in all cases and twins opting out might not be random

with respect to the traits of interest, However, cooperation was high

varying from 85 to 100 per cent (Vandenberg et al, 1968), Therefore, any

biases are likely to be small,’

Osborne did not attempt to contact all twins through lists obtained

from school boards. He put out a call for volunteers in the schools

selected for study, The sample obtained in this case will only be random

if volunteers are a random selection of twins,as discussed above,



Although there was no evidence on this point, Osborne believed the number

of non-volunteers to be small, ‘Therefore, any biases are likely to be

small,’ |

Possible deviations from random sampling have been discussed here.

At the time of testing there was no reason to suspect any serious biases

being introduced by the sampling procedures, However, tests of the

randomess of sampling will be made,

5.2 Tests of Sampling

The observed numbers in the sub-groups of the data are given in

Table A2. Table A5 shows the observed numbers in the sub-groups

further divided into three sub-samples, There are several simple tests

of sampling suggested by the structure of these data,

The Racial Composition of the Sample

In Georgia, the Black population forms 26 per cent of the total

population and in Kentucky the Black population forms only 12 per cent

of the total population (Osborne, personal communication). A simple

chisquare test of the observed numbers of Whites:Blacks against the

expected numbers, calculated from the population proportions was

carried out for each sub-sample separately, In the sub-sample collected

by Vandenberg in 1963, the observed numbers of each race do not differ

significantly from those expected, given that 12 per cent of the

population in Kentucky is Black (x,° = 1,28), However, in both podies

of data collected by Osborne, there are more Blacks than expected on the



TABLE A5: COMPOSITION BY RACE, SEX AND ZYGOSITY OF THE THREE SUB=

SAMPLES OF THE DATA

A. OSBORNE * 63

CAUCASIANS NEGROES

MZ DZ Total Mm DZ Total

Males 4 7 11 Males 3 2 5

Females 9 3 4 Females 10- 5 15

Total 13 12 25 ' Total 13 7 20

Be OSRORNE "72

CAUCASIANS NEGROES

MZ DZ Total MZ DZ Total

Males 17 13 30 Males 15 9 24

Females 17 16 33 Females 33 23 56

Total 34 29 63 Total 48 32. 80

C. VANDENBERG 163

CAUCASIANS | NEGROES

WZ DZ Total . MZ, I Total

Males 63 31 94 Males 8 3 11

Females 61 61 122 Females 7 5 12 .

Total 124 92 216 Total 15 8 23



basis of random sampling given that 26 per cent of the population in

Georgia is Black (x,° = 7.96 for the 1963 sample and %,° = 66,64 for

the 1972 sample). Therefore, sampling in Georgia was not random as

far as race is concerned,

In the Southern United States, the children in any school belong

predominantly to one racial group. The high proportion of Blacks in

Osborne's samples was probably obtained by choosing a large number of

schools where Blacks predominate, Since we are interested in a comparison

of the two races, the excess of Negroes in the sample, produced by

selection of schools, willnot bias the analysis in any way.

The Sex Ratio in the Sample

The expected ratio of males to females is 1:1, assuming that

viability and survival rate are the same in the two sexes, The excess

of females in the total sample is highly significant (4° = 17.58), but

the excess is only significant in one subsample = that tested by

Osborne in 1972. Osborne (personal commmication) has suggested a

reason for this. Many boys in the age group being studied have

Saturday jobs and would be unable to participate in the study, Far

fewer girls have jobs and so more girls would be free to attend the

testing sessions. This is probably a factor contributing to the excess

of females in Georgia, but in Kentucky and Indiana testing took place

during school hours, The well known greater volunteering frequency of

femalesis probably the main explanation of the excess of females in

the sample (see section 1.51). ‘The excess of females in the sample

could bias the analysis if the sexes differ in the abilities measured here



and if the sexes are pooled. Whether males and females © differ in

these abilities will be tested during the preliminary analysis.

Relative Frequencies of Monozygotic and Dizygotic Twins

The expected proportion of monozygotic:dizygotie twins may be

found using Weinberg's rule (Weinberg, 1901). All monozygotic twin

pairs are like-sexed, but assuming the sex ratio is 1:1, half the

dizygotic twin pairs will be same-sexed and half opposite-sexed,.

Therefore, knowing only the numbers of same-sexed and opposite-sexed

| twin births, the proportion of monozygotic:dizygotic twin pairs may be

found as follows (Bulmer, 1970):

Proportion of MZ twin pairs = ict
N

: : 2U
Proportion of DZ twin pairs = i

where i = number of like-sexed pairs

U = number of unlike-sexed pairs

N = number of maternities

Using Weinberg's rule in their study of 31 million multiple and

single births, Standskov and Fdlen (1946) found that 33.46 per cent of

all twin pairs were monozygotic and that 34,17 per cent of White twins

and 28.89 per cent of Black twins were monozygotic,

There are no opposite-sexed pairs included in the analysis of this

study. Assuming that the number of like-sexed twins equals the number

of opposite-sexed twins, then those 37,92 per cent of all White Twins

who are opposite-sexed, have not been ascertained at all (per cent



unascertained = (100-34.17)/2). Similarly 35.56 per cent of all

Black twins, who are opposite-sexed have not been ascertained.

Therefore, we expect 50.94 per cent of White like-sexed twins to be

monozygotic (per cent MZ = 34.17/(34.17 +(100-34.17)/2) and, similarly,

44,83 per cent of Black like-sexed twins to be monozygotic. In this

study, 56.18 per cent of White twins were monozygotic and 61,06 per

cent of Black twins were monozygotic, These percentages are higher

than expected for both races, However, comparing the observed

mumbers of monozygotic and dizygotic twins in this study with the

numbers expected on the basis of the proportions of the two zygosities

among like-sexed twins, given above, we find that the mumber of

monozygotic twin pairs is not significantly greater than that expected

in the Whites (x,° = 2,76) but there are significantly more monozygotic

twins than expected among the Blacks (%," = 12,04).

The misclassification of some dizygotic twin pairs as monozygotic

could have contributed to the excess of monozygotic twin pairs, which

was significant in the Black sample, However, twins were not classified

as monozygotic unless they were concordant for a wide range of blood

groupsand physical characteristics (see Section 1,3). It seems unlikely

that misclassification could have produced such large deviations from the

expected proportions of the two types of twin pair. Over-ascertainment

of monozygotic twin pairs has been found in a number of studies (Nichols,

1965; Schoenfeldt, 1968; Vandenberg et al, 1968) and misclassification

of dizygotic twins cannot explain this fully. Amother possible reason |

for the excess of monozygotic twin pairs is that ascertainment procedures

may miss the most discordant twin pairs. |

A large difference in ability, might mean that co-twins attended



aifferent schools or were in different grades, Among the older twins

it could mean that one remained at school, while the other was already

at work. Large differences in personality might reduce the probability

of both twins volunteering for the study. All these factors may mean

that the most discordant pairs are lost to the study, Since the most

discordant pairs will be dizygotic, if ability and personality have a

genetic basis, then more dizygotic twins will be lost to the study than

monozygotic. If this is part of the cause of the excess of monozygotic

twins in the study, then the biases produced are predictable. The

within pairs variance of dizygotic twins will be reduced and, therefore,

the within families genetical component will be underestimated and the

proportion of the variance due to genetical influences will be

underestimated.

We have shown that the sample is not random with respect to race,

gex or zygosity. However, the possible biases this may produce will

be explored in the course of the analysis.

5.3 Comparison of the Three Sub-Samples

The total sample to be analysed here was obtained by pooling data

from the three sub-samples which were drawn from different locations

at different times as described above in the introduction. Such

sub-samples may only be legitimately pooled in this way only if they

are homogeneous and may be regarded as belonging to the same population,

The means and variances for the three sub-samples on each test by

race and sex are presented in Tables A6a to A6d, A simple one-way

analysis of variance between the within sub-samples (Snedecor and



TABLE AGa: MEANS AND VARIANCESOY TRE SUB~SAMPLES -

Osborne Osborne
TES? 1963 1972
Arithmetic Mean 81,1364 62.3500

Variance —4086.6948 658.0280

Vocabulary Mean 6.5000 5.2667

Variance 12.9286 7.9995

Keim Mean 50.0909 47.1167
Variance 326.8485 33762573

Spelling Mean 37.3182 29.0167
Variance 87.6558 462.5929

Calendar Mean 1428182 12.8667
Variance 61.9654 49.6090

Identical Mean 64.7727 67.1500
Pictures Variance 14h. 6602 297.9602

Cubes Mean 11.9545 7.9667
Variance 402.6169 80.7785

Surfece Mean D4. 2727 23.5667
Development Variance 207.8268 191.6057

Form Board Mean 46.5000 14.8833
Variance 60. 6429 55-7997

Paper Mean 9.8636 9.2500
Folding Variance 27.1710 21.7161

Object Mean 9.2273 6.5667
Aperture Variance 83.0411 38.4870

Spatial Mean 67.4545 61.7333
Ability Variance 452. 1645 335-3853



- WHITE MALES

Vandenberg
1972

61.5134
550.7350

43245
11.9637

32.2097
353.0639

28, 8486
231.7487

12.2567
45.1273

48.5414
118.8830

9.3967
72.9182

24.7074
962.5503

41.8289
7497

767540
24.2779

6.1290
41.6049

54.8598
347.0784

25.84

41033

32.70

16.44

11.49

172.42

5.11

17-05

1737

12.99

5.04

34.61

x2

5-32

3.61

0.09

8.64

4210

2.25

4.28

1004

0.50

6.02

0.79

Significance
level
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TABLE AGb: MEANS AND VARIANCES OF THE SUB-SAMPLES - WHITE FEMALES

TEST Osborne Osborne Vandenberg
1963 1972 1963

Arithmetic ean 73.1786 69.8788 63.2273
Variance 10914855 749.0620 & 23.7531

Vocabulary Mean 4.7500 4.9545 4.6148
Variance 1h. B26 10,9364 11464559

Heim Mean 49,5000 45.5758 33~ betel
Variance 216.6296 227.6634 262.2056

Spelling Mean 35-7443 34.0758 35.7500
Variance 120.2044 118.4003 459.9662

Calendar hean 13.9643 12.5703 12.0083
Variance 28.7765 43, 3606 35.0916

Identical Mean 65.3571 66. 135% 49.6513
Pictures Variance 142.4603 282.0888 120.9369

Cubes. Hean 10.5000 6.6212 6.6750
Variance 78.5556 67.7774 66.2036

Surface Mean 26.9643 26.9848 21.8484
Development Variance 124.1098 115.5228 95.8411

Form Board Mean 15.1071 12.5758 9.9502
Variance 37.8029 18942 32.0058

Paper Mean 8.7857 729545 72-5925
Folding Variance 23.8042 21.8287 14. 3581

Object Mean 4.0000 3.0455 3. 1694
Aperture Variance 37.2593 28.3517 2403363

Spatial Mean 59.8929 53-5203 48.0693
Ability Variance 262.0251 344.9298 283.5082



3.56

0.26

24.44

0.50

1037

57-63

2.80

x?

12.67

0.78

0.80

2.51

1.24

21,01

Significance
level

NS
NS

NS.

NS
NS

NS
NS

NS
Ns

NS

oon

NS

.

NS
NS

toe

NS

o
e



TABLE AGc: MEANS AND VARIANCES OF THE SUB-SAMPLES -

Test Osborne Osborne

1963 1972

Arithmetic Mean 39.9000 38.6667
Variance 723.6556 870.0993

Vocabulary Mean 44.2000 3.6875
Variance 5.0667 8.3896

Rein Mean 39-4000 26,3750
Variance 330.9333 B174734

Spelling Mean 24.9000 20.8958
Variance 204.7667 221.9251

Calendar Mean 9.6000 6.5625
Variance 33.8222 26.1662

Identical Mean 47.7000 50.5000
Pictures Variance 199.1222 305. 7H?

Cubes Mean 1.1000 3.6458
Variance 39.2111 58.7868

Surface Mean 41.2000 17-5625
Development Variance 9.9556 63.6981

Form Board Mean 27-4000 6.7917?
Variance 27.3778 1h. 7642

Paper Mean 2.9000 4.3958
Folding Variance 11.8778 1541804

Object Mean 1.7000 2.9375
Aperture Variance 13.7889 29.2088

Spatial Mean 42.1000 44.5817
Ability Variance 349.2111 291.0621



» BLACK MALES

Vandenberg F x? Significance
1972 level

40.6364 0.04 NS.
509.4805 1.88 NS

2.8636 41.13 NS
4.0281 3.80 Ns

16.5238 6.36 “
198.1619 4.52 NS

18.4094 0.68 Ns
213.2056 1.83 Ns

722381 4424 NS
40.4905 144 NS

39.2381 3.45 .
213.9905 1622 NS

4,272? 2.05 NS

47.7316 0.72 NS

16.7727 2.38 NS
472.8506 42.51 ”

8.9524 4.59 : Ns
BAe 7476 5.78 NS

4, 6818 0.74 NS
78.853) 0.74 NS

3.5000 0.43 NS
24.1667 4.82 NS

BAeP143 0,00 NS
387.5143 0.67 NS

o
P



TABLE A6d: MEANS AND VARIANCES OF THE SUB-SAMPLES - BLACK FEMALES

Test Osborne Osborne Vandenberg
1963 1972 1972

Arithmetic Mean 40, 1667 50.1764 51.7917
Variance 582.9713 819.1306 463.9982

Vocabulary Mean 2.1667 3.0893 3.9533
Variance 9.4540 9.2712 e912

Hein Mean 27.5333 26.4107 22,0000
Variance 373.2270 257.2893 17743913

Spelling Mean 27.9000 27.3571 352.2500
Variance 298.7140 208.4955 179.9748

Calendar Mean 8.7333 6.8393 6.3333
Variance 57.5126 36.9109 32.7536

Identical Mean 53-1333 55-3571 43.3500
Pictures Variance 177.0851 373.2767 209, 5026

Cubes Mean 0.6333 0.4048 4.0833
Variance 62.1713 38.4587 48.1667

Surface Mean 16.4333 1720625 4721250
Development Variance 35-2195 49.6627 39.9402

Form Board Mean 7.1000 6.0625 6.1667
Variance 20.0241 43-7528 8.3188

Paper Mean 445000 3.0625 4.1667
Folding Variance 1704310 147438 28.7536

Object Mean 0.5333 0.5804 3.1256
Aperture Variance 12.0506 12.6061 1721576

Spatial Mean 36. 3000 34.0893 3.87506.
Ability Variance 195.0448 186.5745 193.2446



1.84

2.0

0.89

1.08

27

4.60

3.83

0.44

0.91

1.97

4,25

0.31

x2

3.44

Bebe

35h

2.08

2.91

6.97

2.97

1.48

4.69

0.75

4-08

0.03

Significance
level

NS
Ns

NS
NS

NS
NS

NS
NS

NS
NS

NS

NS
NS

NS
NS

NS
NS

Ns

NS
NS

v
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Cochran, 1967) was performed for each test for the four race-sex

groups separately, so that any significant differences between the

means of the three subsamples could be detected.

The results of all the analyses are summarised in Tables A6a to

A6d. The values of the F ratios for testing the assumption that

there are no mean differences between the three sub-samples are shown

for each in Tables A6éa to A6d together with their corresponding

significance levels.

Differences between the means of the three sub-samples were highly

significant for White males, The differences between the means of the

White females were highly significant for seven of the tests. However,

there was little evidence for significant differences between the means

of the three sub-samples in either Black males or Black females,

Differences between the means of the sub-samples were significant for two

tests only in each sex,

The mean differences between the White sub-samples could be genuine

population differences or could be explained if sampling were not from

the complete distribution in one or two of the sub-samples, Since

there was some evidence for non-random sampling in these data (see

Section 1.5.2), it was decided to test the variances of the sub-samples

for homogeneity in case there was any restriction in the range of

variation present. The total variances of the three sub-samples were

tested for homogeneity using Bartlett's Test, The values of chisquare

for testing the assumption that the variances of the three sub-samples

are homogeneous are shown in Tables A6a to A6d together with their

corresponding significance levels.

There is little evidence for heterogeneity of total variances in

either Whites or Blacks, Therefore, there is no evidence for restriction



in the range of variation in any of the sub-samples, The difference

in mean between the three White sub-samples are probably genuine

population differences between the sub-samples, This suggests that

the Blacks form a homogeneous racial group but that the Whites are

heterogeneous and the sub-samples belong to distinct and different

populations.

When the data are analysed as a whole, the analysis of the Black

group is not biased in any way by pooling the three sub-samples of

the data. However, in the Whites, the between sub-samples differences

will contribute to the between families differences which will be biased

in an upward direction as a result, The between families differences

will be inflated and the importance of both between families genetical

influences and between families environmental differences will be over-

estimated in the White group, since between families genetical and

environmental influences cannot be separated when only data on twins

reared together is available, This phenomenon will be interesting in

its own right when genetical and environmental effects are estimated,

The magnitude of the between sub-samples component of variation

can be estimated from the analysis of variance for each case. The

expected mean squares for the between and within samples mean squares

for a simple one way analysis of variance are:

Between Samples E.M.S, a 6° + ne,°

Within Samples E.M.S. = of

where ow = variance within samples from the population

a = variance between sub-samples from the population

n = number of observations within each sample



This is true when the number in each sample is the same, Where

n differs from sample to sample, then the between pairs expected mean

square becomes 6° + ne where ny) = (1/(a-1))(" - (& n,°/M)). In

this expression N is the total number of observations, a is the number

of samples and n, are the 1 different sample sizes, It can be shown

(Snedecor and Cochran, 1967) that Ny) is always slightly less than the

arithmetic mean of the Nye

Tf BMS is the between samples mean square and WMS is the within

samples mean square, then unbiased estimates of the two components of

A

variance, a? and oy are given by:

o 2 = WMS
WwW

2
b

Q
>

= (BMS - WMS)/Nq

a

The variance component, ow. was estimated from the formlae given

above for each test of each sex-race groupe The values of oe are

given in Table A7. 4 is an estimate of the magnitude of the between

sub-samples component of variance and will be used later in the analysis

for interpreting between families genetical and environmental differences,

Wwe see that as expected a4” is larger in Whites than Blacks, It

produces a fairly large intraclass correlation in Whites, However,

this correlation is negligible in Blacks, as we would expect from the

lack of significant differences between the means of the sub-groups in

Blacks.



WHITE MALES

TABLE A7?:

°b

Calendar 7.8651

Cubes 5.0145

Surface 43.6915
Development

Vocabulary 1.8187

Form Board 13.0239

Arithmetic 241.9976

Heim 17469757

Paper 4.2022
Folding

Object 2.826%
Aperture

Identical 286.3841
Pictures

Spelling 49.9608

Spatial 34.6095
Ability

r

O.14kD

0.0624

0.2057

0.1428

0.2091

0.2863

0.3389

0.1622

0.0614

0.6445

0.1997

0.0912

WHITE FEHALES

<
0.1877

41-6606

10.7905

0.1165

5.6627

20.4322

80.4600

0.0383

0.1935

119.9742

-1,.0333

26.3707

Pr

0.0050

0.0240

0.0957

0.1393

0.0338

0.2422

0.0023

0.4370

0.0832

VALUES OF eo? AND r FROM THE ANALYSIS OF VARIANCE BETWEEN SUB-GROUPS

BLACK MALES

of r

0. 3497 0.0112

2.5681 0.0458

4395 0.0590

0.0416 0.0064

0.5862 0.0265

=32.9715 Q

71.7612 0.1997

0. 1908 0

0.6785 0

30.6688 0. 1024

-3.2207 o

14.9819 0

BLACK FEMALES

<
022699

3.0605

0.9969

0.3189

0.0302

14.4979

0.7324

0.3737

1.0736

27.5525

0.4315

3.1896

r

0.0067

0.0650

0.0354

0.0196

0.0234

0.0738

0.0871

0.0023

2 : .
Note: for negative values of oyer has been set to zero since there is no evidence for between

groups variability.



SECTION 2: PRELIMINARY ANALYSIS OF THE DATA

1 INTRODUCTION

When any study is undertaken, certain basic assumptions are |

made from the start in designing the study and collecting the data,

If we have tests of all these assumptions, then there is little danger

of being seriously mislead, Several assumptions have already been

discussed in Section 1, These assumptions are:

1. Random sampling

2, Accurate zygosity diagnosis

3, Homogeneity of the three sub-samples

However, several further assumptions need to be tested as part of

the preliminary analysis. These are:

1, That the psychological tests, which were chosen to represent the

primary mental abilities identified by Thurstone and others, do

in fact represent these abilities, If this assumption fails,

other theories of the structure of ability can be considered,

2. That the test scores of the twins are normally diatributed,

Failure of this assumption may produce biases in many of the

analyses reported here.

3. That age does not contribute to variation in the traits being

studied. If age is a significant component of variation, the

data must be adjusted to remove its effect before further

analysis.



The major assumptions underlying the collection of the data and

inherent in the preliminary analysis of the data have been mentioned,

pifferent statistical techniques make specific assumptions about the

data which will be tested as part of these analyses, When these basic

assumptions have been tested, the basic summary statistics will be

examined and estimates of the contribution to individual differences

of different sources of variation will be made,’



2 ' FACTOR ANALYSIS OF THE TESTS

2,1 Purpose of the Factor Analysis

The tests used in the Georgia Twin Study were chosen to represent

the primary mental abilities identified by Thurstone and others and

were not just a random selection of tests of ability. They also

purport to be free of Jensen's Level I ability and Cattell's By (see

Section 1.4). However, the actual factor structure of the tests chosen

and their inter-relationships will be specific to this study. The

factor structure found with this particular combination of tests and

the subjects in this study may not conform with findings from previous

studies, The Factor analysis will analyse the relationships between

the tests in this body of data and arrange them into groups within which

the tests are highly correlated. Such groups are known as factors,

Factor analysis assumes that the observed measurements (i.e. test

scores) and their underlying factors are defined in some fixed

population of persons, Therefore, the factors extracted from these

data will not necessarily be those extracted from similar bodies of

data from other sources, The factors appropriate to this study will be

found and the factor structure will be compared with Thurstone's and

other models of the structure of ability to see if these tests conform

to the original criterion on which they were chosen, The factor structure

of the data is important in considering theoretical models of ability

and in interpreting the data, since tests belonging to the same factor

will be expected to behave in a similar manner,

 



The usefulness of factor analysis is that it reduces a large

number of correlated tests to a small number of uncorrelated factors

thus producing a simple structure for interpretation, It also allows

some inferences to be made about the common causal relationships

between the tests and is, therefore, especially useful for our purpose.

The concepts and theory underlying factor analysis are described in

Appendix C, which also discusses the two main methods of factor

analysing data.

2,2 Methods used in the Factor Analysis

Fourteen variables were included in the factor analysis. These

were the thirteen tests described in Section 1.4 and also one derived

variable, the number of errors made in the Mazes Test, The analysis

was carried out for the total sample of 364 pairs of twins and then

separately for Whites (251 pairs) and Blacks (113 pairs). ‘The

computations were carried out using a program from the Statistical

Package for the Social Sciences (SPSS) (Nie et al, 1970), Principal

Factor Analysis with iterations, as described in Appendix C, was used

to extract orthogonal factors from the data. Principal Factoring does

not produce the maximum-likelihood solution of the factor analytic

equation and is dependent on the scaling of X, the matrix of

observed measurements, It was used here since the algorithm available

for the maximum-likelihood solution of the equation in the SPSS

package is poor and does not guarantee convergence, The program uses

the matrix of product-moment correlations between the variables and

not the variance-covariance matrix, The problem that the fourteen
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tests are measured on different scales is thus overcome since the

variances of the tests are standardised to unit variance in

calculating the correlation coefficients, This is an advantage where

unequal total variances are produced by the tests being measured on

different scales. However, if we are comparing two or more populations,

then reducing the variances to unity may obscure the very population

differences we are interested in, if these differences lead to

heterogeneity of variances between the populations,

The raw data of the Georgia Twin Study were attached to the Factor

Analysis program and the first step the program made was to calculate

the 14 x 14 matrix of correlations between the tests, The correlation

matrices for the races jointly and then for each race separately are

‘shown in Tables A8a and A8b. |

The number of factors to be extracted from the correlation matrix

must now be determined, The principal components solution was used to

determine the number of factors, where the principal components are

defined as exact mathematical transformations of the data and no

assumptions about the structure of the tests are made. Usually the

first few principal components will account for most of the variance,

the remaining variance being test specifics The normal procedure is to

extract the same number of factors from the correlation matrix as the

number of principal components explaining most of the variation, according

to some criterion,

The proportion of variance accounted for by any principal component

is d4/? where A ; is the eigenvalue corresponding to the ith component

and p is the number of variables, The number of factors extracted from

the correlation matrix is usually the same as the number of principal



TABUN ABa: CORRELATION MATRIX OF THE TESTS (UPPER TRIANGLE ONLY) FOR THE TOTAL SAMPLE

e°

© oo pe a oo

oF oe woweOe ” otaeo o aoda
CALENDAR 1000-4850 HB 5H BAG 2160532 50H:«— 575 565 414195 618 5H

CURES 1000 429 «4352 «341 -167 «563 488 392 544 462 178 583 350

ARTOHMETIC 1000 466 310 -255 532 460 680 502 307 354 587 707

VOCABULARY 1000 245 191-392 358 G39) HAA B20 2290 4G 5:35

MAZES I 4000 109 398 404 333 408 283 340 465 185

MAZES IT 4000 -203 +208 ~-297 ~263 -180 -167 =331 -252

SURFACE DEVELOPMENT 1000 618 505 631 541 315 698 424

FORM BOARD 1000 482 615 472 326 667 358

HEIN. 1000 531 362 «4398 «6616764

PAPER FOLDING 1000 «534 2957300 42?

OBJEC? APERTURE 4000 184 588 250

IDENTICAL PICLURES 1000 381 228

SPATIAL ABILITY 4000 485

SPELLING 1000

NB: Each entry in the Table must be multiplied by 073 to get its true value

t
s



TARLE ABb:CORR

CALENDAR

cuBes

ARTTPRNETIC

VOCABULARY

MAZES I

VagES IT

 

FAPER
FOLDING

 

IDENTICAL
PICTURES

SPATIAL
ABILITY

SPELLING

 

365

405

502

461

19%

005
aga

aag

  
  

332

169

275

372

373

O44,

AAS

224

333

480

604

SIATION MATRIX OF THE

37?

283

425

4000

077

220

225

ais

291

027

300

BAB

DIETS FOR

254

26h

414

2

155

242

283

-005

-173

~142

315

269

121

=162

aan

248

’ op
at&Seoe

492 400 493

540 452 BON

503 «388 638

326 259-628

337 (322294

143 153-204

1000 557 436

431 1000 386

377 350 1000

436 4h 420

315° 207-222

199 124 238

498 423 559

404% 290 793

 

AHIVES AND BLACKS SEPARATELY

;e He?
< We fm
rE BRET os

TATANGLE,
PRIANGLE)

~~

Pad

269 364

496 397

465 262

338 271

326 209

=150 -139

597 506

SAB AND

436 2B3

1000 «502

321 1000

129° 070

618 «416

31114

mB: Each entIY in the Table must be multiplied by 107? to get its true value
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322
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366

3e9
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525 280

524 650

390 543

405 124

-192 154

673 325

616 233

519° «699

667 326

SB 252

44a 177

19000 355

450 1000
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components having an eigenvalue greater than 1.0. Thus, only components

accounting for more than the average variance of a variable will be

calculated. The eigenvalues for the fourteen components and their

variances as a percentage of the total are presented in Table A9,.

It turns out that eigenvalues of greater than 1.0 were obtained for

the first three principal components in the case of the total sample

and the White group and for the first four principal components in the

case of the Black group, This suggests that three factors should be

extracted from the correlation matrix in the case of the total sample

and the White group and four in the case of the Black group..

The leading diagonal of the correlation matrix was replaced by

estimates of communality for each test. The initial estimates of the

communalities were given by the squared multiple correlation between

each test and the remaining tests. These initial communalities are

presented in Table AlO, The solution for the number of factors

described above was obtained for each group and new communalities were

estimated as the multiple correlation with the factors, The procedure

was iterated until two consecutive communality estimates did not

differ by more than 0.001, Then the factors were rotated using the

Varimax Factor Rotation (Kaiser, 1958) available in the SPSS program,

This method of rotation was chosen because it produces the closest

approximation to simple structure, Varimax rotation attempts to

simplify the colums of a factor matrix and defines a simple factor as

one with only O's and 1's in the columm, This is equivalent to

maximising the squared loadings in each column, The rotated factor

matrices for the total sample and for each race are given in Tables

Alla to Alic.



TABLE AQ: EIGENVALUES AND PERCENTAGE OF VARIANCE ACCOUNTED FOR BY THE FOURTEEN PRINCIPAL COMPONENTS

PRINGTEAL COMPONENT Bi oo spereentage mgr percentage By a percents re
value of variance value of variance value of Variance

4 6.67111 4747 5.98666 42.8 5.05500 36.1

2 1.36043, 9.7 4.58114 11.0 1253192 10.9

3 4.06454 7.6 1.27362 91 4422343 8.7 .

4 0.93728 6.7 0.95765 6.8 4.04857 75

5 0.61809 a 0.66429 4.7 0.87149 6.2

6 0.54246 3.9 0.54736 3.9 0.78943 5.6 g

7 0.51216 367 0.51789 3.7 0.68804 4

8 0.46888 3.3 0.47668 Beh 0.57621 4.

9 0.42331 3.0 0.42678 3.0 0.51954 3.7

40 0.36036 2.6 0.41722 3.0 0.48088 Boe

4 0.35335 2.5 0. 38894 2.8 0.45455 3.2

12 0.28267 2.0 0.31099 2.2 0.37648 2.3

13 0.22568 1.6 0.27378 2.0 0.28453 2.0

44 0.17999 443 0.21700 1.6 0.16012 1.4
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TABLE AlO: INITIAL CCMMUNALITY ESTIMATES FOR TH FOURTEEN TESTS

Calendar

Cubes

Arithmetic

Vocabulary

Mazes I

Mazes IT

Surface
Development

Form Board

Heim

Paper
Folding

Object
Aperture

Identical
Pictures

Spatial ability

Spelling

ESTIMATED COMMUNALITIES BASED ONs

TOTAL SAMPLE

0.50626

0.43377

0.62823

On4335

0.36399

0.22760

0.59112

0.52551

0.73568

0.60585

0.41643

9.27330

0.73941

0.67578

WHITE GROUP

0.42320

0. 39986

0.58005

0.43407

0. 39486

0.26400

0.56415

0.45938

0.68990

0.53356

0.37648

0.33687

0.67240

0. 60895

BLACK GROUP

0.42380

0.28498

0.57059

0.28147

0.25289

0.25598

0.38893

0. 32237

0.73008

0.46718

0.27955

0.21113

0.63996

0.72865



TABLE Alla: VARIMAX ROTATED FACTOR MATRIX FOR THREE FACTORS OF THE TOTA,
SAMPLE

Factor 1 Factor 2 Factor 3

Calendar 427 52h 094,

Cubes 247 622 092

Arithmetic 699 365 090

Vocabulary 569 303 063

Mazes completed 128 303 1271

Mazes errors 263 -238 163

Surface development 319 726 114

Form Board 281 684 134

Heim 849 322 103

Paper Folding B34 732 110

Object aperture 168 643 049

Identical pictures 287 251 177

Spatial ability 408 787 134

Spelling 838 204 009

Note: All factor loadings mist be multiplied by 107 to obtain the true
values
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TABLE Alib: VARIMAX ROTATED FACTOR MATRIX FOR THREE FACTORS OF THE
WHITE GROUP

Factor 1 Factor 2 Factor 3

Calendar 469 460 -017

Cubes 601 219 011

Arithmetic 375 679 — 020

Vocabulary 223 637 000

Mazes completed 384 180 4141

Mazes errors 187 ~133 352

Surface development 249 261 002

Form Board 684 191 025

Heim | 301 824 030

Paper Folding 716 252 ~011

Object aperture 614 126 051

Identical pictures 347 265 148

Spatial ability 806 309 — O34,

Spelling 127 807 ~086

Note: All factor loadings mst be mltiplied by 107° to obtain the true
values



p Gi

TABLE Alle: VARIMAX ROTATED FACTOR MATRIX FOR FOUR FACTORS OF THE

BLACK GROUP

Factor 1 Factor 2 Factor 3 Factor 4

Calendar | 207 300 455 =297

Cubes 166 She 151 Oh

Arithmetic 686 124 086 339

Vocabulary 428 | 255 O74, -098

Mazes completed . -056 154 648 203

Mazes errors “2h9 394 196 ~187

Surface development 296 465 276 136

Form Board 250 361 428 038

Heim 824 276 075 096

Paper folding 262 580 331 016

Object aperture ~001 574 085 -039

Identical pictures 121 028 139 631

Spatial ability 366 76 212 450

Spelling 882 12h ~007 419

Note: All factor loadings must be miltiplied by 407° to obtain the true

values



Convergence was extremely slow when the three factor model was

used for the total sample and White group and the four factor model

for the Black groupe For example, convergence quired 393 iterations

in the case of the total sample. This suggested that something was

wrong with our model, From Table All, we see that the factor loading

of Mazes completed on Factor 3 in the Total sample and in Whites is

greater than 1,0, Therefore, the test specific variance of Mazes

completed is negative, This is a nonsense solution and suggests even

more powerfully that the models adopted in the factor analyses are

wrong. With this model the first factor accounts for over 65% of the

variation in all cases and the first two factors account for more than

86.7% of the variation, This suggests that we may be fitting additional

factors which are representing test specific variation rather than

variation common to several tests, Looking at Tables Alla to Allc,

we see that this is in fact the case, Several tests have high loadings

on Factors 1 and 2, but only one test loads highly on additional factors.

Only Mazes completed loads on Factor 3 in all cases and the factor loading

is greater than 1.0 in the Total sample and the White group, Only

identical pictures loads on Factor 4 in the Blacks,

It was decided to repeat the iterative procedure extracting only

two factors from the correlation matrix in each case, The final

commumalities assuming the two factor model are shown in Table Al2 and

the unrotated factor loadings for this model are shown in Table Al3a.

Convergence now required only eight iterations for the total sample

and the White group and ten iterations for the Black group, which

suggests that our two factor model may be more appropriate to these

data. The Varimax Rotated Factor Matrices are given in Table Al3b,



TABLE Al2; FINAL COMMUNALITIES ASSUMING A TWO FACTOR MODEL AND EIGEN-VALUES FOR THE TWO FACTORS

VARIABLE

Calendar

Cubes

Arithmetic

Vocabulary

Mazes completed

Mazes errors

Surface Development

Form Board

Hein

Paper Folding

Object Aperture

Identical Pictures

Spatial Ability

Spelling

512

452
628

kag

268

107

643

571

820

656

420

167

805

763

Whites

432

208

603

452
194
O43

626

506

70
570

372

202

756
690

COMMUNALITIES

Total

Sanple Blacks

387

319

Shs

228

768

140

398

BAD
771

535

265

053

905

828

EFigen-GROUP Factor value

Total Sample 4 6.268

2 0.963

White Group 4 58

2 44156

Black Group 4 4.518

2 16169

Note: ‘he decimal points have been omitted from the Comminalities

% of variance

86.7

13.3

82.5

17.5

79.4

20.6

c
g



TABLE Al3a:UNROTATED FACTOR LOADINGS FOR THE TWO FACTOR MODEL

TOTAL SAMPLE WHITE GROUP BLACK GROUP

FACTOR 1 FACTOR 2 FACTOR 4 FACTOR 2 FACTOR 41 FACTOR 2

CALENDAR 715 021 -653 071 -617 076

CUBES ~638 -243 -606 =202 496 270

ARITHMETIC -740 283 -718 296 626 391

VOCABULARY 604 232 “57D 348 469 -091

MAZES COMPLETED 472 214 —AO4 175 ~273 306

MAZES ERRORS ~309 -108 197 -061 371 051

SURFACE DEVELOPMENT ~-767 233 -746 263 -607 471

FORM BOARD -715 247 -653 -283 51 228

HEIM -806 412 -752 430 -790 ~383

PAPER FOLDING ~779 ~220 714 244 -659 316

OBJECT APERTURE -591 266 550 263 ~375 353

IDENTICAL PICTURES 408 005 447 -048 -213 ~084

SPATIAL ABILITY ~873 -206 -826 -271 -803 ou4

SPELLING -695 529 -601 573 -718 -560

NOTE: All decimal points are omitted

r
s



TABLE Al3b: ROTATED FACTOR MATRICES FOR THE

TOTAL SAMPLE

FACTOR 1 FACTOR 2

CALENDAR 522 489

CUBES 619 263

ARITHMETIC 368 702

VOCABULARY 300 574

MAZES COMPLETED 495 152

MAZES ERRORS -160 -285

SURFACE DEVELOPMENT 729 332

FORM BOARD 699 288

HEIM 332 B42

PAPER FOLDING 730 351

OBJECT APERTURE 619 192

IDENTICAL PICTURES 303 274

SPATIAL ABILITY 791 423

SPELLING 172 857

VARIANCE ACCOUNTED
FOR: 3945095 3285530

NOTE: All decimal points are omitted



TWO FACTOR MODEL

WHITE GROUP

FACTOR 1 FACTOR 2

456 493

595 233

362 687

219 635

423 125

“113 173

p42 276

683 200

302 812

705 270

591 150

370 250

808 320

095 825

3688992 2015241

BLACK GROUP

FACTOR 1 FACTOR 2

410 469

191 531

728 124

410 244

000 410

344 -209

339 532

252 330

BAS 240

282 675

O46 213

215 079

437 77

908 059

3035134 2650872

a



The loadings of the tests on the two factors are represented

graphically in Figures Al to A3. The axes are perpendicular since

we are attempting to extract orthogonal factors, Oblique rotation

allows non-orthogonality of the axes in the factor space in order

to obtain the simplest factor structure,

2.3 Discussion and Interpretation of the Factor Analysis

AGeneralFactor

Spearman postulated one of the earliest theories of intelligence,

involving two kinds of factor (Spearman 1904), A general factor, g,_

underlies ability in all intellectual tasks and specific factors, s,

produce variation in specific intellectual abilities. In these data,

the first principal component can be regarded as an approximation

to a general factor accounting for variation common to all tests,

analogous to Spearman's g, The first principal component accounts for

47-7 per cent of the variance in the total sample, 42,8 per cent in

the White group and 36.1 per cent in the Black group. The remaining

components each account for less than eleven per cent of the variance.

Thus, a general factor is undoubtedly of some importance in these

data, but over 50 per cent of the variation may be accounted for in

terms of variation specific to common factors or particular tests,

Looking at the communalities of the tests given in Table Al2, we

can get some idea of the importance of the general factor in performance

on these tests. The commnalities range from high values for Heim,
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Spatial ability and Spelling to very low values for the Mazes tests

and Identical pictures. However, in all cases, the specific variance

accounts for a substantial proportion of the variation,

Spearman's two factor theory of ability has been criticised since

the general factor does not usually account for all the covariance

between the tests. Often the residual covariances between the tests

seem to fall into groups on the basis of test content. This suggests

another level of factors intermediate between the general factor and the

specific factor. Such factors are known as group factors, since they

are common to “groups" of similar intellectual activities, but not to

all intellectual activities. It is possible that the high level of

specific variation found in these data may be attributable to the

loading of tests on group factors rather than a general factor and so

we shall examine some other theories of performance in the next

sections

The extremely low communalities of the Mazes tests and Identical

pictures test are worrying, It seems that virtually all variation in

performance on these tests is test specific, which may be an indication

of the low reliability of the tests, If these tests do have a low

reliability, the within pairs variance for these tests will be

inflated. We will look at the possibility later,

The Factor Structure of these Tests

Thurstone (1938) identified a number of broadly based group factors,

According to his theory Spearman's general factor is of only minor

jmportance in determining test performance, However, performance in



particular tasks could be predicted if performance on his group

factors, which he called primary mental abilities, were known,

The battery of tests used in this study were chosen to represent

four of Thurstone's primary mental abilities:

1. Verbal comprehension - V

2. Number - N

3. Space -S

4e Perceptual speed = P

We shall now see how far the tests chosen do in fact represent

these four primary mental abilities,

It was impossible to extract four meaningful factors from the data,

Whenever more than two factors were extracted, only one test loaded on

the additional factor. This was always one of the Mazes tests or the

Identical pictures test. This suggested that additional factors after

the first two are redundant since they represent only test specific

yariation and not variation common to a group of tests. ‘Thus, attempts

at extracting Thurstone's four primary mental abilities were abandoned

and the two factor model was adopted. The final categorisation of the

tests into two factors is shown in Table Al4, Each test is listed under

the factor on which it had the highest loading. The two factors were

easily identifiable. One clearly measured Spatial ability and the |

other Verbal-Arithmetic ability.’

The first factor accounts for the largest proportion of the

variance, In the Total sample and the White group, the first factor
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TABLE Al4: SUMMARY OF THE TWO FACTORS

Factor 1 Spatial

Spatial ability

Paper Folding

Surface development

Form Board

Cubes

Object aperture

calendar

Mazes completed

Identical pictures

Mazes errors

Factor 2 Verbal-Arithmetic

Spelling

Heim

Arithmetic

Vocabulary



was the Spatial factor. However, in the Black group the first factor

was the Verbal-Arithmetic factor, Thus although the pattern of loadings

on the factors, which were identifiable as Spatial and Verbal-

Arithmetic factors was similar in the two races, their relative

importance in causing variation was not, We must bear this in mind in

later sections when we are looking for the source of individual

differences, in terms of the variance components,

From Table Al3b, we see that although the Varimax criterion was

used to obtain a solution, the approximation to simple structure is

poor when the factors are constrained, i,e. many of the loadings in

each column are intermediate, This provides some problems in

interpretation. The Calendar test loaded highest on the Spatial

factor in all cases and is listed under this factor in Table Al4,

However, its loading on this factor is intermediate and not very

different to its loading on the Verbal-Arithmetic factor, From

Appendix B, we can see that the material in this test is not similar to

that of other tests of the two factors and we expect that this test

will not prove easy to interpret,

Most other tests have a reasonably high loading on one factor and

low loading on the other factor and may be grouped easily. However, the

Mazes tests and the Identical pictures have low loadings on both factors,

They are all listed under the Spatial factor since the test material is

clearly spatial. However, these tests will probably be difficult to

interpret. We have already noted that these tests may have a low

reliability and their low loading on both factors is a further

indication of this.



Thus the Factor Analysis does not show that the tests selected

for this study represent four of Thurstone's primary mental abilities,

Broadly they may be considered to represent his Space and Verbal

Comprehension factors, but the inclusion of Arithmetic with the verbal

tests is clearly an anomaly.

More recent theories of ability have suggested a two factor model

for intelligence. Cattell's crystallised and fluid intelligence and

Jensen's Level I and Level II abilities were described in Section 1.4.

Since we have identified two factors, these models may be more

appropriate. Osborne (personal communication) points out that these

tests were originally selected to be free of Level I type abilities,

However, Level I abilities and & both depend on past experience and

educational achievements and are, thus, broadly similar and it seems

unlikely that tests of Verbal ability or Arithmetic could ever be

entirely independent of past education. It seems likely that tests of

the Verbal-Arithmetic factor might load quite heavily on Jensen's

Level I ability or Cattell's Bye It has been claimed, however, that

Spatial tests are culture-free and do not depend on past experience,

Thus, such tests may more truly represent Level II type abilities and

Bes which involve mental manipulation of new ideas, .

We see that these data are consistent with the interpretation that

the two factors extracted represent Jensen's Level I and Level ITI

abilities (which are similar to Cattells g, and Ep)» since we have

extracted two factors one of which appears to represent tasks which rely

on education and past experience, and the other tasks where past |

experience is not essential, However, although these data appear to be

inconsistent with Thurstonets theory of primary mental abilities and



more consistent with Jensen's theory of Level I and Level II abilities,

this could be an artefact of the tests chosen. We notice that Spatial

tasks are relatively over-represented, at the expense of Verbal and

Arithmetic tasks, especially Arithmetic tasks, Therefore, the loading

of the Arithmetic on a primary Verbal factor is not such an anomaly as

it first seems, since this test has to load on one or other factor,

we have ten Spatial tests, which all load on one Spatial factor,

Thurstonets theory predicts that these tests should load on two factors «

Space and Perceptual Speed - but once again we see an imbalance in the

tests chosen since only two tests (i.e. Mazes errors and Identical

pictures) out of the eight were expected to load on Perceptual Speed.

Therefore, we accept that the two factors theory of ability is the

most appropriate for this body of data, but that this does not

necessarily imply that Thurstone's model would not be appropriate given

a more representative battery of tests,

In this thesis, we will report analysis of:

1. each individual test of the battery

2, a "general" factor extracted from the data,

However, since the tests may be considered representative of two

factors, it would be a useful addition to the work already done to

obtain and analyse factor scores for the two factors, This analysis

will be performed and reported at a later date,
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3 BASIC STATISTICS DERIVED FROM THE RAW DATA

Basic statistics were calculated from the raw data, separately

by race, sex and zygosity, using a programme from the Statistical

Package for the Social Sciences (SPss). The statistics calculated i.e,

the means, standard errors, variances, standard deviations, ranges and

measures of skewness and kurtosis, will be discussed in the following

sections,

3.1 Skewness and Kurtosis

Measures of many psychological and biological attributes are

assumed to be distributed normally. Such measures vary continuously,

That is, theoretically at least, the score of an individual can take

any value within the range of variation, However, the scores of most

individuals lie within the central portion of the distribution, It

will be assumed that the test scores of the individuals of the Georgia

Twin Study are normally distributed through much of the analysis and

this assumption will be tested here. Data can deviate from normality

in two main ways;

Skewness

If there are too many individuals with scores above the mean or

conversely if there are too many individuals at the lower end of the

distribution, then the distribution is said to be skewed (positively

skewed in the first case and negatively skewed in the latter case), A
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measure of the amount of skewness is given by the coefficient of

skewness which is the average value of (x42)?/o9 taken over the

population, where X is the test score, p is the population mean and

o 2 is the population variance. This is the third moment about the

3 ensures that the coefficient is independentmean, Division by o

of the scale of measurement. If the data are normally distributed,

the coefficient of skewness is also normally distributed with a mean

of zero and a standard deviation of A6/Ne “Snedecor and Cochran (1967)

give tables of the one-tailed 5% and 1% significance levels of the

coefficient of skewness, The coefficients of skewness for the Georgia

Twin Study are given in Table Al5, together with thelr significance

levels.

Kurtosis

Data may deviate from normality by showing kurtosis. A measure of

kurtosis is given by (x=n)4 divided by 4 over the population i.e, the

fourth moment about the mean. When kurtosis is positive, too many

individuals have scores either near the mean or far away from it and

the curve appears more pointed than usual, In negative kurtosis, the

curveappears flatter than usual, The expected value of the coefficient

of kurtosis is 3.0 and Snedecor and Cochran (1967) tabulate, for the

two tails, 5% and 1% significance levels. The coefficients of kurtosis |

for the Georgia Twin Study are given in Table Al6, together with the

corresponding significance levels.

It can be seen that there are deviations from normality in these

data which, however, are by no means consistent over all tests or over



TABLE AL5: COEPPICINNTS OF SKEWNESS FCR THE EIGET GRUUPS OF TINS ON THES FOURTEEN TESTS

NUMBER IN GROUP

ARITHMETIC

VOCABULARY

HEIN

SFELLING

CALENDAR

IDENTICAL PICTURES

CUBES

SURFACS DEVELOPMENT

FORMBOARD

PAPER FOLDING

OBJECT APERTURE

SPATIAL ABILITY

MAZES COMPLETED

MAZES ERRORS

NOTE: Al

KEY: + Si
* Si

335

-251

470

1688"

gnificant at the 10% level
onificant at the 26% level

MZ

150

148

AAAT

-158
HB5Q*

101

e4o*

4ort

780°

o4ee

o14

anot

-076

531*

1961*

FEMALES
BLACKS

DZ

24

516

568

563

358

522

684

720¢

1596*

650

524

saat

865t

52?

553

FEMALES
NZ DZ

94 om

aBtt 079

931 saat

504t 463

~068 ~201

1256* 313

251" 359 “i
640° 289 °

636" 567t

1092" o4g*

E34 66et

391 003

434t 259

1104 1255«

1280* 1226+

1 figures in the Table must be multiplied by 4077 to obtain the true coefficients



TARLE

 

=R IN GROUP

ARITHUOTIC

VOCABULARY

FEeIN

IDENTICAL PICTURES

CUBES

SURFACE DEVELOPMENT

FCREBOARD

FAYER FOLDING

OBJECT APERTURE

SPATIAL ABILITY

MAZES COMPLETED

MAZES ERRCRS

FEY: *

132

3.655

3.354

2.355*

2,281*

3-897*
3.232

3.084

4.988"*

2.788

2.919

2.234"

2.493

2.718

6.835**

WHITES

84

2,822

3.650

2.353

2.269"

2.559

2.643

2.818

3-139

2.320

3.230

3.639

2.467

2.216"

6.891**

Significant at the 5% level
Significant at the 173 level

Al6: COEFFICIZNTS OF KURTOSIS FOR THE EIGHT GRCUPS OF

FEMALES
Nz Da

150 136

2.510 2.885

2.901 3.107

2.3546 2.349%

2.803 2.899

2.973 2.733

2.944 3.908*

3.267 3.626

3.402 3.036

2.874 3.154

3.134 2.406"

2.947 3.972"

2.665 2.335*

2.592 3.243

B.419** 4,050"



TWINS

MALES
nz

ay

2.956

3.205

2.343

1.722°*

3.420

4.185*

2.372

4.4354

2.815

2.318

B17

2.0%2*

3.216

6.769**

D4’

24

2.476

2.447

2.127

2.210

2.806

2.616

2.862

6.955**

2.453

2.925

3.607

3.459

2.307

2.405

FEMALES
MZ DZ

O48 a

3.044 4.81488

4.261% 3,040

2.638 2.524

1.882**  1,880"*

5.467"* 2.659 y

2.850 3.783 ©

3.485 2.800

3.536 3.958*

4.557** 3.493

2.790 3.302

2.858 2.704

"2.0848" 3,470

3.749 4,.187*

3.259 3.394



all groups. Such deviations from normality may be due to a number of

causes, The most obvious is that non-random sampling may produce a

sample which is non-normal although it has been drawn from a normally

distributed population, However, this is not the only cause and the

true variability in a population may not be normally distributed due to

genetical and/or environmental effects which are influencing the traits

peing studied. For example, if a trait is determined by only a small

number of genes, then dominance may produce a skewed distribution.

Similarly epistasis, genotype-environment interaction and other non-

additive properties of the genes may produce skewness, The problem of

non-additivity and genotype-environment interaction will be further

discussed in a later Section,

Most of the techniques used in analysis of this data are robust to

deviations from normality of the magnitude found here. However, the

Mazes errors Test shows gross deviations from normality, and the

coefficients of skewness and kurtosis deviate by a large amount in the

positive direction from the expectations on the basis of normality,

suggesting that this test could be measured on a better scale and that

an interpretation of the genetical and environmental influences

affecting the trait will be difficult on the present scale, A simple

logarithmic transformation normalised the distribution of the Mazes

errors scores and it was decided to replace the Mazes errors scores

by log mazes errors scores in all analyses,



3.2 The Means and Variances

The mean ages and test scores, calculated separately by race, sex

and zygosity, are presented in Table Alva. It can be seen that the

mean ages and test scores of the eight groups differ, The significance

and interpretation of these mean differences are discussed in the next

gection, All other summary statistics calculated by the SPSS program

are derived from the total variances of the eight groups, Therefore,

these variances calculated separately by race, sex and zygosity are

given in Table Al7b. ‘The total variances of the eight groups differ and

these differences seem to be systematic, Whites are more variable than

Blacks and males more variable than females, The significance of

these differences and their underlying causes will be investigated

in later sections.

3,3 Simple Analysis of Variance of the Data

The total variances were divided into the between pairs mean

square and the within pairs mean square by a simple one-way analysis of

variance (Snedecor and Cochran, 1967). ‘These mean squares are presented

in Table Al8a. The significance levels of the between pairs mean

square when tested against the within pairs mean square is given in

Table Al8b, We see that in nearly all cases there were significant

differences between pairs, Those cases where the between pairs mean

square was not significant are generally those where the sample size

was small and, therefore, the power of the test for detecting a

significant between pairs mean-square was reduced, The sources of



TABLE AL7a: NEANS OF THE GROUPS (not corrected for differences in mean age between the groups)

AG by

ARTTIMEPIC

VOCABULARY

HEIN

SPELLING

CALENDAR

IDENTICAL PICTURES

CUBES

SURFACE DSVLOIMENT

FORMBOARD

FAYER FCLDING

OBJECT APERTURE

SFATIAL ABILITY

MAZES COMPLETED

MAZES ERRCRS

MALES
NZ

15.712

90.341

5.826

43,288

34.235

14.644

57.295

10.023

27.932

44.530

8.624

7.258

61.682

31.114

0.832

WHITES

DZ

15.429

63.667

4440

58.583

30.634

44,774

55.369

8.202

23.607

41.619

26774

6.443,

58.940

30.464

0.896

FEMALES
Ma DE

15,489 15.647

67.129 66.699

5.087 4.959

42.153 36.824

37.773 37.140

13.187 13,007

56.113 55.059

7.407 9.228

25.080 25.309

11.993 11.221

7.820 7.493

3.607 3.074

53.040 51.669

28.627 27.059

0.856 0.904

MALES

14.635

A4V.5A5

3.523

27.295

22.205

8.023

48,205

2.364

45.659

50977

3.5AS

2.205

40.523

23.866

0,864

BLACKS

Dz

145.000

31.958

2.125

21.187

16.250

5.542

46.708

4.250

14..833

7-208

4,000

1,292

38.000

22.677

0.812

FEMALES
MZ DZ

14.915 15.187

48.894 49.687

2,298 2.406

24.255 25,507

26.649 25.703

7.064 6.672

55. DAZ 50.312

0.894 0.078

16.319 15.034

5-532 5-312

3.234 2.2997

0.266 =~ 0.781

33.255 30.891

22.489 21.687

1.080 1.002

a



TABLE AL7b: TOTAL VARIANCES GF THE EIGHT GROUPS OF TWINS (not corrected for the regression of test

NUMBER OF PAIRS

ARITUMETIC

VOCABULARY

FEIM

SPELLING

IDEVTICAL PICTURES

OURES

SURFACE DEVELCIMENT

FORMBOSRD

PAPER FOLDING 

OBJECT APERTURE

SPATIAL ABILITY

NASES CONPILATED

MAZZS ERRORS

66

630.913

12.603

369.214

205.998

54.970

238.807

84.205

497.621

57.259

24.993

47.9904

340.066

68.865

0.190

42

723 .839

11.599

376.897

189.127

37.647

225,368

87.358

179.4133

37.540

20.852

50.991

369.960

93.818

0.189

PAUALES
MZ Da

75 68

691.341 781.427

14,523 12.645

BAZ .E49 342.354

167.472 183.662

37 146 42,418

243.206 197,108

68.713 73.614

116.947 111.608

40.256 41.269

18.524 14..770

29.690 23.846

302.404 351.145

97.578 66.844

0.167 0.151

BALES
Na

22

855.882

6.444

342.073

228.957

37.232

225.443

66.888

77 486

19.790

18.812

23.887

386.674

64.382

0.211

seore on age)

BLACKS

DZ

12

455,868

7.592

347.101

177.500

24.955

239.955

47.761

734101

18.085

11.826

37 64.

194 435

89.884

0.135

FEMALES
Mz DZ

49 32

711.967 850.218

9.446 9.166

315.848 258.918

258.080 211.609

47.6259 30,065

311.907 305.996

59.838 24.803

43.854 54.539

15.542 13.583

18.568 13.006

15.2703 11.062

245.439 114,893

85.951 85.806

0.182 0.238

oa



TABLE Alfa: BETWEEN PAIRS AND WITHIN PAIRS MEAN SQUARES
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MZ D2 MZ D2 MZ DZ MZ DZ

Arithmetic tie. 698 297. FOF 1059. 392 Fb. FEA Mat. Ha 786. bab 1334, 004 89.608 |
rar. iy 382.595 403.853 ass. 43u 133-993 ary. 575 fas. (ae 264-750 |

4 : |
Vocabulary 18. 3a 65, 298 19.9857 i. 406 q 149% &- 690 12. wy nH. sagt

a. O17 6. 360 3. 620 &§. 60 4 .a05 4.318 5. aay 6. 906
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SR. 3tB 203. 19P 44. 143 9a. ONG YA. 159 £6Q. 16 69, 319 Oe. 2o6
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at, 326 1%. O34 22. 693 sr. 640 ao. 47 101. sO 59. S64 YY. Sa

Calendar 93. 18S Sr, COS 49. O25 Sr. 804 Sh. Be Bt. O56 YQ. abo tek, Oy.
JS. ABS 4. aso 1G. 92D a 40e 18, O68 fe SH ao. 2, 1. 48%
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TABLE Al8b: SIGNIFICANCE OF THE BETWEEN PAIRS MEAN SQUARE

ARITHMETIC

VOCABULARY

HEIN

SPELLING

CALENDAR

IDENTICAL PICTURES

CUBES

SURFACE DEVELOPMENT

FORMBOARD

PAPER FOLDING

OBJECT APERTURE

SPATIAL ABILITY

MAZES COMPLETED

MAZES ERRORS

NUMBER OF PAIRS

 

MaLES
Mz

66

    

WHITES
FEMALES

DZ DZ

ee tee one

oe 0.13
oe one

see e .

eee tee .

see ae

eee sas aes

see tes .

0.16 ee e

He 95 68

KEY: °** significant at the 0.1f level

 

significant at the
significant at the

+ significant at the

NOTE: The figures given in the bod:
given in decimal form for th

1% level
5% level
1073 level

which are not significant

MALES
MZ

BLACKS

Oa

0.4

0.12

0.88

12

FEMALES
MZ Dz

tae tee

oe t

eae o0

4?

'y of the Table are probabilities
ofe between pairs mean Squares

 



variation leading to significant differences between pairs will be

examined in later Sections, However, before we can continue the

analysis, there is one further assumption that must be tested,



4 AGE CORRECTION

The ages of the subjects in this study varied from twelve to

nineteen years, Covariance between age and test score is a source of

variation which will produce biases if it is not recognised in the

analysis. Covariance between age and test score will produce a

regression of test score on age within groups. Mean differences in

age between the groups will then produce mean differences in test

score between groups purely as a function of age. We have seen from

Table Al7a that there are mean differences in both age and test score

between the groups, although we have not tested their significance; and

we would like to know the source of these differences,

Covariation between age and test score will lead to the regression

of test score on age and hence to an increase in the total variances,

The most obvious expectation is that age is a simple between pairs

effect, leading to an increase in the between pairs mean squares and

the regression of between pairs variance on age. We have no a priori

expectation for a regression of within pairs variance on age; however,

such a regression, if found, could be interpreted as a within families

effect or some type of interaction between age and the determinants of

intra-pair differences.

4el Analysis of Covariance

In an analysis of covariance differences in mean age and test score

between groups are tested for significance, The significance of any

regression of test score on age is then found. ‘The mean test scores



are adjusted to remove the age effect and tested to see if significant

mean differences in test score remain,

The analysis of covariance combines features of regression analysis

and the analysis of variance and is discussed by Snedecor and Cochran

(1967). The computations described below were carried out for each

of the tests separately.

Firstly between and within groups sums of squares for age, Xi4°

and test scores, 559 were calculated in the usual way,

where Xs; is the deviation of ith individual in the jth group

from the mean age of the sample

and Y¥ is the deviation of the ith individual in the jth
ij

group from the mean test score of the sample,

The next step was to compute the total and between groups sums of

products as follows:

Total Sum of Products = é, X55%55/3 - ( 2, Xs =Ti/d

Between groups Sum

of Products © £(02%,, £Y,,)-C 2%, 2 14)/3
3 oi i 4j ij

where i is the number in a group

j is the number of groups

The within groups sums of products were found by difference, The

Analysis of Covariance Table, given for the case of the Arithmetic Test

in Table Al9, was then constructed, The between groups mean squares for

age and test score were tested against their appropriate within groups

mean squares. The between pairs mean squares for age and test scores

were highly significant for all fourteen tests. ‘The next step was to

determine how far the significant mean differences in test score could

be explained by mean differences in age. The regression of test score on



TABLE Al9: ANALYSIS OF TRE COVARIANCE BETWEEN SCORES ON THE ARITHMETIC TEST AND AGE

A. The Basic Analysis of Covariance Table

Source af $8 (x) SP (x,y) ss Cy)

Total 229 49727 . 8407 10432 . 1951 599210 . 5371

Between groups 9 76 . 4588 2289 . 7249 80915 . 1780

Within groups 720 1651 . 3878 8142 . 4702 518295 . 3590

B. Test of the Regression of Test Score on Age

Source df Sum of Squares Mean Squares F Ratio

Reduction due to regression 4 40148 . 0874 40148 . 0874 60 . 3715

Deviations from regression 2719 478147 . 2725 665 . 0170

Within groups 720 518295 . 2725 719 « 8545

c. F Ratios for Testing Significant Differences Between the Meang

F Ratio af Significant Level
X means 4. 7623 $2 1280 re
Y means 16 . 0578 7,720 eee

Y* means 12 . 4759 74219, “ee Regression Coefficient = 4 . 9307
B 60 . 3915 (1,719) ve

REY
X « Age
Y = Test score
Y* = Test score after age adjustment.

6
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age within groups was tested for significance, This test is done

by firstly dividing the within groups sums of squares into two parts:

one part due to the regression and one part due to deviations from the

regression, The regression sum of squares was calculated as follows:

Regression sum of squares = Wyy2Wyy

where Wyy «= the within groups sum of products

Wyx
It has one degree of freedom. The deviation sum of squares was

= the within groups sum of squares

found by difference. The regression mean square was tested against

the deviation mean square. This is shown in the Part B of Table Al9,

The regression was significant for all tests. The regression

coefficient was calculated as Wy/Wyy and the means were adjusted

as follows: |

-* -
¥5 = j - bd (x, - Xs5)

where X,, is the overall mean, The adjusted means for the eight groups

of twins for all fourteen tests are given in Table A20, The only

remaining taskwas to test for significant differences among the adjusted

means, The null hypothesis that the adjusted means are equal was tested,

The method is given by Snedecor and Cochran (1967; pp 424-425), ‘The

age-adjusted means differed significantly for every test. The course

of the mean differences will be investigated in Section 2,5,

4.2 Multiple Regression Analysis

We have already mentioned that covariance between age and test score

leads to an increase in the total variance, which can probably be



TABLE A20: MEANS CF TIC GROUPS (corrected for mean differences in age between the groups)

REST CAUCASTANS NEGROES
MALES PENALES MALES FEMALES

NZ, DZ NZ DZ NZ DZ MZ DZ

ARITHMETIC 67.9715 62.6531 65.8513 6550348 44.9272 32.9974 50.3404 44.6600

VOCABULARY 54746 4.2895 4.9003 4.5102 3.9356 2.2792 2.5125 3.2330

HETM 49.2514 37.7110 41.0711 35.3936 29,6863 922.0804 25.4982 23.7656

SPELLING 32.8797 30.0557 37.0530 36.1881 23.7963 15.8445 27,4760 22,3015

CALENDAR 44,4916 11.5803 15,2396 12.6140 8.5542 5.7405 7.3404 7 ASH

IDENTICAL PICTURES 56.5761 55.0355 55.6992 54.5119 49.1996 47.0497 56.0198 51.0024

CUBES 9.6207 8.0297 6.8933 6.9454 4.8364 4.4265 1.1396 1.3641

SURFACE DEVELOPMENT 27.4367 - 23.2665 24.6575 22.7504 16.5928 15.1819 16.8045 14.2988

PCRNBOARD 14.2347 "44,4026 14.0161 11.0136 6.3237 73375 5.7123 4.6966

FAPER FOLDING 8.3204 7.6490 7 669 722880 53-8878 4.1281 3.4122 3.8332

OBJECT APERTURE 6.9004 5.9898 3.4169 2.8227 2.6252 4 A490 0.4844 0.6595

SPATIAL ABILITY 60.4575 58.4155 52.3893 50.8086 41.9613 38.5374 34.0028 35.0904

MAZES COMPLETED 30.73% 30.3015 28.4253 26.7924 24.3118 22.8435 22.7207 21.8413

MAZES ERRCRS 8.8934 10.1692 9.0105 9.6792 9.5712 6.6894 16.3157 911.2550

t
6



ascribed to an increase in the between families variance rather than

the within families variance, Therefore, before further analysing the

variances, we will correct them for any regression of test score on

age, using the generalised multiple regression analysis described

in Appendix D. In our case, we have only one predictor variable,

namely age, but a series of fourteen criterion variables, Thus,

following the notation of Appendix D, the full model may be written

ass

%i5 ™ Pijoton + 41,17 + ®
w
r

= =

@
n
m

~~ a

} t
1

i !
t '
1 ,

’

23 “ fe,o’on * f2,171n +

t
1

t ‘

X43" Prs,o7ow* 14,171" + °14,NO
r
~
-
e
r
n

Now we may define the following matrices:

= x. = - :
* ited *2 2,1} *14 714,1

J t t
' 1 ‘

! 3 :
i ' '

4Ww *oN 14,1

and let:

x = Cx, Xp Cooeeeneccese x41

An analogous notation is used for C1 &p eovcees 14 and E,

Now % 3 Zo7 299 OOo eeooeves 25,

244 10 oorvecovese 21 ON



Let us now define the matrices of coefficients:

f 1 = £10 f 2 = f20 receceececesBay = P14,0

Aur fer Ar4,i

so that:

B=[Py Bo correoPigl

The full model, $2, , is now written as:

x = zt B + E

(x14) (Nx2) (2x14) (Nxl4)

This equation may now be solved for B as described in Appendix D.

This full model is designated S2 by Seal (1964), Now a reduced model,

vw) , is formlated. In this model B, is eliminated from B and the ‘+

corresponding row of 2 is also eliminated, The residuals from the S2

are tested against the residuals from the W model to see if fitting

the N model produces a significant reduction in the residuals (see

Appendix D)e If the chisquare is significant, then the effect of f 1?

i.e. age is considered to be significant,

The calculations for this analysis were performed using a program

written by Dre Lede Eaves of the Genetics Department of the University

of Birmingham.

The program firstly constructs the matrix of sums of squares and

gums of products among all the variables, separately by sex, race and

zygosity, and then performs the regression analysis and tests of

significance as described in Appendix D.

The analysis was performed using the between pairs sums of

squares and sums of products matrix, calculated from the pair sums,



This analysis tests for the regression of between pairs of differences

on age. Then the analysis was repeated using the within pairs sums of

squares andsums of products matrix, based on the pair differences, which

tests for the regression of within pairs differences on age, The

results of the analyses are presented in Tables A21 and A22, The

multiple regression analysis was performed on the matrices of sums of

squares and sums of products derived from the raw scores for all tests,

including Mazes errors. Strictly the analysis should have used the

log Mazes errors scores. However, although they were not used we do

not expect that the regression coefficients will be seriously biased,

The log Mazes errors Mean Squares were age-corrected in a separate

analysis.

We can see that there is little evidence for the regression of

within pairs differences on age, although the regression is significant

at the five per cent level for monozygotic Black males, However, the

regression of between pairs variance on age was significant for the two

largest groups, the monozygotic and dizygotic White females and

approached significance in the case of the monozygotic Black females,

Thus it seems that the regression of test score on age found during the

Analysis of Covariance is due to the regression of the between pairs

variance on age. If no adjustment is made for this regression, then

the between pairs variance will be inflated compared with the within

pairs variance and between families genetical and environmental

components of variation will be over-estimated, Therefore, the total

variances and between families variances must be corrected for the

effects of age. During the analysis, the matrix of regression sums

of squares and sum of products was calculated, The diagonal terms of



TABLE A@L: SUMS OF SQUARES DUE TC TH:

 

EGRESSION CF BETWEEN PAIRS DIFFERENCES IN TEST SCORE ON AGE

WHITES BLACKS
PALES FEMALES MALES FEMALES

NZ DZ HZ D2 MZ DZ . MZ DZ

ARITIPSPIC 2806.26 4097.34 16385.30 24600.80 1029.67 40.00 1325.89 403.61

VOCABULARY 448.53 75.28 285.48 364.67 0.52 55.23 93.90 9.96

2692.25 1698.86 11879,80 11644,60 936.58 748.23 1041.93 1399.68

1966.34 1000.17 5604.26 5220.71 6.61 42.03 1321.48 493 94

106.74 26.09 5344. 96 946.40 76.55 23.90 225.93 12.98

IO2L PICTURES1000. 12 130,24 1663.97 1912.20 375.21 286.23 145.54 202.17  
 

194.99 140.40 454.54 541.97 360.22 36.10 2.92 14a

SLOPMENT 4638.96 643.95 1365.42 689.35 241.98 38.03 241.83 148.23

FURMBOARD 126.44 3.78 323.15 202.87 18.12 1.60 156.27 21.38

PAPER FOLDING 56.05 0.20 348.78 171.43 124.67 50.63 69.50 10,61

OBJECT ATERTURE 254.05 3.55 427.30 58.16 284220 32.40 85.40 21.47

SPATIAL ABILITY $80.65 323.91 6630.58 3159.47 1059.09 133.23 881.73 5.78

MAZES COMFL!TED 410.20 3.39 456.97 265.79 538.48 50.53 23.11 335.78

BASES E2RORS 256.59 0.23 79.30 397.59 19.69 7.23 4437.84 243.84

HUBER OF PAIRS 66 42 25. 63 22 12 49 32

CHIS (UARE 26.88 15.61 52.95 57.37 22.44 19,07 23.63

FRCOBASILITY . 30-50 “** “ee + 20-30 Tr



TARLE A22: SUMS OF SQUARES DUE TO TRE RICRESSION

  

MEH O7UMw MLEW

ARTOEMSTIC 19.67 4.28 480.62

VOCABULARY 34 2.91 5.39

HEIM 51.23 193.74 29.13

SPELLING 25.24 0.19 4.65

CALENDAR 8.60 11.695 4a?

IDENTICAL PICTURES 81.81 193.38 6.00

CUBES 0.66 84.01 4.28

SURFACE DEVELOMENT 19.60 17.58 15.93

FORMROARD 17.53 16.61 5-32

PAPER FOLDING 4,29 9.64 2.34

OBJEST APERTURE 23.86 17.09 16.71

SFATIAL ABILITY 4,00 96.59 7.65

MAZES CCMELETED 42.64 60.11 11.34

MAZZS "ERRORS 414.40 160.09 42.27

NUMBERS OF PAIRS 66 42 95

CHISQUARE 9.23 16.81 15.07

PROBABTLILY 80-90 20-30 30-50

KEY, te colomn headings

MZ - monoryyohe tetas We Whites

pz + dinygohe hems + B+ Blocks
Mo = males

F  Pemeles



OF WITHIN PAIRS DIFFERANCES IN TEST SCORE ON AGE

o2Ew MEMS S248 uzeR pa
140.74 324.414 561.80 1.85 17.13

4.90 2.38 8.45 6.94 9.49

219.66 4495 545 72.71 132.23

85.66 24.87 2.45 3.90 - 69.29

59.72 0.69 0.20 26.65 4.62

108.46 60.29 530.45 2.02 492.85

87.54 35.89 12.80 23.34 6.61

12.68 213,54 48.05 32.972 106.33

16.57 12.59 9.80 52.74 8.58

0.35 5-55 4.05 21.84 2.05

37.88 2.16 7.20 0.05 0.62

9.70 6.33 36.45 23.30 9.53

1.68 49,32 8.45 4.94 36.95

73te 23.58 26.45 160.80 140.46

68. 22 12 yd 3a.

19.34 . 23.82 Residual . 15.85 19.941
Matrix

10-20 . Singular 30-50 10-20

9
6



this matrix, the regression sums of squares, were used to correct the

total and between pairs sums of squares from the simple analysis of

variance described in Section 2.3.3 as follows:

Age corrected between pairs variance = Between pairs SS-Regression SS
N #2

Age corrected total variance - « Total SS - Regression SS
oN = 2

where N is the number of pairs of twins, We notice that one degree of

freedom is lost in calculating the regression sum of squares and

making the age adjustment. The regression of within pairs variance

on age was not significant and no correction was necessary, The

corrected total variances and between pairs variances are given in

Tables A23 and A24 respectively. These variances and the corresponding

uncorrected within pairs variances will be used in all further analysis

involving the variances, Thus, the problem of increased variance due

to the regression of test score on age has been removed and we will

not be overestimating the between families genetical and environmental

components of variation because of the age effect,



PARLE A2%: AGE SORRECTED TOTAL VARIANCES

NUMBER OF PATRS

ARITHMETIC

VOCABULARY

HEIN

SPELLING

 

CALENDAR

IDENTICAL
PICTURES

CUBES

SURFACE
DEVELOPMENT

FCRMBCARD

TAFE FCLDING

OBJECT AFZRTURE

SYATIAL ABILITY

MAZES COMPLETED

 
MAZES ERRCRS

, MALES
Mz

66

614.180

11.557

354.314

199.380

53.766

233.042

80.430

186.534

56.726

21.732

46.409

335.138

68.547

57710

WHITES

DZ

42

682.699

10.822

360.776

179.237

37.788

226.528

86.721

173-479

37.951

21.104

51.570

170.522

94.921

85.887

FEMALES
MZ

73 68

585 2301 603.671

12.692 9.987

265.903 258.009

128.098 146.072

33.783 36.378

233.703 164.308

66.713 70.121

108.541 107 «296

38.948 40.064

16.293 14.051

27.003 23.605

259.643 330.188

95.149 65.356

62.165 48.764



MALES
MZ

22

851.743

6.582

326.729

234.407

36.296

221.570

59.904

973.569

49.830

16.294

17.761

349.236

53.09%

143,384

BLACKS

DZ

12

476.136

5.427

328.869

183.658

24,7975

237.851

48,291

74.696

18.834

10.063

37.934

197.217

91.669

22.973

FEMALES
MZ DZ

49 32

705.402 857.421

8.860 9.153

307.955 240.519

246.521 207.055

45.823 30,341

313.915 307.674

60.459 25.019

41.702 53.028

14,012, 13.458

18.015 134044

14,945 10.895

238.523 116.653

86.635 81.451

233.968 192,556



TABLE 24: BUIWEEN AND WITHIN PAIRS VARIANCES (with the between pairs

yavionce corrected for the repression of test score on age)

WHITRS. BLACKS
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5 ANALYSIS OF THE MRANS

5-1 The Method

We have shown, during the analysis of covariance, that there are

significant mean differences between the eight groups of twing even

after the means have been adjusted for the effects of age. We now

turn to the problem of determining the source of these mean aifferences,

Differences between the two races, the two sexes or the two zygosities

are immediately obvious sources of overall mean differences, We would

also be interested in any interactions between these primary sources

of mean differences, For example, we see that White monozygotic males

score more than White monozygotic females on the Arithmetic Test,

However, the position is reversed in the Blacks, If significant, this

_ race x sex interaction would be of some importance in our study of

variation in different racial groups and in the two sexes. A three-

way analysis of variance could be used to analyse the means. However,
the unequal numbers in the different groups makes this analysis

complex and tedious and we shall adopt anothbethers, which is formally

equivalent to the three-way analysis of variance, We may specify a

simple model for the mean differences and then fit this model using

weighted least squares, The concepts and methods of weighted least

squares are described in Appendix k,

The model assumes coefficients of 1 for the effects since we have

no expectations for these coefficients based on theory, ‘the effects are

contrasted by specifying the two groups as +1 and -l, For example,

_ for the races effect Whites are specified ag +1 and Blacks as <1, The



coefficients of the interactions are obtained by multiplying the

coefficients of the appropriate main effects together, ‘The full

model is presented in Table A25.

The different groups contain different numbers of subjects and,

therefore, the different groups will be weighted in the analysis, The

appropriate weights are the inverses of the variances of the means

i.e. + where N is the number of individuals on which the mean was

based and V is the variance of the group, The model was fitted using

weighted least squares and estimates of the effects were obtained,

These estimates are shown in Table A26, Dividing each estimate by its

standard error yields a value which may be used to test the significance

of the effects. ‘The standard errors are obtained as the square roots

of the diagonal elements of the variance-covariance matrix which is

derived from the weight and model matrices, The significance levels of

the estimates are given in Table A26, An example of a typical

variance-covariance matrix is given in Table A27, ‘The diagonal

terms are the variances of the estimates and the off-diagonal terms

are the covariances between the estimates, The covariances between

the main effects and the covariances between the interactions are small,

although the covariance between main effects and interactions involving

that main effect are somewhat higher. This is expected since the main

effect and the interaction involving the main effect are not independent,

when the numbers are unequal, However, apart from this, the race, sex

and zygosity effects are independent of one another, This is not

always the case in model fitting, but is found here since the rows of

the model were specified as orthogonal. It turns out that all the

diagonal elements of the matrix are the same and, therefore, the standard

errors of all the estimates are identical,



TABLE ~25; SIMPLE LINEAR MODEL FOR TESTING DIFFERENCES AMONG THE MEANS

Mean

Zygosity

Race

Sex

2xR

Z2xS

ZxRxS

Males

WHITES

DZ

~ - tS

Females

MZ DZ

Males

BLACKS

Females

DZ MZ DZ

1 1 1

1 1 =1

=1 71 =4

1 -1 1

1 -1 1

-1 71 1

“1 1 1

1 1 1



TABLE A26: EFFECTS CONTRIBUTING TO DIFFEREICES

MEAN

ARITIMETIC 54.989+**

VOCABULARY 3.808+**

32.389"**

28.818+**
9.989*"*Be

53.076¢+*

5.018e*«

 

SURSACE
DEVELOPEENT 20.221***

FORM BOARD 9.072***

FAFER FOLDING 5.598***

OBJECT APERTURE 2.883***

SPATIAL ABILITY 46.004***

  
ES COMPLETED 26.000***

MAZES ERRGRS 0.826***

MAZ

KEY: * significant et the
** simificant at the 1%

AYGOSITY

1.986NS

O.375**

1.859"

4.389"

0.740**

1.213NS

0,079NS

1.026*

0.232NS

0.20788

0.451NS

1,1721NS

0.530NS

0, 006NS

RACE

11.968***

1.220"%8

7. B250*

6.19708

3.164068

2.884e+*

3.722***

4.7618

3.064r+*

2.320°""

2.13704*

10.337***

-BaBtDt eS
-0.033N8

yo level

 

level
s** sienificant at the 0.1% level



TN MEANS BETJESEN THE GROUPS OF TWINS

IBEX

“3.14

0.974NS

0.194NS

~2.98ge"«

0.007NS

-1.189NS

1.192084

0.287NS

0.76488

0.387°

1.344068

3.7835***

1.034%

-0.065***

2xR

-0.212NS

0.053NS

0.650NS

0. 3538NS

0.022NS

~O0.468NS

0.346NS

0.498NS

0.484"

0.087NS

-0.039NS

-1.101NS

0.024NS

-0.036NS

ZxS

2.07983.

0.320*

0.849NS

4,002NS

0.597*

-0.358NS

-0.095NS

0.261K"¢

0.189RNS

-0.109NS

0.056NS

.0.195NS

-0.063NS

-9.008NS

RxsS

3.158**

-0,065NS

0.520NS

0.486NS

0.049NS

1.5548

~0.249NS

0.504NS

0.177NS

-0.147N5

0.339NS

0.188NS

O.440NS

0.052

2xRxS

-0.516NS

-0,056N!

-1,006NS

-0,250K8

2.075NS

0. 576NS

0.580KS

0.377NS

0.551NS

0,23¢XS

0.089NS

0.155NS

0.167%:

0.003NS

S.ee

1.139

0.133

0.808

0.624

0.259

0.424

0.218

0.175

0.244

0.719

0.400

0.019

t
o
n



TABLE A2?:

Mean

Zygosity

Race

Sex

2xR

2xS

RxS

ZxRxS

N.B. All figures must be mltiplied by 10"

VARIANCE=COVARIANCE MATRIX FOR THE ESTIMATES OF THE VOCABULARY

Mean Zygosity

~27

13

-39

176

27

~27

4

13

TEST

Race

13

44

-27

sex

41

hy

ZxR

27

ZXRxS

13

to obtain the actual values



5.2 The Races Effect

Turning to the results presented in Table A26, we see that there

is a significant positive race effect for every test. White means are

always significantly greater than Black means, Many other studies

(e.g. Vandenberg, 1969; Scarr-Salapatek, 1971; Jensen, 1973b) have

found significant mean differences between Whites and Blacks in a

similar direction. Several workerg have suggested that the difference

in mean is due to genetical differences between the two populations

since the two groups do not intermarry freely and may have been subject

to different selective pressures in the past, leading to a different

genetic composition (Jensen, 1969, 1973b).

Other workers have pointed to the underpriveleged position of

Blacks in American society and suggested that the lower mean of Blacks

may be explained purely in terms of environmental deprivation

(Lewontin, 1970; Kamin, 1974; Tizard, 1974, 1975). We will not be

able to discriminate between these alternative hypotheses about the

causation of the lower mean scores of Blacks on tests of ability,

However, we shall fit models to the between and within pairs variances

of Whites and Blacks and attempt to estimate genetical and environmental

components of variation. Thus, although we can say nothing about the

eauses of differences in means between the races, we may be able to

throw some light on the causes of individual differences within the

two populations,
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5.3 The sexes effect

The mean differences between the eight groups cannot be explained

solely in terms of differences between Whites and Blacks, ‘There are

significant sex effects for most of the tests. Looking firstly at

the Verbal-Arithmetic factor as defined in Section 2.2, there are

significant sex effects for only two of the tests: Arithmetic and

Spelling. The non-significant sex effect for the other two tests is

positive, but the significant sex effects for Arithmetic and Spelling

are both negative (i.e. females have a higher mean than males on these

tests). It is well known that females score more highly on Verbal

tests than males (McNemar, 1942; Anastasi, 1949; Levine et al, 1967;

Heim, 1970). However, the finding that females score higher than

males on the Arithmetic Test is in conflict with other studies

(McNemar, 1942; Terman et al, 1946). We do not have to look far to

gee why these results are in conflict with previous studies. Previous

studies used White subjects only. For the Arithmetic test we have a

highly significant races x sexes interaction in these data, In other

words, males score more highly than females in the White group, as

found in previous studies, but females score more highly than males

in the Black group. Jensen (1972, 1973b) has reviewed studies which

show a races x sexes interaction for measures of ability (Brofenbremner,

1967). Since the difference between the means of the two sexes is

higher in the Black group than in the White group, the sex effect itself

turns out to be negative overall,

Turning now to the tests of the Spatial factor, we see that seven

of the ten tests loading on this factor show a significant positive.

sex effect i.e. males have a higher mean than females in all cases.



Many workers have shown that males do "better" in Spatial tasks than

females and the cause of the sex difference has been a matter of some

controversye Some workers have argued that females score less highly

because they have less educational opportunities than males, This

seems unlikely since Spatial tests load very highly on Jensen's Level

II ability and not so highly on Level I ability, In other words,

learning improves performance on this type of test only very slightly.

Thus, most workers look for an explanation of this effect in some

genetic mechanism. The difference in mean could be due to sex-

limitation or sex-linkage, Many workers have argued that enhancement

of spatial ability is due largely to a single recessive sex-linked

gene. (Stafford, 1961; Hartlage, 1970; Bock and Kolakowski, 1973).

If this were true then females would score lower than males on

average because the frequency of males showing the enhancement effect

would equal the frequency of the gene in the population, but the

frequency of the females showing the enhancement effect would be the

square root of the gene frequency. Bock and Kolakowski (1973) have

presented evidence for sex-linkage, but this is by no means conclusive.

The most usual tests for sex-linkage come from data on parents and

offspring. However, there is a test for sex-linkage in these data,

albeit not a very powerful one, and tests for sex-linkage will be

discussed at length in Section 3,

5.4 The Zygosities Effect

Monozygotic and dizygotic twins are drawn from the same population

and there are no a priori reasons to suspect that they should have
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different means. However, from Table A24, we see that monozygotic twins

score significantly more, on average, than dizygotic twins for five of

the fourteen tests, Four of these five tests load on the Verbal-

Arithmetic factor, We recall that Husen (1969) triea to show that the

lower mean score of twins compared with singletons was due to the lower

score of monozygotic twins because of their reduced commmication with

the outside world. In fact, he showed the reverse, He found that the

mean score of monozygotic twins was higher than that of dizygotic twins

on verbal tests, although he advanced no reason for this,

Bulmer (1970) summaries evidence that dizygotic twins tend to be

born to mothers from the lower socio-economic status groups, whilst the

monozygotic twinning rate is the same in all socio-economic status

groupse Since the mean score of lower socio-economic status groups in

Verbal ability is lower than that of higher groups then,all other

things being equal, dizygotic twins will have a lower mean than

monozygotic twins.

In this analysis of the complete data of the Georgia Twin Study,

we cannot determine the cause of the higher mean score of monozygotic

twins. However, in the Extended Study, data is available on the socio-

economic status of the twins' parents, and thus the possibility that

the lower mean score of dizygotic twins is due to the lower gocio-

economic status of their parents could be investigated, ‘This investigation

will be carried out at a later date,

5.5 Other Interactions

Five interactions between main effects are significant at the five



per cent level. Since we would expect several interactions out of the

possible fifty-five interactions to be significant at the five per cent

level by chance, we cannot attach any importance to these interactions.

They do not fall into any consistent pattern and since we had no prior

expectation for any particular interaction, it would be impossible to

attach any confidence to post hoc rationalisations of these

interactions.
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SECTION 3: MODELS AND MODEL FITTING

1 INTRODUCTION

We have briefly described the means, variances and coefficients

of skewness and kurtosis found in these data. ‘hese are known

respectively as first, second, third and fourth degree statistics and,

given information on theappropriate groups of individuals and a

sufficient theoretical framework, expectations for these statistics

in terms of meaningful genetical and environmental effects can be

formulated and these effects can be estimated.

Expectations for the means of inbred lines and families of known

genotypes derived from them can be formulated and hence genetical and

environmental effects can be estimated, However, models for the

means of natural populations cannot be formulated since we do not know

the genotypes of the individuals in the population, Therefore,

expectations for the contribution of genetical and environmental effects

to the covariance between different types of relatives are specified

and estimated instead. Expectations in terms of genetical and

environmental effects can also be specified for the third and fourth

moments about the mean (i.e. skewness and kurtosis), However, as

higher moments are used, the standard errors of estimates obtained

increase disproportionately, Therefore, more precise estimates can be

obtained using means than any other statistic, However, in the case of

twin studies only variances can be used.

In formulating models for the contribution of genetical and

environmental components of variation to the covariation between
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monozygotic and dizygotic twins, we shall follow the approach and

_ notation initiated by Mather (Mather, 1949) and later extended by

Mather and Jinks (Mather and Jinks, 1971), Firstly we shall specify an

empirical model which may be used, for simplicity, in preliminary

analysis of data. This model is discussed in some detail by Jinks

and Fulker (1970), and is limited in its application since it is unable

to tell us anything about gene effects, mating systems or past

selection and evolution of the trait. ‘Then we shall consider the model

of Mather and Jinks which allows us to specify parameters for additive

gene effects, dominance, epistasis, genotype~environment interactiong

and covariation, epistasis and assortative mating, Therefore, by

fitting the appropriate model we can determine the genetic

architecture of the trait in question and make inferences about the

direction of selection upon the trait in the past and about its

evolution (Mather, 1943),



2 THE SIMPLE EMPIRICAL MODEL

2,1 Parameters of the Simple Empirical Model

A simple empirical model can be specified and its parameters

estimated providing the assumptions on which it is based are recognised

and tested. In general, four components of variation may be recognised,

We may distinguish between genetical influences producing variation

between families, called Gp, and those producing differences within

families, called Gy. The Gr effect arises because each family shares

a common pool of parental genes, different to those of every other

family. This produces covariation between members of a family and

produces genetical differences between families since each family has a

different set of parental genes. The processes of independent assortment

of chromosomes and recombination during meiosis ensure that the members

of a family each receive a different set of the parental genes, ‘There

is, thus, a source of variation within families (C,).

Similarly, there are environmental influences specific to individuals

which produce variation within families (E,)s and those common to

families as a whole (E,). Examples of factors that might contribute to

Ey are socio-economic status of home, educational level of parents etc,

Factors contributing to E) are accidents of development, both pre-natal

and post-natal, test unreliability and the experiences of one sib not

shared by the other.
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2.2 Contribution of these Parameters to Different Statistics

The total variance may be defined in terms of the four parameters

2
specified above as follows: on G, +Gy +E, +E. We now turn

to the problem of the relative contribution of these parameters to

different types of family. We shall consider five types of family

commonly used in research into human behaviour, although we have data

on only two types of family in this study, These are monozygotic twins

reared together and apart, dizygotic twins (or full-sibs) reared

together and apart and unrelated individuals reared together,

The total variances of the five types of family are expected to

be equal unless the assumptions underlying this simple model fail,

These assumptions will be discussed later. We can formate precise

expectations for the partition of the total variances into between

pairs variance (o) and within pairs variance (o re) for the five

family types.

The effects of E) are specific to individuals and always contribute

to variation within pairs, The common environmental effect, or Eps

jig due to environmental influences common to individuals reared

together in the same home, Therefore, Ey contributes to variation

petween pairs of individuals when they are reared together, but

contributes to variation within pairs when the members of the pair are

raised in different homes,

The Gp effect arises because the offspring of each pair of parents

share a common pool of parental genes, Therefore, G, always contributes

to variation between pairs of twins, However, unrelated individuals

reared together do not share a common pool of parental genes and G,
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contributes to &. in this case, Monozygotic twins have an identical

selection from the parental genes, therefore, Gy contributes to

variation between pairs for monozygotic twins, Dizygotic twins have

different combinations of parental genes and G, contributes tows

The Gy effect also contributes to within pair differences for

unrelated individuals reared together since they have different sets

of genes. These expectations for o° and a? which we have

described verbally are summarised in Table A28a,

In our analysis of variance in Section 2.323 we calculated between

pairs and within pairs mean squares, The expected mean squares in

terms of the variance components are given:

Source dof. Expected Mean Square

Between pairs n=] x, + 20°

2Within pairs n oy

where n is the number of pairs, We can now formulate our expectations

for the between pairs and within pairs mean squares of the different

family types from our expectations for the ot, The expectations for

these mean squares are given in Table A28b,

If we had data on these five types of family, we could obviously

estimate all four parameters of our model, In fact, using these ten

statistics we could obtain several estimates of each parameter,

Whenever we do not have what is known as a "perfect fit solution",

(where the number of statistics equals the number of parameters that

can be estimated), then a procedure known as weighted least squares is

used to obtain the "best", or maxioum-likelihood estimates, of the

parameters. This procedure which is discussed in detail later, allows
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TABLE A28a: EXPECTATIONS FOR THE o 2's OF FIVE TYPES OF FAMILY

FAMILY TYPE a2 G1 G, E,

Monozygotic Twins of 4 4 .
reared together b

2

Monozygotic Twins oF 4 4 .
reared apart (MZ) 2

Co =
W - 1

Dizygotic Twins 03 ~ 4 .
reared together

2

Dizygotic Twins oF ~- 4 .

reared apart
2

(DZ,) 0 w 1 =~ 1

Unrelated Individuals o% - _ .

reared together
2



TABLE A28b: EXPECTATIONS FOR THE MEAN SQUARES OF FIVE TYPES OF FAMILY

Family Type Mean Square | G, G, E, E,

MZ Between pairs 2 2 1 2

Within pairs ~ - 4 ~

MZ, Between pairs 2 2 4 4

Within pairs - - 4 4

Dn Between pairs 1 2 1 2

Within pairs 1 - 1 -

DZ, Between pairs 1 2 1 4

Within pairs 1 - 4 4

Un Between pairs 1 1 4 2

Within pairs 1 1 1 -
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us to estimate the parameters of the model and their standard errors

so that we can test various hypotheses about the estimates (eee.

whether they are significantly greater than zero), We can also test

the adequacy of the model, when the number of parameters is less than

the number of statistics, This is one of the greatest strengths of

the biometrical-genetical approach,

There are several minimal sets of data which allow us to estimate

the four parameters and test the adequacy of the model. For example

we could use the six statistics provided by MZn3 MZ, and DZns or

alternatively the six statistics provided by MZ» DZ, and DZ,.¢ Both
T A

these sets of data enable us to estimate Gis Gos BE and Ey and to test

the adequacy of the model,

2.3 Parameters that can be Estimated with Data of this Study

In this study we have only two types of family « monozygotic twing

reared together and dizygotic twins reared together. Therefore, we

have four statistics for estimating the parameters of the model and

testing the adequacy of the model, From Table A28a, we see that we

2A

can estimate FE, as (o of M2) and G, as Ce of DZ, minus 2 of MZ,,)e

However, the coefficients of Gp and Ey are the same for all statistics

and we cannot estimate these effects separately, The best we can do ig

to estimate (c+ Ey)» which we shall consider to be an estimate of

Gy biased by any Ey ortects. We shall call this biased estimate

B ie€o 3 = Gy + Ene Bis also biased by any covariation or interaction

between G, and Ey» as we shall show later, We can now obtain estimates

of our three parameters, Gy» B and Ey and there is one degree of freedom

Left for testing the adequacy of the model,



The broad heritability of a trait is defined as that proportion

of the variation for a trait due to genetical causes, ‘This is given by:

A 2 . Gy + Go
hy, =

 

Gy + Go + Ey + Ey

In this study, we cannot estimate h,”, but only a biased version of it:

A> . Gy +B

a Gy + B+ Bh

A
The quantity Bh,* is the upper limit for h,* and equals n” only where

A

 

BE. equals zero, If is not zero, then 2 is 2 inflated by commona y2

environmental effects.

The effects of Go and Ey can only be separated in studies where

data on relatives reared apart is available. Several such studies

of general intelligence, where there was data on monozygotic twins

reared apart (e.g. Burt, 1966; Shields 1962; Newman, Freeman and

Holzinger, 1937) have suggested that the E, effect is small, accounting

for less than five per cent of the variation. If this estimate of

E, is about right for the tests of ability used in this study, then

m,, our estimate of h.*, will not be grossly inflated by Bye

However, these studies have been severely criticised on a number of

' grounds, including the type of tests used, poor separation of the

monozygotic twins and the effects of age, for which no correction wag

made, Therefore, we must exercise caution in generalising the finding

of a negligible &, in these previous studies to our study, especially

since we have tests of Verbal-Arithmetic ability and Spatial ability

rather than of general intelligence. We must recognise that our estimate

of ,”, oh”, is a biased estimate inflated by common environmental

effects.
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2.4 Assumptions underlying the Simple Model and Tests for them

The simple empirical model which we have described and discussed

embodies four basic assumptions. These are enumerated by Jinks and

Fulker (1970):

1. No genotype-environment interaction

2, No genotype-environment covariation

3. The total genetic variance, G = G + Gy

4. ‘The E's and E,'s are the same for all kinds of families,

Jinks and Fulker give tests for GE, interactions and GE,

interactions which involve looking for a relationship between absolute

pair differences and pair sums of monozygotic twins reared together for

GE, interactions and monozygotic twins reared apart for GE, interactions,

These tests will be described in depth in Section 6, and we shall just

note here that such tests for systematic genotype-environment

interaction can be made and failure of the assumption of no systematic

genotype-environment interaction can be detected,

The last three assumptions can be tested jointly since they each

lead to heterogeneity of the total variances and probably arise from the

game cause. The total variances may be tested directly for

heterogeneity using Bartlett's or some similar test (Winer, 1962); an

analysis of the variance between different types of family may be

carried out; ora test of the "goodness of fit" of the estimated

parameters may be made during the model fitting procedure (see Appendix E),

If heterogeneity of the total variances is detected one of the assumptions

described above has failed, Eaves (1976a, b) has shown that genotype-

environmental covariation due to sibling effects (either competition or
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cooperation) or due to cultural transmission each lead to a predictable |

pattern of inequality of the total variances, Thus, failure of

assumption 2 can be detected. Genotype-environment covariation due to

sibling effects may produce inequality of the E's and E,'s petween

a@ifferent groups, and hence also lead to the failure of assumption 4,

If inequality of the total variances is not due to failure of the

assumption of no genotype-environment covariation, then either

G x G, + Gp or else the B's and Ey's differ between groups, A test

for determining which of these assumptions has failed has not been

proposed and would be difficult in practise, Hither Ej} or Ey or both

could differ with family type, and could take a different value for

every type of family. We have no theoretical expectations for the

relative magnitudes of different environmental components in different

families, except in the case of sibling effects, and, therefore, we

cannot predict the pattern of inequality of the total variances that

would be produced by failure of the assumption that E's and E,'s

are equal for all families, unless the failure is due to sibling effects,

Similarly the inequalities among the total variances that would be

produced by failure of assumption 3 cannot be predicted theoretically,

Therefore, if we show that failure of the assumption of homogeneity

of the total variances is not produced by genotype-environment

covariation, the only course of action is to specify empirical models

and attempt to fit these to the data, This procedure is not very

satisfactory since it is not based on any theoretical framework, and

is only a post hoc rationalisation of a body of data which will not

enable us to make predictions about further types of relatives or

future studies. Urbach (1974a,b) describes a science which depends on



such post hoc rationalisation as degenerate and says that "progress"

can only be made where a theoretical framework enables precise

expectations to be formulated and tested,

2.5 Specification of Genotype-Environment Interaction and Genotype=

Environment Covariation in the Simple Empirical Model

Genotype-Environment Interaction

Genotype-environment interaction arises when the effect of BE)

or XE or both is under genetical control, We may recognise four

interactions: G, x Ej), G, x EB,» G, x E, and Go x Eye The first two

types of interaction may, if the interaction is systematic, lead to

a relationship between pair sums and pair differences for monozygotic

twins reared together and the last two types will lead to a similar

relationship for monozygotic twins reared apart (Jinke and Fulker

1970). Given that we have detected genotype-environment interaction,

we may specify its contribution to the o's and mean squares of

aifferent types of relatives, These expectations are shown in Table

A29, The first point to notice is that genotype-environment

interactions alter the relative magnitude of the ots and ots

but do not lead to inequality of the total variances, Secondly, in

order to estimate all the parameters of this extended model and to test

the adequacy of this model, at least nine statistics would be needed,

(However, all eight parameters cannot be estimated since B and Gy

are confounded in the presence of family groupings, Therefore, in

practise, only eight statistics would be needed),



TABLE A29: SPECIFICATION OF GENOTYPE-EXVIRGQWENT INTERACTIONS.

EXPECTATIONS FOR THE o2'p

 

Type of Funily s, / S, +E, zB

Ly 4 4 - 4

- ~ 4 -

May 4 4 - ~

- - 4 4

Dey - 4 - 4

4 - 4 -

D2, - 4 - -

4 - 4 4

By - - - 4

oF 4 4 4 -

FPXPECTATIONS FOR THE MEAN SOUARES

Type of Family Mean Square G, G E, Ey

MZ Between pairs 2 2 4 2

Within pairs - 4 -

MZ, Between pairs 2 2 4 4

Within pairs - - 4 4

Dey Between paire 4 2 4 2

Within paira 1 - 4 -

Dey Between pairs 4 2 4 1

Within pairs 1 - 4 4

Up Between paira 1 4 4 2
Within pairs 4 1 4 -
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We can obtain an estimate of G, from (67, for DZ,) and an

2
estimate of Ey from (o b for Un) « An estimate of G) may be obtained

as the difference between ( a? for MZ.) and ( o* for D2, )e Hence

2
we can estimate G, x E, from (os » for DZ) and G, x E, from MZ,

We notice that we are unable to separate the effects of Ee Gy x Ey

and Gp x Ey with these five types of family and, indeed, it seems

that the effects of ER are inevitably confounded with those of

G, x E and Gy x E, in the presence of family groupings (Mather and

Morley-Jones, 1958).

Genotype-environment covariation

Genotype-environment covariation may arise when "good" genotypes

tend to obtain "good" environments and “poor" genotypes tend to |

obtain "poor" environments. This type of covariation increases the

differences between genotypes in terms of their phenotypic expression,

Genotype-environment covariation may also be of the type where "good"

genotypes have "poor" environments and "poor" genotypes of "good"

environments, This type of covariation makes individuals phenotypically

more similar, We may recognise four possible covariance terms between

genotype and environment: COV(G,E)), COV(G,E,), COV(G,B,) and COV(G,E. ).

If we detect genotype-environment covariation in a body of data, we

could specify the contribution of these four parameters to the o& 25

and hence to the mean squares and attempt to estimate these parameters,

This purely statistical approach to the problem of genotype-environment

covariation is that adopted by Cattell (1960, 1965) and is inadequate

since it is prely empirical. Faves (1976a, b) has proposed a theory
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of the mechanism of genotype-environment covariation which may lead to

a more satisfactory analysis of g-e covariation. The expectations of

the empirical model for data showing genotype-environment covariance

are given in Table A30.

We see that the contribution of the genotype-environment

covariance parameters to the total variances are not the same and,

therefore, genotype-environment covariation leads to inequality of the

total variances. We may estimate all the parameters of this model

and test its adequacy given nine appropriate statistics, However, we

must remember that certain types of genotype-environment covariation

lead to inequality of the E's and EA's between groups, In these

cases, the model of Faves (1976a,b) is more appropriate,

We see that By» Ep and G») may be estimated directly as ( o* of

MZ)» (o> of a) and (o*, of DZA) respectively. Then G, may be

obtained from ( a of MZA). Now COV(G,E,) and Cov(G,E,) may be

estimated from ( a7, and a for D4, )» leaving only cov(G,E,) to

be estimated from ( o*, for Mn) and cov(GyE,) to be estimated from

( a of Un) © Thus, we do not have the problem, found in the case of

.genotype-environment interaction that certain parameters can never be

estimated in the presence of family groupings.

2,6 Fitting models to monozygotic and dizygotic twins reared together

The effect of Genotype-Fnvironment Interaction

In this study, we have only monozygotic and dizygotic twins reared

together. These two families provide four statistics only and, therefore,



TABLE AZO: SPECIFICATION OF GENOTYPE-ENVIRONMENT COVARIATION

0 2TYPE OF FAMILY o G, 6, 5, E

NZq a4 4 4 - 4
2 = = -ony 1

MZ, a“ 4 4 - -

2 - -ow 4 4

Dap o - 4 - 4

ow 4 - 4 -

De, of ~ 4 - -

of 4 - 4 4

ie “, - - - 4
0? 4 4 4 -w

EXPECTATIONS FOR THE MEAN SQUARES

Type of Family

Mean Square G, 6, 5, E

MZ Between pairs 2 2 4 2

Within pairs - - 1

MZ, Between pairs < 2 4 4

Within pairs > - 1 4

Dey Between pairs 1 2 4 2

Within pairs 1 - 4 -

D2, Between pairs 1 2 4 4

Within pairs 4 - 1 4

Up Between pairs 1 4 4 2

Within pairs 1 4 4 -
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oov(G,B,)

cov(G,E,)

cov(a,E,)

cov(G,E,)

oov(G,E,)

cov(a,z,)
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we cannot estimate the parameters of the complex model involving

genotype-environment interaction. It turns out that we can estimate

the following three quantities by fitting our Ga» B, E, model to the

data.

1, (Bj +O,E, +65) = 3

A

2. (G, +G) x Ep) = G

3 (Gc, +E, + G, x EB) (B 40 (Gp +E +G, xB) = +G,xE) = B

Thus in the presence of genotype-environment interaction, we are

unable to estimate any of the interactions and our estimates of
A A A
Ey» Gy and B are biased by the interactions, as described above, Our

A
biased estimate of the broad heritability Bh now becomes:

A» (G, + G, x E,) + (B+ G, xB)

Bh’ (+6, xB) + (4G, BE) + (B+ 6B +68)
 

We notice that this estimate is now further inflated by interactions

between the genotype and Eye

The effect of Genotype-Environment Covariation

If the assumption of no genotype-environment covariation fails and

we fit our three parameter empirical model to the data, we obtain

estimates of the following three quantities:

l 5

2. Gy + cov(G,E,)



te?

A

3 (Gp + By + COV(GoE,)) = (B+ COV(G,E,)) = B

Thus, the only estimate which is not biased by the presence of genotype

environment covariation is Re Therefore, Bh becomes:

2 G, + cov(G,E,) +B+ Cov(G,E,)

b G, + COV(G,E,) + B+ COV(GE,) + EB
 

Genotype-environment covariation, therefore, inflates our biased

estimate of the broad heritability still further, However, since

genotype-environment interaction and genotype-environment covariation

may be regarded as genetical effects, this may not be a serious

problem,



3 THE THEORETICAL MODEL

The simple, empirical model described in Section 3,2 is useful

during preliminary analysis, However, its use is limited since it

enables us to say nothing about gene action and interaction or the

mating system for the traits we are interested in, Therefore, we can

say nothing about past selection on the trait or its evolution, It

also allows us to say very little about the sources of differences in

means and variances between groups, such as the Whites and Blacks of

this study. Therefore, we shall define the parameters of the

theoretical, biometrical-genetical model of Mather and Jinks (1971)

and show how the parameters of the two models are related,

We consider first the simplest genetical model where all the gene

action is additive and mating is random, The contribution of the

additive effects of all the genes producing variation in the trait we

are interested in to the total variance is given by 4D,»

nere aD, => =4u Vv a?where Dp iMG? 4

and uy is the frequency of the increasing allele at the ith locus

affecting the trait.

Vy is the frequency of the decreasing allele at the ith lows:

and u,+V, = 1

a; is the additive deviation of the ith locus i.e. the differences

between its two homozygotes,

In this case, the total genetic variance, G, may be specified

as follows:



and G* Gy = 4D,- The broad heritability is given by:

“2 7 By

a, +E +E,
by

The narrow heritability is the proportion of the total variation due

 

to the additive genetical effects and equals the broad heritability

for this simple model,

If this simple model is not adequate to explain variation in the

trait we are interested in, then we might suspect dominance for the

trait. Now, allowing for dominance, which is the interaction between

two alleles at a locus, we may define the contribution of genetical

variation to the total variation:

G=G, +6) = , + BH,

m= £2u,v, La, + vy - yh) 2 4 ©4u,v,h,”aVg by a7 M295 mag

where h, is the dominance deviation of the ith locus, But now

Gy * Goe It can be shown that

G- P+ i A

ani Ge HR -ie

Thus, from the theoretical model, we can now begin generating

further expectations for the empirical model. If there igs no dominance

we expect G, = Gp « However, in the presence of dominance we expect

Gy > Go by 1/S8Hpe Therefore, we have a test for dominance which can be



applied to our estimates from the empirical model, Faves (1972) has

shown that Hp and Eb are inseparable in twins reared together. So,

the broad heritability defined as n, = 4D, + wp

D7TATE,
is biased in the presence of Ee The narrow heritability is given by;

nL BD,
n 2D, + i, +E, + B.

We can formulate the narrow heritability for the empirical model, if

the additive-dominance model holds:

Awg ee
n G1+ G+ EB + E,

The simple theoretical model involving additive and dominance effects

can be extended to include the effects of interactions between loci

(Fisher, 1918; Kempthorne, 1957; Mather, 1975). However, these are

unlikely to account for a large proportion of the total variation and

are substantially confounded with Dp and Hp» so we shall consider

instead the consequences of non-random mating in the form of assortative

mating between spouses, for our model, This is likely to be a major

source of variation for measures of ability since estimates of the

phenotypic correlation between spouses of between 0,3 and 0,6 have been

found for general intelligence (Vandenberg, 1972). However, it will

only produce increased additive genetical variance if phenotypic

assortative mating produces genotypic assortative mating, Fisher

(1918) has shown that:
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for the case in which the correlation between phenotypes is a primary

factor, where p is the marital correlation (4.e, the phenotypic

correlation between spouses), and A is the correlation between the

additive genetical deviations of spouses,

He has specified the contribution of assortative mating, for a

polygenic trait, to the total genetic variance, when equilibrium has

been reached:

Go= H+ Hy + HA/(1H8)) D,

If mating is random, A=0, and the upper limit of A is given by A = P ’

2
when h n™ 1

Since assortative mating produces variation between families

only, then:

G, = 40, + 7/16 5,

and G = 4, + 7/16 H+ # (A/(1-A)) 2,

We can make further predictions about the relative magnitudes of

Gy and Gp from the theoretical model, If there is no dominance for

our trait, but there is assortative mating, then we expect Gy > Gy

by KA/(1-A))D,. Thus, if after estimating G, and Go» we find that

they differ significantly, we have evidence of either dominance or

assortative mating, depending on which estimate is the greater, If

Gy
mating since their effects may cancel if 1ig Hp wx 4 (a/(1-A))D,

= Go we may not conclude that there is no dominance or agsortative

(Jinks and Fulker, 1970),

If theoretical genetical models involving additive gene effects,

dominance and assortative mating do not adequately explain our data,



we may specify additional parameters specifying non-allelic

interactions, genotype-environment interactions or genotype-environment

covariation.

We shall consider the relative contributions of the parameters

we have specified to the «'s and to the mean squares, Their

contributions to the o's are given in Table A31 and the

contributions to the o-'s are combined to give the contributions to

¢he mean squares as shown in Table A32, The expectations for the

environmental effects are identical to those for the simple empirical

model, To see how we determine which of the parameters of this model

are necessary to explain variation in our trait, we shall move onto a

discussion of model fitting.



TABLE A31:

FAMILY TYPE

MZ

DZ

DZ
a

EXPECTATIONS OF THE o's IN TERMS OF GENE EFFECTS

w
e
6

e
e

=
r

tp

z
e

a
e

e
e

%

<
—

(4/(1-A) )D,
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TABLE A32: EXPECTATIONS FOR THE MEAN SQUARES IN TERMS OF GENE EFFECTS

FAMILY TYPE MEAN SQUARE D Hp (A/(1-A))D, E E,

MZ, Between pairs 4 4 4 4 >

MZ, Between pairs 1 4 1 4 1

Within pairs - - - 4 4

Ss

D2 Between pairs 4 “6 4 4 5

Within pairs 4 4 - 4 .

D25 Between pairs x % 4 4 4

Within pairs 4 K ~ 1 4

Un Between pairs 4 4 4 4 >

Within pairs 4 4 4 1 -



4 FITTING MODELS BY WEIGHTED LEAST SQUARES

4.1 Model Fitting

We have discussed two simple genotype-environmental models,

one empirical and one theoretical, whose parameters may be estimated

if we have the appropriate data. If the number of parameters to be

estimated equals the number of statistics, there is only one estimate

of each parameter and this is the Maximum-Likelihood Estimate, In

this case we have a “perfect fit" solution, but no test of the model,

However, where we have more statistics than parameters, several

different estimates of the parameters are possible and we need a method

for determining the "best" estimates of the parameters. Maximum-

likelihood estimates of our parameters may be obtained by the method

of weighted least squares. The concept of maximum-likelihood

estimation and the solution of the problem by the method of weighted

least squares are discussed in Appendix E,

Weighted least squares solves the linear equation:

where x is an (nxl) vector of observations

A is an (nxk) matrix of the coefficients of the model

Ww is an (nxn) diagonal matrix of weights

Qisa (kxl) vector of parameters of the model

e is an (nxl) vector of "error" random variables where

€(e) = 0



Usually when we are attempting to estimate the parameters ofa

model from a set of statistics, each statistic is based on a different

number of observations. Therefore, the reliability of the statistics

differs and in order to attribute more importance to statistics based

on larger numbers of observations, the statistics areWeighted by the

inverse of their variances, Solution of the linear equation by

weighted least squares leads to estimates of the parameters, The

standard errors of these estimates may be obtained from the variance«

covariance matrix (see Appendix BE) and therefore, a c-test can be made

to determine whether the parameter estimates differ significantly from

zero, Observed statistics are compared with their expectations on

the basis of the model by assuming that the sum of squares which we>

are minimising in the fitting process ig distributed ag 4 2 with

(n-k) degrees of freedom. This chisquare ig a measure of the "goodness

of fit" of our model. When it is significant the model whose parameters

we have estimated is not adequate to explain the observed variation and

other more appropriate models must be tested,

Even in the case of a perfect fit solution, where we are unable

to test the adequacy of our model, it is useful to fit the model by

weighted least squares and to test the significance of the parameters,

If any parameters turn out to be non-significant, a reduced model

without these parameters can be formulated, fitted and tested for.

adequacy. If the reduced model fits, we can assume that the original

model contained redundant parameters accounting for only a negligible

proportion of the total variation,



4.2 Fitting the empirical and the theoretical model

When we fit models to a body of data, we try to explain the

variation in the data by the simplest possible model, Therefore, we

fit the smallest number of parameters which will adequately explain.

the variation, We normally begin by attempting to fit EB only to the

data, The EB model embodies the assumption that all variation ina

trait is specific to individuals and tests the hypothesis that the

between families and within families variances are equal, When this

model fails, a model including both BE and E, effects is fitted. ‘This

model assumes there is environmental variation between families,

Since this variation ia environmental, the model tests the hypothesis

that oy o is the same for all types of family, If doth these

models are inadequate to explain the variation in the data, we conclude

that the trait may have a heritable component, Therefore, if we are

considering the empirical model, we now fit Gy» Go, EB, and Eye We

eannot fit G, or Gy alone, since if there is genetical variation, it

will produce variation both between and within families, In this study,

where we only have data on monozygotic and dizygotic twins reared _

together. , if the BE) and EE, models fail we fit the Gy» B, E, model,’

In the case of the theoretical model, if the E} and BE, model

fails, we have an alternative two parameter model that we can fit,

This is the simple additive-genetical model = the ED, model, If the

yariation cannot be explained in terms of E, and D, alone, we attempt

to fit three parameter models, Several three parameter models are

possible. These are the BED, model, the EB,DB, model and the

BE,DA model, If these models do not fit, we specify additional
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parameters and test the new models until we find a model that fits the

data. It may turn out that parameters for epistasis, genotype-environment

interaction or genotype-environment covariation are necessary to explain

variation in the trait,

One problem remains to be discussed, It is possible that we may

find two models with an equal number of parameters that are adequate to

explain variation in the trait. How do we decide between the two

alternative models? For example, the E)ED, and BDH. models may

both give non-significant chisquares., Some models may yield "nonsense"

answers, We could immediately reject the EVDLED model, for example,

if we obtained a negative estimate of Hoe However, if all models

give reasonable estimates, we would then reject any model with non«

significant estimates. If two models give reasonable, significant

estimates our only criterion for deciding which of the models is the

correct one is to choose the model with the lowest chisquare, However,

we must be very cautions in accepting the model with the lowest

chisquare. This model will be the most likely explanation of variation

in the trait, given the data available, However, it will not

necessarily be the “correct” explanation of variation in the trait,

In such a situation, further data should be collected in order to

confirm the correct model of variation,
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SECTION 4: ANALYSIS OF THE CORRELATIONS

1 INTRODUCTION

The correlation coefficient, a measure of the degree of

association between two variables, was first formulated by Galton and

perfected by Pearson, a mathematical statistician, nearly a hundred

years ago and has been used in psychological studies ever since (e.g.

Fisher, 1918; Hirsch, 1930; Newman, Freeman and Holzinger, 1937;

Husen, 1959; Huntley, 1966; Burt, 1966), Its use antedates the

analysis of variance and it is still used by psychologists despite its

limitations, This is probably because of its simplicity especially in

the analysis of the classical twin study and in all cases where

experimental control cannot be exercised over the mating behaviour of

the population under study (i.e, in human populations),

However, its limitations in the analysis of human behaviour far

outweigh its advantages and Jinks and Fulker (1970) favour abandoning

this approach altogether apart from in the reanalysis of previous

studies, In the calculation of the intraclass correlation coefficient

the between families variance, o 1s is expressed as a fraction of the

total variance and the total variance has thereby effectively been

standardised to unity, Thus, in calculating the intraclass correlations

of different groups of twins, we make the implicit assumption that

their total variances are equal, If the total variances of the groups

of interest are equal, there is no problem, but if they are not

parameter estimates may be biased in a complex way, depending on the

relative inequalities of the oFts present (Jinks and Fulker, 1970),
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Effects leading to unequal variances will often be of genuine

biological and psychological interest rather than mere anomalies,

Thus, by standardising the total variances to unity, invaluable

information may be lost. Jinks and Fulker (1970) list three failures

of the simple model outlined in Section 3, which may lead to unequal

total variances:

2e E's and E's not equal for all groups

3. Correlated environments,

Eaves (1976a, b) has recently formulated models for genotype-

environment covariation of two types, Sibling effects (i.e. cooperation

or competition between sibs) and cultural transmission (where the

phenotypes of the parent forms a significant part of the environment

of the offspring) both lead to distinct patterns of inequality in the
total variances. Thus phenomena of interest may be obscured by use of

the intraclass correlation coefficient, Parameters specifying gene

actions, assortative mating and genotype-environment interactions may

be included in a model if sufficient statistics are available for

their estimation, However, effects leading to inequality of the total

variances may not be included in a model for correlations and cannot

be estimated. Thus the biometrical-genetical approach initiated by

Fisher and developed by Mather and Jinks ig superior to the correlational

approach, since effects leading to unequal total variances may be

specified in a model applicable to variance components and estimated,
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However, we shall pursue the analysis of the correlation coefficients

in order to compare the results of this study with those of previous

studies.



2 HOMOGENEITY OF THE INTRACLASS CORRELATIONS

Intraclass correlation coefficients were calculated separately by

race, sex and zygosity and are presented in Table A33, ‘There are

differences between the correlations of the eight groups and we must

determine whether the correlations may be regarded as sample

correlations from a population with a common value of r, with

differences between them due to sampling variation alone, or whether the

differences are significant and due to some underlying effect of

interest,

A test for the homogeneity of correlations is given in all standard

texts (e.g. Snedecor and Cochran), This test is sensitive to deviations

from normality and since the distribution of r is skewed, we shall use

a transformation, due to Fisher, of r into a quantity called z, which

is distributed normally with a variance:

oF Uf(N = 3/2)

in the case of the intraclass correlation coefficient,we may define 2

as follows:

a = & flog, (1 +2) - log, (1 - r)J

The correlations were transformed into z values and the test of

homogeneity described by Snedecor and Cochran was carried out for each

measure of ability. The results are presented in Table ABA

The correlations are heterogeneous for eight tests and further

analysis is needed to elucidate the source of the heterogeneity, However,



TABLE A33: INTRACLASS CORRELATION COEFFICIENTS FOR THE EIGHT GROUPS OF TWINS ON ALL TESTS

Arithmetic

Vocabulary

Heim

Spelling

Calendar

Identical Pictures

Cubes

Surface Development

Formboard

Paper Folding

Object Aperture

Spatial Ability

Mazes completed

Mazes errors

MONOZYGOTIC

Caucasian

Male Female

0.793 0.798

0.540 0.507

0.876 0.822

0. 863 0.823

0.511 0.440

0.753 0.765

0.551 0.264

0.791 0.627

0.655 0.465

0.59 0.547

0.471 0.415

0.777 0.778

0.414 0.623

0.473 0.490

TWINS

Negro

Male Female

0.825 0.846

0.435 0.401

0.796 0.756

0.866 0.739

(0.542 0.530

0.408 0.516

0.193 0.315

0.513 0.453

0.412 0,027

0.438 0.531

0.514 0.284

0.827 0.862

0.727 0.403

0.753 0.355

DIZYGOTIC

Caucasian

Male Female

0.463 0.570

0.339 0.174

0.471 0.649

0.419 0.582

0.352 0.417

0.535 0.561

0.362 0.221

0.475 0.222

0.557 0.351

0.459 0.455

0.406 0.267

0.653 0.561

0.527 0,293

0.476 0.407

TWINS

Negro

Male

0.635

0.216

0.478

0.335

0. 369

~0.285

~0.129

0.296

0.460

~0.217

0.141

0.271

0.240

0.444

Female

0.683

0.221

0.528

0.599

0.430

0.581

0.099

0.227

0.235

0. 124

0.124

0.498

0.162

0.236

C
E
T
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TABLE A34: RESULTS OF A TEST FOR THE HOMOGENEITY OF CORRELATIONS

TEST x2. P Significance
; level

Arithmetic 21.63 0.0029 ee

Vocabulary 9.05 0.25 NS

Heim 29.17 0.0001 een

Spelling 34.09 0.00002 ses

Calendar 1.91 0.96 NS

Identical Pictures 32.26 0.0004 ee

Cubes 10.09 0.18 NS

Surface development 30.04 0.00009 eee

Formboard 18.10 0.0115 *

Paper Folding | 10.95 0.44 NS

Object Aperture 5.59 0.59 NS

Spatial ability | 23.37 0.0015 ae

Mazes completed 14.32 0.0458 *

Mazes errors 10.68 0.15 Ns



it turns out that for six tests the correlations may be regarded as

estimates of the same population value of the correlation between

twins, differences between them being due to sampling error only.

From the models discussed in Section 3, we recall that for a trait

showing heritable variation, we expect the correlation between

monozygotic twins to be greater than that for dizygotic twins, The

simplest model for these six tests is that there are no differences

between the correlations of monozygotic and dizygotic twins and,

therefore, no evidence for a heritable component of variation in test

performance, However, looking more closely at the data, we see small,

but consistent differences between monozygotic and dizygotic twin

correlations. Since the genetical model discussed in Section 3

predicts that Tv will be greater than Tyg» we shall now proceed

to make the best test of this expectation, which is not given by the

test for overall homogeneity of correlations,
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3 A MODEL FOR THE DIFFERENCES BETWEEN THE CORRELATIONS

In order to determine the source of the differences between the

correlations, we shall adopt a similar approach to that used in Section

2.5 for the means. The simple linear model appropriate to the

correlations was formulated in the same way as the model for the means,

This model which recognises the effects of race, sex and zygosity

_and their interactions is presented in Table A35, We shall fit this

model to the 2 values rather than the correlations since we wish to

test the parameter estimates, We shall do this although transformation

changes the scale because, although the method of weighted least squares

described in Appendix E makes no assumptions about distribution during

the estimation of the parameters and the variance-covariance matrix,

normality has to be assumed in order to test the adequacy of the model

and make tests of significance of its parameters,

The variance of z is given bys

oe 2 1
Zz = 3

twins, This means that the variance of each 2 differs since the number

where N is the number of pairs of 

of pairs differs from group to group and, therefore, estimates of the

effects derived from the linear model are not independent, Weighted

least squares, using the inverses of the variances as weights, yields

the maximum likelihood estimates of the parameters, These estimates and

their standard errors, which are derived from the diagonal terms of the

variance-covariance, matrix are presented in Table A36, An example of

a variance-covariance matrix is presented in Table A37 for the



TABLE A35: SIMPLE LINEAR MODEL FOR TESTING DIFFERENCES IN THE CORRELATIONS

MONOZYGOTIC DIZYGOTIC

CAUCASIANS NEGROES CAUCASIANS NEGROES

Males Females Males Females Males Females Males Females

Mean 4 4 1 1 1 1 1 4

Zygosity 1 1 1 1 -1 ~1 =1 -1

Race 1 1 1 -1 4 4 ~1 -1

Sex 4 A 1 ~1 1 “1 1. =

ZxR 4 1 1 -1 ~1 =1 1 1

2xS 1 -1 4 1 =1 1 -1 4

RxS 4 -1 -1 1 1 =1 -1 1

ZxXRxS 1 -1 -1 1 -1 1 1 1
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TABLE A36: EFFECTS CONTRIBUTING TO VARIATION IN THE Z VAWWES OF TWINS FOR TESTS OF PERFORMANCE .

Test Main’ Zygosities’ Race Sex Zygosity x Zygosity x Race x sex Zygosity x
effect effect effect effect ' race Bex race X Bex

Arithmetic 0.915*** 0,232*** -0.085NS  =0.039NS 0.024NS 0.019NS -0.001NS 0.015NS

Vocabulary — 0.378*** 0.135* 0.045NS 0.032NS 0.023NS ~0.011NS 0.023NS ~0.022NS ©

Heim . 0.874%** 0,275*** 0.078NS -0.O44NS 0.034NS 0.078NS =-0.013NS 0.036NS

Spelling 0.839*** 0,301%* . 0.057NS -0.029NS 0.039NS 0.111NS 0.009NS -0.022NS

Calendar | . 0.487*** O.072NS -0.025NS -0.005NS -=0.076NS 0.032NS 0.O09NS 0.010NS

Identical Pictures 0.574%** O.174%* O.231*** =0.445* 0.015NS 0.104 T 0.129% ~0.101NS

Cubes a 0.248*** O.405NS 0.125¢ 0.018NS  -0.033NS 0.037NS 0.108+ 0.012NS

Surface Development 0.518%** 0. 198** 0.120¢ 0.098NS 0.069NS 0.006NS 0.059NS 0. 005NS

Formboard . 0.436*** O.0O03NS 0.135° 0.151*%* 0.071NS 0.021NS ~0.0716NS -0.017NS

Paper folding : 0.398*** “0. 175** 0.157% - =0.057NS -0.114 + 0.028NS 0.O59NS -0.028NS

Object aperture 0.348*** 0.105¢  0.066NS  O0.065NS -0.043NS  0.024NS -0.008NS +-0.043NS

Spatial ability 0.850%** 0.290%** O.036NS -0.031NS 0.124 t 0. OOONS 0.067NS -0.037NS .

Mazes completed 0.477%** 0.153* 0.038NS 0.071NS -0.082NS  -0.020NS -0.073NS -0.123t

Mazes errors 0.276*** 0.155" 0.004NS 0.012NS 0.003NS 0.085NS ~0.032NS . -0.015NS

The standard error of every estimate is 0.065

Key,

NS Not significant at the 10% level
+ Significant at the 10% level

.

1 the significance levels ‘for the one-tailed test are given for
Me Significant at the 5% level ; these effects, since we have an a priori expectation that |

ts” Sienificant at the 1% level these will be positive (see text)

ees §Significant at the 0.1% level

~

E
T



TABLE A37: THE VARIANCE-COVARIANCE MATRIX FOR THE ARITHMETIC TEST

Mean Zygosity Race Sex ZxR ZxS RxS ZxRxS

Mean ho “11 -20 16 7 “7 <2 h

Zygosity -11 “he ? -7? -20 16 hk -12

Race -20 7 42-12 -11 4 16 =?

Sex 16 -7 12 he 4k =11 =20 ?

ZxR 7 ~20 -11 4 42 -12 -7 16

ZxS -7 16 ho 11 12 (2 2 =20

RxS -12 4 16 -20 -2? 7 42 =11

IxRXS 4 =12 ~7 7 16 -20 =-11 42

Note: All figures in the body of the Table must be multiplied

b
by 10°* to obtain the true values



Arithmetic Test. This matrix is derived from the weight and model

matrices and is the same for every test since only the vector of

statistics varies from test to test. We see that the diagonal

terms are identical because every z enters into every comparison,

Thus, each estimate has the same standard error,

Inclusion of the mean as an effect provides a test of the

homogeneity of the z values, However, we are proceeding with no

test for equality of the total variances, which could lead to

unsuspected biases in estimates of genetical and environmental effects,

Since we are interested only in the Significance of the effects and

not their absolute size in this analysis, we shall not be seriously

misleading outselves by our failure to test this assumption,



4 THE EFFECT OF ZYGOSITY

4.1 Tests showing Evidence of Heritable Variation

The simple genetical model for correlations predicts that the

correlation between pairs of monozygotic twins will be greater than the

correlation between dizygotic twins. Therefore, if there is a heritable

component of variation for the abilities measured here, we expect the

zygosities effect to be significant, and positive, Since we expect

the effect to be positive, a one-tailed test of significance is

appropriate for the zygosities effect. The significance levels obtained

using the one-tailed test are shown in Table A36,

The zygosities effect is significant at the five per cent level

at least, for ten of the fourteen tests and approaches significance for

Cubes and Object Aperture. We notice a significant zygosities effect

for several tests whose correlations were homogenous using the test

for overall homogeneity of correlations described in the last section,

we conclude that differences between monozygotic and dizygotic twin

correlations must be small for these tests, since the test for overall

homogeneity of correlations did not detect them. However, they must be

consistent since a significant zygosities effect was found in this

analysis.

Thus, there is evidence for a heritable component of variation

for twelve of our fourteen tests. Of the two remaining tests, for which

we have no evidence for a genetical component, one, the Formboard Test,

belongs to the Spatial Factor. The other is the Calendar Test which

loads about equally on the Verbal-Arithmetic Factor and the Spatial



Factor. It is surprising that these tests show no evidence of

heritable variation since they measure similar abilities and load

on the same Factor as the other Spatial tests which do show some

evidence for heritable variation. We notice also that the zygosities

effect for two other tests belonging to the Spatial Factor i.e. Cubes

and Object Aperture, only approach significance, It seems more

difficult to detect heritable variation for Spatial than for Verbal-

Arithmetic Tests, Looking at Table A33, the table of intraclass

correlations, we see that, overall, the correlations are higher for

tests of the Verbal-Arithmetic Factor than for those of the Spatial

Factor, We also see a correspondence between significance level and

size of correlation, Those tests with monozygotic twin correlations

over 0.70 all show a highly significant zygosities effect, whereas

those with correlations less than this either have zygosities effects

significant at the five per cent level only or no significant

zygosities effect at all.

The lower monozygotic twin correlations for tests of the Spatial

Factor imply that EB is larger for the Spatial than for the Verbal-

Arithmetic Tests. This might make any component of between families

yariation more difficult to detect for the Spatial Tests. Thus, our

problem is not that some Spatial Tests have a heritable component of

variation and others do not, but that some have a higher Ey than others,

The heritability is thus reduced as is the power of the test for

detecting genetical variation.



4.2 Power of the Test for DetectingHeritable Variation

We may obtain the probability of correctly rejecting the Null

Hypothesis of no difference between monozygotic and dizygotic twin

correlations by a few simple power calculations,

The lower this probability, the more likely we are to retain the

Null Hypothesis even though it is false, We may also calculate the

number of pairs of twins needed, to detect a significant zygosities

effect, in ninety five per cent of cases, given the standard errors

and estimates from this analysis,

Probability of correctly rejecting the NullHypothesis

If there is a heritable component of variation in ability we

expect z for monozygotic twins to be greater than z for dizygotic

twins. Therefore, the test of the difference between the transformed

correlationsis:

C= (ty = %pz)/ (Hp, ~ Zpz)

and we expect C to be greater than or equal to 1.65. The value of

Zu7"27 depends on the heritability and the genetical system governing

the trait (Eaves and Jinks,1972). The value of the standard deviation

of the difference depends only on sample size, since we are considering

z values, Therefore, given certain assumptions about the sizes of these

variables, we can calculate the power of the test by integrating the

area under the normal curve, N(0,1), between the limits (1,65 ~ C) and

infinity.



Given that there are no twins reared apart in this study, an

estimate of the broad heritability is given by Tz," This estimate

is of course inflated by Ee Therefore, assuming no Eps we took values

of heritability from 0,40 to 0.90 at 0,10 intervals, since in our

study the monozygotic twin correlations varied between these two

limits. We now considered two cases in each instance assuming no

dominance. In the case of a random mating population the expected

correlation of dizygotic twins is half that of monozygotic twins,

Assuming a correlation of 0.5 between the genetical deviations of

spouses, then the expected value of the dizygotic correlation is three

quarters that of the monozygotic correlation, We caloulated the

expected dizygotic correlations, corresponding to the six monozygotic

correlations we are using, both for the case of random mating and for

that of assortative mating, We then transformed both monozygotic and

dizygotic twin correlations into z values and found the expected

differences between the monozygotic and dizygotic twin correlations,

fo find the expected value of C, we must now calculate the appropriate

standard deviations, The standard deviation is the square root of the

pooled variance of monozygotic and dizygotic twins:

1 1
5.D. = o>}

Q My - 3 My - $

where Nyy, and Noy are the number of pairs of twins on which the

 

  

monozygotic and dizygotic twin correlations were based, We shall use

the numbers from this study and thus find the power of the test for the

four race-sex groups. The expected values of C are the expected

differences between z values, based on the six heritability values



divided in turn by the standard deviation of each of the four groups,

The power of the test is given by the area under the normal curve

between (1.65-C) and infinity, which was found from standard tables,

The powers of the tests which we have calculated are presented in Tables

A358, parts A and B. We shall adopt as our criterion of a "good" test

that we should correctly reject the null hypothesis of no difference

between the correlations in 95 per cent or more cases, On this

criterion, we have a "good" test with the sample sizes used in this study

only if the monozygotic twin correlation is 0,8 or higher for Whites

assuming random mating, or 0.9 or more in all other cases, With the

correlations of around 0.50. found for several Spatial tests, the power

of the test is below 54 per cent in all cases and is less than 20 per

cent if there is assortative mating, Since there is evidence of

assortative mating for ability from other sources (e.g. Vandenberg,

1967) the power of our test for detecting heritable variation is very

low for most of the spatial tests, Therefore, we shall pursue the

genetical analysis of all these tests of ability, recognising that we

are unlikely to detect heritable variation for several of the Spatial

Tests.

Thenumber of pairs needed to detect a heritable component of variation

in 95 per cent of cases

The number of pairs required to detect heritable variation in 95

per cent of cases, for the situations described in the last section is

given by:



| TABLE A38: POWER OF THE TEST FOR A HERITABLE COMPONENT OF VARIATION

IN ABILITY

PART A: A RANDOM MATING POPULATION

HERITABILITY

n 0.4 0.5 0.6 0.7 0.8 0.9

white Males 108 0.291 0.429 0.603 0.802 0.957 0.999

Females 143 0.367 0.536 0.732 0.905 0.990 ~1.000

Black Males 3 0.142 0.192 0.264 0.371 0.552 0.829

Females 79 0.239 0.348 0.496 0.688 0.891 0.995

PART B: A POPULATION WITH A COEFFICIENT OF ASSORTATIVE MATING OF 0.50

HERITABILITY

n O04 0.5 0.6 0.7 0.8 0.9

gilales 108 0.140 0.192 0.271 0.409 O.644 O.945
Whit

Females 143 0.164 0.233 0.337 0.512 0.733 0.986

Black M2tes 34 0.090 0.107 0.136 0.184 0.302 0.528
a

Females 79 +#0.123 0.161 0.224 0.330 0.532 0.873



where N is the number of pairs needed

n is the mumber of pairs in this study

C. is the value of c needed for the one-tailed test to be \

significant at the 5 per cent level in 95 per cent of cases,

C is the value of c for the hypothetical differences between

Tz, and Tz for the cases described in the previous section.

The number of pairs required to detect a heritable component of

variation for the cases used in the previous section were calculated

and are presented in Table A39. This number is always greater than

the number of pairs in this study unless the heritability is 0.80 or

greater. Therefore, the chance of detecting a heritable component of

variation for those tests having a monozygotic twin correlation less

than 0,80 is low and it is not surprising that we fail to detect a

significant zygosities effect for several of our tests (cf, Eaves

and Jinks (1972)).

4.3 Possible Causes of Differences Observed between Tests

We have seen that the tests fall into two groups corresponding to

the Factors identified in Section 2.1, according to the size of the

monozygotic twin correlations and the presence of a significant

zygosities effect. Tests of the Verbal Factor have higher correlations

and show significant zygosities effects, whereas the tests of the

Spatial Factor tend to have lower correlations and the zygosities

effect is not always significant. Differences between the monozygotic

twin correlations implies some variation in the proportion of variation
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TABLE A39: NUMBER OF PAIRS OF TWINS NEEDED TO DETECT A HERITABLE COMPONENT

OF VARIATION

PART A: A RANDOM MATING POPULATION

HERITABILITY

n 0.4 0.5 0.6 0.7 0.8 0.9

white Males 108 968 543 321 188 104 48

Females 143 913 512 303 177 98 46

Black Males 3h 1092 612 362 212 417 55

Females 79 965 541 320 187 103 48

PART B: A POPULATION WITH A COEFFICIENT OF ASSORTATIVE MATING

OF 0.50

HERITABILITY

n 0.4 0.5 0.6 0.7 0.8 0.9

- Males 108 3629 1964 1089 586 288 111
Whit

Females 143 3430 2896 1027 553 271 105

Males 3h

=

=4094 2215 1228 661 32h 125

Black
‘ Females 79 «3617 1957 1085 584 287 111



attributable to E, between tests, Tests of the Verbal-Arithmetic

Factor have a smaller Be The Spatial Tests show a range of

correlations and, therefore, a range of E,'8s varying from an EB)

value almost as small as that for the Verbal tests, to one which

accounts for most of the variation, Within families environmental

variation can be produced by a number of factors, Accidents during

development and experiences specific to one member of a pair produce

E) differences. It seems unlikely that these should have a

differential effect on tests of spatial ability. However, test

unreliability also produces variance within pairs. It seems likely

that the larger EB of some spatial tests may be caused by the greater

unreliability of these tests,

It is interesting that the Verbal Tests turn out to have higher

monozygotic twin correlations, This duplicates findings of other

workers (e.g. Conrad and Jones, 1940). Verbal tests are generally

assumed to be culture-biased, requiring some knowledge of language

and social customs, Therefore, differences between individuals in

performance on these tests might be expected to have a large

environmental component due to environmental differences between

families. Conversely Spatial testa seem to require no prior "knowledge"

and are assumed to be more "culture fair", Therefore, environmental

factors should be less important. Since monozygotic twin correlations

inelude variance due to genetical influences and also between families

environmental influences (E,) it is possible that the correlations for

Verbal Tests may be higher becausethey are boosted by E, effects. We

will make some attempt to set an upper limit for E, in later sections, but

we cannot estimate it directly without data on relatives reared apart,



160

5 THE RACES EFFECT AND THE ZYGOSITY X RACES INTERACTION

We have no expectations about whether a races effect or a

zygosities x races interaction will be positive or negative. Therefore,

a two-tailed test of significance was made for these effects, and is

shown in Table A36, The races effect is small and non-significant for

the Verbal-Arithmetic tests, However, there is a significant positive

races effect for Identical pictures and Formboard and this effect

approaches significance for Cubes and Surface development, This reflects

the overall tendency, which can be seen from Table A33, for the

correlations of Whites to be slightly higher than the correlations for

Blacks, This indicates either that E) may be smaller in Whites than

Blacks for those tests with a significant races effect, or alternatively,

between families differences (B) either genetical or environmental, may

be more important in Whites, This would accord with the observation

of greater heterogeneity in Whites between sub-groups of the data,

recorded in Section 1.5.3. However, we can only offer these suggestions,

recognising that if there is heterogeneity between the total variances

of Whites and Blacks then it is not valid to make comparisons of

variance components in Whites and Blacks from the intraclass correlations.

There have been reports that the heritability of intelligence ig

higher in Whites than in Blacks (e.g. Searr-Salapatek,1971), These

reports have generated some controversy and we shall examine the test for

a race difference in heritability inherent in this analysis, Such a

difference implies that the magnitude of any heritable component

depends on race i.e. that there is a zygosities x races interaction,

We see from Table A36 that there is no evidence for such an interaction
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in these data. If there were an interaction, which was non-significant

because the power of the test was too low, then we would expect the

interaction to take the same sign for all tests, However, the

interaction takes both signs with almost equal frequency and thus there

is not even any evidence for a directional trend in these data, We

conclude that there is no evidence for a difference in heritability

between the races, This confirms the results of the analysis of

Faves and Jinks (1972) using data on White and Black twins from

Philadelphia.



6 HE SEX EFFECT AND THE ZYGOSITY X SEX INTERACTION

6.1 Specification of SexLinkage

Several workers have argued that the mean score of males on

tests of spatial ability is higher than that of females because a

substantial proportion of variation in Spatial Ability is produced by

a single sex-linked recessive gene (Stafford, 1961; Hartlage, 1970;

Bock and Kolakowski, 1973).

There is a test of this hypothesis in these data, In the absence

of sex-linkage, we expect the variance of males and females to be the

same, The total variance for a random mating population is defined by

Mather and Jinks (1971) as follows:

2

op = B+ HR +E +E

Mather and Jinks (1963) show that, with sex-linkage, the expected

variances of males and females respectively, given random mating, are:

a? = 2D, + 7H, + E, +E, + Dt

g n = 2D, + iA, * BE) +E, + BD + 2

where Dy is the additive variance due to the sex-linked genes in males

3D, is the additive variance due to the sex-linked genes in females

a is the dominance variation due to the sex-linked genes

_ (in females)
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Therefore, sex-linkage may lead to inequality of total variances

between the sexes in certain circumstances, If there is no dominance

for the trait and no sex limitation (i.e. if DI = D, ),» then the
x

variance of males will be higher than that of females, ‘The presence

of dominance will reduce the difference between the total variances

of the two sexes. Sex limitation will change the relative contribution

of the sex-linked genes to the total variances and may reduce the

difference in total variance between the sexes, Thus, a difference in

variance between males and femaleg is diagnostic of sex-linkage but

homogeneity of the variances does not necessarily mean there is no

sex-linkage, In this Section we are concerned only with the correlations,

and the properties of the total variances will be discussed further in the

next section.

The correlations for monozygotic and dizygotic twins are given bys

2Correlation MZ males «= By + By + BDVoy

i 2Correlation MZ females = aD, + Hy + E, + 2, + 3/6 Te

1 2=Correlation DZ males aD, + ig + BE, + $n!/ oT,

Correlation DZ females = 4D, + lia + E, + é +i H / 2R* Ib SR *2+8+i6 af ot,

Now, providing the environmental components and the rest of the

genetical system are the same in the two sexes, we can make some

predictions about the effects expected in this analysis of the

correlations, given sex-linkage, Firstly, assuming no dominance or

sex-limitation, we expect the D2 twin correlation to be higher in

females than males since $2,By> ap3/Ds o We expect the MZ
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twin correlations in males to be higher than those in females since

pi/pt + B, > BD,(BD +E if the gene effects are the same in

males and females,

Thus, we will only find a significant sex effect if the effects

of sex-linkage on the MZ and DZ correlations do not cancel out. This

will of course depend on the environmental components, So, although

a sex effect may indicate sex-linkage, its absence does not necessarily

imply no sex-linkage, Comparing the differences between the

correlations of monozygotic and dizygotic twins in males and females,

we see that we expect the difference to be BD, in males and only

= Dp in females, Thus the magnitude of the zygosities effect will
x

depend on sex and we expect, in theory, a positive zygosities x sex

interaction if there is sex-linkage, Dominance and sex limitation

will not affect the relative values of the correlation coefficients

much, since they contribute to o, and on and, therefore, we expect

to find a sex effect and zygosities x sex effect even in the presence

of dominance and sex limitation, if there is sex-linkage.

The sensitivity of this test for sex linkage depends on the

proportion of the total variation accounted for by the sex-linked

genes, The sensitivity of the ‘test will be highest when all variation

in Spatial Ability is produced by sex-linked genes, However, given

that this is not the case, then the sensitivity will depend on the

relative sizes of +, and (D!, $D. ) and also if there igs dominance of
Ry

2H, and iy The larger *D, compared with (Dy, 3D, }, the lower
x

the sensitivity of the test will be and, of course, the less important

will be the contribution of sex-linked genes to variation in Spatial

Ability.



A difference between male and female correlations may indicate

sex-linkage. Such a difference, however, could be produced by other

causes such as different B,'s in the two sexes i.e, o* could be

greater for one sex than the other, Therefore, a sex effect although

it might imply sex-linkage, cannot be taken as diagnostic of sex-

linkage.

The zygosities x sex interaction does not depend on the

environmental effects being the same in the two sexes and is, therefore,

diagnostic of sex-linkage,

6.2 Evidence for Sex-Linkage in these Data

Looking at Table A36, we see that the sex effect is positive in

half the cases and negative for the other half, and although the sex

effect is significant at the five per cent level for two tests, it is

positive in one case and negative in the other, This provides no

evidence for a sex effect in either direction in these data,

Different environmental components of variation in the two sexes

may obscure any sex effect due to sex linkage, although it could also

produce a sex effect in the absence of sex-linkage, The two

significant sex effects for Identical Pictures and Formboard might be

produced by different E's in the two sexes, It seems likely that thig

would be caused ty differential test reliability in the two sexes, since
there was no evidence for such an effect for any other Spatial Test,

We also suggested that these tests may have a low reliability in

Section 4.5.36



A positive significant zygosities x sexes interaction is our

best diagnostic of sex-linkage. We see from Table A36 that this

interaction is not significant, that the size of the effect is small

in all cases and is negative for several tests. Therefore, we have

no evidence at all suggestive of sex-linkage,

Of course, our failure to detect a zygosities x sexes interaction

is not proof of no sex-linkage, but only of our failure to detect it,

The power of our test could be too low to pick up the effects of sex

linkage, especially if the contribution to variation in Spatial

Ability of sex-linked genes is small. ‘The Null Hypothesis in testing

the zygosities x sexes interaction is that (20, - 27) males ~

(99 - Dz females, is zero. ‘he variance of this difference is:

o* = oe (27 - Zn) males + o° (Zn - ve) females which is

0.049059 for the sample sizes used in this study, We expect this

difference to be positive and, therefore, we shall reject the null

hypothesis at the five per cent level if this difference divided by

the standard error is greater than 1.65,

For the power calculations we shall assume that all the variation

in Spatial Ability is due to sex-linked genes, that there is no

dominance and that D! = OR (i.e. no sex limitation), We shall

consider two cases, Firstly, we shall take the following values for

our parameters:

Dp = 0,60

EB = 0,20

Ey = 0.20

This gives us correlations as follows:
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Correlation of MZ males m= 0.80

Correlation of MZ females a= 0.71

Correlation of DZ males = 0,50

Correlation of DZ females » 0,64

After transforming to z, it turns out that (Zao - 257males =

(27, - 27)females equals 0.4202, Therefore, ¢ = 0,47844/0.22149 m= 1.90,

Now, taking (1,65 - 2,16) and finding the area under the noniof unit

variance between the limits of -0.25 ana infinity, the power of the

test is 0.60. Now taking new values of our parameters of Dp = 0.40,

B= 0.30, E, = 0,30, we can calculate the power in exactly the same
way and it turns out to be 0.26 in this case. Thus even in two extreme

cases where all the variation in Spatial Ability is produced by sex-

linked genes and a large proportion of the variance is due to

additive effects, we are unlikely to detect a significant zygosities

x sexes interaction with samples of this size, To be certain of

detecting a significant zygosities x sexes interaction in 95 per cent

of cases, 1098 pairs of twins would be needed for the first example and

3972 pairs for the second example, given the sample structure used

here, Since we have used extreme examples, it seems unlikely that a

study of this design (i.e. monozygotic and dizygotic . twins reared

together) could demonstrate sex-linkage unless prohibitively large

sample sizes were used.
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6.3 Comparison of the Test for Sex-Linkage in these Data with other

Tests for Sex-Linkage

More usual tests for sex-linkage are provided by the use of full-

sib and parent-offspring correlations. These might provide more

powerful tests for sex-linkage than the use of monozygotic and

dizygotic twins reported in this Study,

The expectations for full~sib correlations are, of course, the

same as those for dizygotic twins reared together and, therefore, we

expect the correlations of females to be higher than those of males,

We can, of course, test whether the correlation of females is higher

than that of males in these data, However, since the correlations of

males are higher than those for females for fourteen of the eighteen

comparisons we can make using the correlations for the Spatial Tests,

there was no point in trying this test with these data, ‘This is further

evidence for the absence of sex-linkage in these data, although it cannot

be taken as conclusive since the total variances and the environmental

components of variation may not be the same in the two sexes, Also we

have assumed no dominance or sex limitation in formulating this test,

We can calculate the power of this test using the sample sizes of

this Study, Mather and Jinks (1963) show that the maximum value the

correlation can take in males is 0,50 whereas it is 0.75 in females,

assuming no dominance or environmental variation, After transforming

these correlations into 2 values, the difference between them was

0.4236 giving a value of c of 2.50. ‘Thus, the power of the test,

calculated in the usual way is 0.80, This is an overestimate of the

power of the test in these data, since no dizygotic twin correlation wags
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as high as 0.75 and we assumed all variation to be due to sex-linked

genes, The normal test of sex-linkage available in these data is

thus not remarkably more powerful than the test we have done.

Mather and Jinks (1971) give the expectations for parent/offapring

covariances in the presence of sex linkage and show that given no sex-

limitation, the relative magnitudes of the possible covariances will

be: female/male = male/female > female/female > male/male. Since

in this case we are using covariances, we have no theoretical

expectations for the standard deviations of these comparisons and we

cannot do power calculations unless parent/offspring data is available,

However, if we had data on all four types of parent/offspring covariance,

then the ordering of the correlations as above will be highly indicative

of sex~linkage even if significant differences could not be found using

eample sizes comparable to those used in this study, Thus, parent/

offspring data would be more useful for the detection of sex-linkage

than data on monozygotic and dizygotic twins,

We conclude that although we do not have the best data set for the

detection of sex-linkage, there is no evidence whatsoever to suggest its

presence in these data. Indeed, if we assume that environmental

components of variation for males and females are the same, then the

fact that the male correlations for dizygotic twins are higher than those

of females in nearly all cases is evidence for no sex-linkage, Thus, in

order to explain the higher mean of males in tests of Spatial Ability, we

must invoke either that the environmental components of variation differ

between the sexes or that there is sex-limitation of Spatial Ability,
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7 SUMMARY

Overall there is little evidence for any consistent, significant

effect of race or sex or interactions involving them on the correlations,

This does not support previous suggestions of:

1. A difference in heritability between Whites and Blacks

. 2, Sex-Linkage

although the power of our tests was low,

There was a marked difference between MZ and DZ correlations, which

was significant for most tests. This confirms previous work suggesting

‘heritable variation for measures of ability. The heritable variation

expressed as a proportion of the total was less marked for the Spatial

than the Verbal-Arithmetic tests, and consequently the power of the

test for detecting the heritable component was lower, Thus the

zygosities effect was not significant in several cases.

We suggested that greater unreliability of the Spatial tests might

be inflating EB, and thus reducing the relative importance of the

heritable component for these tests, |

Very little useful information can be gained from further analysis

of the correlations and we turn now to an analysis of the variance |

components in order to make the most efficient use of the information

available in the data and to explore further the questions raised by

the analysis described in this Section,



SECTION 5: ANALYSIS OF THE VARIANCE COMPONENTS

1 INTRODUCTION

The limitations of the correlational approach have been discussed,

In calculating correlation coefficients, total variances are standardised

to unit variance, The assumption that the total variances are homogeneous

is made implicitly in calculating the correlations, Usually no test of

this assumption is made before estimating parameters from the

correlations, so if the total variances were heterogeneous, parameter

estimates would be biased in a complex way and rendered meaningless,

Another limitation is that only effects not leading to inequality of

total variances may be specified in models for correlations, Parameters

specifying genotype-environmental covariation, for example, cannot be

estimated efficiently from correlations, Several tests for homo-

geneity of total variances are available (Winer, 1962) but Bartlett's

test is the most sensitive and is commonly used, If the total variances

turn out to be homogeneous, unbiased estimates of genetical and

environmental components of variation may be obtained from the

correlations of the appropriate groups. Failure of the assumption of

homogeneity gives no indication of the source of the heterogeneity.

However, it shows that analysis of the correlations is worthlesa and

that the source of the heterogeneity must be sought by an analysis of

variance components.

When models are fitted to correlations, heterogeneity of total

variances has been removed by standardisation and inappropriate modelg

may fit the data. However, when models are fitted to variances,



failure of the assumption of homogeneity leads to failure of the

model and thus heterogeneity will be detected, When heterogeneity is

found, parameters specifying effects leading to inequality of total

variances can be specified for the variance components and such

models can be tested for adequacy, Thus, model fitting to variance

components is far more useful than model fitting to correlations, since

it provides a test of the assumption of homogeneity of total variances

and allows us to fit more complex models when appropriate,

In this Section the outcome of fitting models to the between and

within pairs mean squares of the fourteen measures of ability will be

described, Eventually a fairly simple picture, consistent over tests,

will emerge. However, the results are complex in their detail and

several anomalies occur. Therefore, a brief outline of the findings

is given here so that the peculiarities of individual tests may be taken

in context, as they occur,

Significant differences between MZ and DZ correlations were found

for Verbal-Arithmetie tests and simple environmental models were not

adequate to explain the observed pattern of variation, The simple

additive genetical model did fit the data,

The effect of zygosity on the correlations was not significant for

several Spatial tests, Here both simple environmental and simple additive

genetical models were adequate to explain variation. Where the

zygosities effect was significant the simple additive genetical model

was required to explain the data,

Difficulty in discriminating between alternative models for

several spatial tests could be explained in terms of the power of the

test. The biased broad heritability of these tests wag lower, possibly
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because unreliability accounted for a greater proportion of the total

variation, This would make it harder to detect the genetical component,

Overall, the data suggested a heritable component for both Verbal-

Arithmetic and Spatial tests, although some problems were found,

Heterogeneity between races was suggested, particularly for Spatial

tests, by a test for homogeneity of total variances and models had to

be fitted separately to Whites and Blacks in some cases, Heterogeneity

between sexes was found for several Spatial tests. Estimates of biased

broad heritability were compared between races and sexes, but did not

differ significantly. Generally,Whites were more variable than Blacks

and males more variable than females, The difference in variability

between groups could not be ascribed to any particular component of

the model during these analyses since all components differed between

ETOUPS.»

Comparison of estimates of Band , provided evidence for the

role of either common environmental effects or assortative mating and

an attempt was made to set upper and lower limits to these components,

using estimates of the marital correlation obtained from other studies,

Assuming no dominance or assortative mating estimates of z were

obtained. Narrow heritabilities were subsequently calculated and

found to be non-significantly greater in Whites than Blacks, The

estimates were substantially higher for Verbal-Arithmetic tests than

for Spatial tests. It was tentatively concluded that common

environmental effects (or additive genetical variation produced by

assortative mating) account for a greater proportion of the total

variation in Blacks. The data indicated that these effects were more

important in determining Spatial than Verbal-Arithmetic ability.
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Discussion of these findings in relation to the observed

heterogeneity between the three sub-groups of the data was postponed

so that the resulitsfor specific abilities and general ability could

be discussed simultaneously,



2 TESTING THE ASSUMPTION OF HOMOGENEITY OF TOTAL VARTANCES

2.1 Testing for Homogeneity

The mean squares for the data of the Georgia Twin Study were

presented in Table A24, Bartlett's test (Bartlett, 1937) was used

to test the null hypothesis that these eight mean squares are

estimates of the same oo. The chisquares testing this hypothesis

for each measure of ability are shown in Table A40. Spelling shows

heterogeneity of total variances, significant at the five per cent

level and chisquare approaches significance for Vocabulary. Of the

Spatial Tests, five show highly significant heterogeneity. Chisquare

for the Calendar Test approaches significance, For these tests showing

some evidence of heterogeneity of total variances, it is not appropriate

to fit models to all groups jointly,’

Heterogeneity of total variances may be produced by differences in

variance between races, sexes, or zygosities, Each of these effects,

if present, would alter the model fitting procedure, Therefore, the

source of the heterogeneity must be determined so that we can decide

which models to fit and to which groups to fit them,

We shall adopt the approach employed in Sections 2.25 and 4.4 to

formulate a linear model specifying the effects on the variances of

race, sex, zygosity and their interactions. The model is identical to

that shown in Table A25 for the means, Before fitting this model, the

variances were transformed by taking their logarithms, The log

variances have a theoretical error which is independent of the variance

and depends only on the sample size, It ean be shown (Gale, personal comm,)



TABLE A4O:

VARIANCES

Test

Arithmetic

Vocabulary

Heim

Spelling

Calendar

Identical
pictures

Cubes

Surface
development

Formboara

Paper folding

Object aperture

Spatial ability

Mazes completed

Mazes errors

NS

se

eae

6.54

13-07

6.10

15.91

13.88

6.72

29.08

80.39

77299

11.23

76.76

9.09

6.66

KEY:

P

5-10

20-70

2-5

5-10

30-50

< 0.001

< 0.001

< 0.001

40-20

£0.004

<0.001

20-30

40-50

Not significant

RESULTS OF BARTLETT'S TEST FOR THE HOMOGENEITY OF TOTAL

Significance level

NS

+

NS

NS

eee

eee

eee

eae

een

NS

NS

Significant at the 10% level

Significant at the 5% level

Significant at the 1% level

Significant at the 0.1% level



that the variance of the log variance is given by

2
Vi10¢g variance) Wer where N is the sample size

The model was fitted to the log variances by weighted least squares,

using the inverses of v as the weights, ‘The estimates,log variance)

their standard errors and significance levels are given in Table AAl,

2.2 Inequality of Variances between Zyzosities

If the total variances of monozygotic and dizygotic twins are

heterogeneous, one or more of the assumptions on which the simple

genetical model is based have failed and it is not appropriate to use

this model, Monozygotic and dizygotic twins belong to the same

population and we expect genetical variation to be the same in the two

types of twin. However, several factors, described in Section 302, may

lead to inequality of the variances of monozygotic and dizygotic twins,

Environmental components of variation may not be the same in the two

groups. The environment specific to individuals (E,) might differ

because, for example, of differences in in utero environment, or in

treatment of the two types of twin, Both between and within families

environmental components of variation could differ between monozygotic

and dizygotic twins if there were genotype-environment interaction, |

However, from Table A41, we see that there is no evidence for heterogeneity

of the total variances of the two types of twin. If there had been

heterogeneity we would need to collect data on additional types of

family , so that new models could be specified including parameters for



TASES A4L: EFFECTS CONTRISUTING TO HETEROGENEITY OF TOTAL VARIANCES BHIWEEN GROUPS OF TWINS,

Test ‘ean Race

Arithnetic 6.4934" =0.063NS

Vocabulary 2.205*** 0.2420

Hein 5.7108" 0,071KS

Spelling 5.229" 0.4498

Calendar 3.596%** 0.086i5

Identical pictures 5.487%** -0.101NS

- Cabdes 4.073%** 0.250888

Surface development 4.508***  O.429%¢*

Fornboard 327keee | 0.48308"

Peper folding 2.765*** O.125NS

Object aperture 3.230°** 0.329***

Spatial ability 5.558"** 0.214%

Mazes completed = 4. 358*** 0.020NS

Mazes errors

NOTE:

hekBee* -0,28604*

The stendard error, waich is the same for all estimatesj;is 0.070

Sex

~0.C25NS

~0. 1O4NS

0.123NS.

0.060NS

0.0C08NS

-0.050NS

0.132h

Zygosity RxS

0.031NS

0.C058NS

0.031NS

~ 0.049NS

O.434KS

0.027NS

0.120NS

O.242*** -0.021NS

0.125NS  0.058NS

0.042NS 0.12318

0.343*** -O.052NS

0.160* 0.118NS

-0.040NS ~0.054NS

-0.2568** 0.234084

0.071NS

 0.101NS

0.030NS

0. 402NS

0.11783

0.1404NS

-0.030NS

0.014NS

— -0..045NS

0. 132NS

-0.012NS

-0.067NS

0.052NS

0. 288948

Ru

-0.065NS

0.018nS

-0.038NS

=0.055NS

-0.064NS

0.040NS

~0.154*

0.Q042NS-

0.035NS.

~O.078NS —

0.059*°

0.203N5

-0,0670¢¢

~0.273088

8&xZ

0.088

0.006NS

-0.03NS

0.038NS

0.050NS

-0.037NS

-0.085NS

0.036NS

0.055NS

0. OOSNS

(20. 164NS

-0.000NS ©

-0.164NS :

0.125NS

BxSxZ

~0. 406NS

~0.050NS

0.025NS

0.C241NS

0.057NS

-0.Q1SNS

"9.084NS

~0.020NS

0.052NS

-0.035NS

0.104NS

~0.035NS -

 =0.012°**

-0.285**¢

B
u
t



different E's and E's for MZ and DZ twins and perhaps for the effects

of genotype-environment interaction, Without collection of new data

the biases introduced by fitting the simple model would have to be

recognised and taken into account during interpretation of the model,

Genotype-environment covariation could also produce inequality of

the total variances, Covariation caused by competition or cooperation

between sibs leads to distinctive patterns of inequality in the total

variances, which, assuming equality of the environmental components, we

could detect. (Eaves 1976a, b). Again we could either collect additional

data and estimate parameters specifying the covariation, or else go ahead

and fit our simple model recognising the biases introduced by the

genotype-environment covariation, In these data we have no evidence

for inequality of the total variances between zygosities and the simple

model described in Section 3 may be fitted to the two types of twin

jointly.

2.3 Inequality of the Variances between Races

Heterogeneity of the total variances between races could be due to

4nequalities of genetical or environmental components of variation,’ We

saw in Section 2.5 that the mean score of Whites is higher than that of

Blacks for all tests. Therefore, inequality of variances could be due

to non-random sampling, genotype-environment interaction or to other

genetical or environmental differences between the two populations.

From Table A41 we see that those tests which showed evidence for

heterogeneity of total variances have a significant races effect.

Therefore, at least some of the heterogeneity may be explained by
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inequality of the total variances between the two races,’ We shall

fit models separately to Whites and Blacks for all tests, not only

those whose variances were heterogeneous, We can then compare estimates

of the genetical and environmental components of variation in the two

racese

2.4 Inequality of the Variances between Sexes

We have seen that the mean of males is higher than that of females

for Spatial tests and that females score higher on average than males

for Arithmetic and Spelling, We have discussed the possibility of

gex-linkage or sex-limitation, In Section 4.7.1 we showed that sex-

linkage may lead to inequality of the total variances so that males are

more variable than females, From Table A41, we see no evidence for a

sex effect for any of the Verbal-Arithmetic tests, but there are

significant sex effects for several Spatial tests, This is the strongest

evidence we have so far for sex-linkage for Spatial ability. However,

this inequality of the total variances could be produced by different

environmental components in the two sexes, by sex-limitation, by

inadequate sampling or by genotype-environment interaction, We will fit

models separately to males and females so that genetical and environmental

components of variation may be compared in the two sexes,’
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3 FITTING MODELS TO THE VARTANCES

3,1 Model fitting Procedure

The total variances were partitioned into between and within pairs

mean squares and the between pairs mean squares were corrected for the

regression of test score on age. The corrected mean squares were

given in Table A24,

The simple empirical model discussed in Section 35 will be fitted

to the mean squares, If significant heritable variation is detected,

we will then fit the theoretical model of Section 3 in order to

determine the type of gene action producing variation among individualg

in their test performance,

The expectations for the between and within pairs meansquares for

monozygotic and dizygotic twins reared together were given in Table A28b,

In order to determine the simplest model for explaining variation the

adequacy of three models was tested in turn:

hh F

Ze E}E5

3e GyBEY

These models were fitted to all groups of twins jointly, to each |

racial group separately and then to each race-sex group separately, using

weighted least squares, As described in Section 3 and Appendix E, the

variance of a meansquare is given by:

. ¥
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where v is the variance of a mean square

vis the mean square

N is the number of degrees of freedom on which the mean square

was based.

Thus, the weights form a diagonal matrix whose terms are the

inverse of the variances of the appropriate mean squares, The off-diagonal

elements are zero since the meansquares are independent. During weighted

least squares, the variance-covariance matrix of the estimates is found
*

as the inverse of (Atw A)»

where is the model matrixA
ww

and W is the diagonal matrix of weights,

An example of a variance-covariance matrix is given in Table A42

for the case of fitting the GB By model to the White males, The

square roots of the diagonal terms are the standard errors of the

estimates of G,B and E, shown in Table A46a and are used in testing

the significance of the estimates, The two-tailed c-test is used,

because, although the estimates are variance components and expected

to be positive, if an inappropriate model is fitted estimates may turn

out to be significantly negative,

When we fit models to race-sex groups separately, there are four

different types of statistic (since we have only two types of relative),

Therefore, we have only four degrees of freedom for estimating parameters

and testing the adequacy of the model, The degrees of freedom for

testing the adequacy of the model are given by (n-k), where n is the

number of statistics and k is the number of parameters estimated from the

data, Since the maximum number of parameters that we can estimate from
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TABLE Ak2:; VARTANCE-COVARIANCE MATRIX FROM FITTING THE G,B E,

MODEL TO THE MEAN SQUARES OF THE ARITHMETIC TEST

G 657621642 =4700.5598  -470.1793

~4700.5598 8836.0900 99.6615

E -70.. 1793 99.6615 506.4501

NOTE: The Variance-Covariance Matrix is that for White Males
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this data set is three (see Section 3), there is always at least one

degree of freedom left for testing the adequacy of the model,

322 Models for the Fight Groups of Twins Jointly

The E)» EE, and GRE) models were fitted in turn to the sixteen

statistics provided by the eight groups of twins, ‘he chisquare

testing the adequacy of the E) model was highly significant for all

tests, The estimates are not given since the model did not explain

variation between individuals in performance, The failure of this

model indicates the presence of significant between families variation

or significant differences between the mean squares of MZ and DZ twins,

The E,®> model

The E)E, model tests the assumption that all between families

variation can be explained by between families environmental effects

(E,) and all within families variation in terms of Eye . This model tests

that the ratio o./ oy is the same for all types of relative in the

poz * © baz and & m2" ¢ waz) * If this model
study (and that o

fails we assume that there is a heritable component of variation in

ability between individuals since no adequate environmental model hag

been proposed which predicts that o »/ a,” differs for different

relatives, Several environmental models have been proposed, However,

these may all be criticised on a number of grounds, Let us take for

example, the model of Goldberger (personal communication), This model

has no genetic components, but allows the environment to be more highly

correlated in monozygotic twins, The model igs specified:



Phenotype = xy +X + Xz

where x, = an environmental component which is common to both members

of a twin pair;

X, = an environmental component which is common to both members”

of an MZ pair, but independent for members of a DZ pairs;

Xz 7 an environmental component which is independent for

members of a twin pair,’

The x's are defined as mutually independent with variances V1, V2 and

V3. Therefore, the total variance is V1 + V2 + V3. In terms of the

mean squares, the model may be written:

V1 v2 V3

MZ Between pairs . 2 2 1

Within pairs 0 0 1

DZ Between pairs 2 1 1

Within pairs =O 1 1

Tt is obvious that this "environmental model" is merely a reformation

of the familiar GB Ry model which we have discussed in Section 3.

v3 is equivalent to our specific environmental component, Ey» and

V1 is equivalent to our parameter B, where B = Gy + Ey. When only data

on twins reared together are available, the effects of genetical and

environmental components operating between families cannot be separated,

Therefore, their coefficients in the model are the same, From Table A28,

we see that the coefficients of V2 are the same as those for Gy. Gy has

been re-defined as a variance component due to environmental effects

common to members of an MZ pair, but different in pz pairs, rather than



genetical effects common to members of an MZ pair and different in

DZ pairs. Given that our genetical model and the "environmental"

model are identical, how can we choose between the two formulations?

When we defined G) in Section 3, we had a definite mechanism of

gene action in mind, Identical twins obtain identical genes from

their parents; non-identical twins obtain a different selection of the

parental genes, However, V2 is arbitrary, We have no model for the

environment which enables us to suggest a mechanism for V2 differences,

In this sense the genetical model is the better model since it is

rooted in theory, It can be adequately tested in these data and

further predictions based on it can be made and tested, ‘The biggest

weakness ofthe environmental model is that it has no predictive value,

It is not clear how it could be extended to other types of relationship,

whereas the genetical model can make predictions for any degree of

relationship, thus, the genetical model is the "strongest" model,

since it can be falsified by testing the predictions it makes,

The weaknesses of Goldberger's "environmental" model are true for

other environmental models proposed, ‘The parameters are arbitrary with

no clear mechanisms producing variation proposed, The models are

specific to twins, They cannot be extended to other degrees of

relationship and they cannot make further testable predictions, Thus,

we conclude that no sensible environmental model apart from the EE, |

model has been formulated. ‘Therefore, we shall test the BLE model and

then move onto fit the simple, empirical genetical model, G,B Ee

The estimates and standard errors obtained by fitting the ELE,

model to all the data jointly are shown in Table A43 together with the

corresponding chisquares for testing the adequacy of the model,



TABLE A43:; THE E,E, MODEL FOR THE EIGHT GROUPS OF TWINS
le

E, se Ey

Arithmetic . 191.853 44.221%9* 475,642

Vocabulary 6.135 , 0.455°** 4335

Hein _— 89.632 6.644%"" 214.893

Spelling | | 50.071 B.7129** 433.478

Calendar 21.258 1.576%** 48.668

Identical plotures 400.165 7425%** 442,693

Cubes 414470 3.07K8%* 25.761

surface Development 46.073 3.415*** 68.916

Formboerd — 49.148 1.419%** 16.317

Paper folding 8.945 0.663%" =8,409

Object aperture " 16.360 T2158 130512

Spatial ability _ 87.365 6.476*** 204.865

Mazes completed 43.380 -  3.216*** 37.233

Mazes errors . 67.034 4.969°** 32.389
een *



se

43.91080°

0.605*#8

19.967%¢°

12.159**¢

2.3570

15.0788

——-36845S¢¢

7.177088

2.087%
1.031%9¢

1.753¢**

19.119¢04

be 748eee

5.580°+*

ern

46.470

21.461

59.176

72.846

13.441

40.164

26.317

89.150

58.864

17.622

68.435

53-728

2h22h

173.066

eee

5-10

eee

ese

eee

20-30

&
O
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We do not expect the model to fit those tests whose total

variances are heterogeneous, since our models assume that the total

variances are equal, Inequality of the total variances will cause

failure of the model, The EE, model failed for all six tests whose

¢otal variances were heterogeneous, i.e. Spelling, Cubes, Surface

development, Formboard, Object aperture and Spatial ability,

We can predict what we expect to happen in the model-fitting by

looking at our analysis of the correlations, Of the eight tests whose

total variances were homogeneous, no evidence of heterogeneity among ©

the intraclass correlations could be found for Vocabulary, Calendar,

Paper folding and Mazes Errors, The correlations for Arithmetic, Heim,

Identical pictures and Mazes completed were heterogeneous, Therefore,

we expect the E,E, model to fit the first four tests, but not the

latter four. A more powerful test for a difference between the

correlations of monozygotic and dizygotic twins was made by fitting

a linear model, The zygosities effect was significant for seven of the

eight tests. Only the Calendar test showed no significant zygosities

effect. Therefore, we expect that the simple, environmental model will

fit the data for the Calendar test, From Table A43 we see that this

happens, The simple ELF model is also adequate to explain variation

for the other three tests whose correlations were homogeneous in the

test for overall homogeneity, We predict that for those three tests,

since a significant zygosities effect was found by fitting the linear

model, that fitting the genetical model will produce a significant

reduction in the residual chisquare and that the additional parameter

will be significant,
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The simple E)E, model failea for the four tests whose correlations

were heterogeneous and for which there was a highly significant zygosities

effect, as we would expect. A more complex model is requirea to explain

variation among individuals in performance on these tests. At the

present time, no suitable, more complex two or three parameter

environmental model has been proposed,

The GB E, model

In the absence of an environmental model predicting that o.f/ x,”

differs for different relatives, the simple genetical model was fitted

to all the data jointly, ‘he results of fitting the G,B EB, model are

shown in Table A44, The model fails for those six tests whose total

variances were heterogeneous, as we predicted, i,e, None of our models

will fit all the data jointly for these tests. From Table A41, we see

significant heterogeneity between the races in their total variances

for these six tests, Therefore, models must be fitted separately to

Whites and Blacks, We expect that all models will fail when fitted to

Whites and Blacks separately, over sexes, for Surface development, Object

aperture and Spatial ability, since there was significant heterogeneity

of total variances between sexes for these tests, (see Table A41), If thig

happens models will be fitted to each race-sex group separately,

Of the remaining eight testa the model fails only for Identical

Pictures. This is surprising since the total variances for this test

were homogeneous and there was no evidence for a races or sexes effect

on the total variances, However, we recall that highly significant

zygosities and races effects were detected when we fitted a linear model



TABLE A44:THE G8 E, MODEL FOR THE EIGHT GROUPS OF TWINS

S, se B

Arithmetic 163.918 34.013 *** 382,400

Vocabulary | 2.553 0.946 * 2.734

Heim | 772108 152691 *** 168.450

Spelling 48.090 9.211 oes 104.101

Calendar | 1.197 3.036 NS 17.875

Identical pictures 28.613 15-337 NS 125.054

Cubes 50410 5-813 NS 22.456

Surface development 36.420 7-884 ose 47457

Formboard 2.242 2.753 NS 14.90

Paper folding . 2.455 16336 NS 6.820

Object aperture 2.759 24359 NS 11.923

Spatial ability «65.711 15-100 *** 166.788

Mazes completed 11.044 6.371 NS 30.739

Mazes errors 13.761 9-305 NS 236117
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15.895

42.733

13.200

38.540 |

25.506

54.357

56.877
43.898

66.840

28.314

212108

10.650 *** 174.276

7080
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to the intraclass correlations and that the sexes effect was

significant at the five per cent level, Thus, the relative magnitudes

of the genetical and environmental components of variation must differ

between groups without leading to any significant heterogeneity in the

total variances i.e. o, = G, +G, +E, + B, is the same for all

groups, but the G's and E's differ in their contribution to o 7, in

the different groups, Therefore, models fitted to all the data

jointly are not appropriate.

The GB ER) model explains variation adequately for seven of the

tests whose total variances were homogeneous, This model tests the

assumption that the mean squares of monozygotic twins and dizygotic twins

differ in a manner predictable on the basis of a simple genetical model,

However, for Calendar and Paper folding, Gy does not differ significantly

from zero, Therefore, these parameters are redundant. We recall that

the E,E, model was adequate to explain variation in these tests. The

difference between the chisquares of the GB Ei and EE, models is a

chisquare for one degree of freedom, This chisquare is not significant

for Calendar and Paper folding and so fitting the GB Ey model has not

significantly reduced the residual chisquare, The BE, model is

therefore, the most appropriate model for these tests,

In the case of Vocabulary, although the E)E, model was adequate to

explain variation, fitting the G8 EB) model significantly reduced the

residual chisquare. Estimates of G,B Ey were all significantly greater

than zero, This suggests that the GB Ej model is the most appropriate

model for this test. This model was also appropriate for Arithmetic,

Heim and Mazes completed. The residual chisquare was non-significant

and estimates of GB and EB) were significantly greater than zero,!



The two parameter BE, model did not explain variation in performance

on these three tests.

Comparison with the Analysis of the Correlations

For the seven tests whose total variances are homogeneous and for

which we have found an adequate model for all the data jointly, the

results of the model fitting are broadly consistent with the results

from the analysis of the correlations, The correlations of Arithmetic,

Heim and Mazes completed were heterogeneous, ‘hese tests showed a highly

significant zygosities effect when the linear model was fitted. The

simple, genetical model was the only appropriate model for variation

in performance on these tests, as we would have predicted, Conversely,

the correlations for Calendar were homogeneous; there was no evidence

for a zygosities effect. ‘The BE, model was the only appropriate model,

For Vocabulary, Paper Folding and Mazes errors, the results of the

_ analysis of the correlations were ambiguous, Their correlations were

homogeneous overall and yet a zygosities effect, significant at the

five per cent level, could be detected, Model fitting has clarified

our explanation of variation in performance on these tests, The simple

environmental model is the most likely explanation of variation for

Paper folding and the simple genetical model is the most likely for

Voces ulary.

Analysis of correlations, when the total variances of the groups

on which they are based are homogeneous, is valid and we expected the

results obtained by analysing the correlations and variances to be

consistent (see Section 4), However, for the remaining six tests whose



total variances are heterogeneous and for Identical pictures, the

analysis of correlation coefficients is inappropriate and

inconsistencies between the results of an analysis of correlations

and of variances may be expected, when we fit models to races separately,

3.3 Models for Different Groups of Twins

Models for Whites and Blacks separately

The major factor contributing to heterogeneity of total variances

is the effect of race (see Table A4l1), Since we are interested in

comparing Whites and Blacks we shall fit models to races separately

for all fourteen measures of ability, ‘The By» EE, and GB E) nodels

were fitted in turn to the mean squares for Whites and Blacks separately,

The results of fitting the EE, model are given in Table A45, parts A

and B. The results for the GB E) model are given in Table 46, parts

A and Be

Models for Males and Females Separately

The effect of sex on the total variances was significant for

Surface development, Object aperture and Spatial ability, Therefore,

we expect all models to fail when fitted to Whites and Blacks over

sexes, This happens for both Whites and Blacks for Object aperture,

for Whites only for Surface development and Blacks only for Spatial

ability. therefore, we shall fit models for these three tests to each

race-sex group separately, There are only four statistics for estimating



TABLE AlSa: THE E,E,

Arithmetic

Vocabulary

Heim

Spelling

Calendar

Identical pictures

_ Cubes

Surface development

Formboard

Paper folding

Object aperture

Spatial ability

Mazes completed

Mazes errors —

MODEL FOR WHITES

a

203.044

6.418

88. 363

16926

220hhh

744408

43.791
52.92h

22.382

8.910

19.09%

103.072

39.367
42.466

se

18.125%**

0.573***

7.888***

4.010***

2.003**#

6.642%%*

3.909***

, 4e7ohee*

1.998***

0.795***

41.704#6

9.201***

3.51424?

3.791%"

Ey

417.773

5.012

217-140

117.192

18.262

146.909
31.135

87.999

21.733

9.152

16.439

217.502
41.5352

19.139
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476 925%**

0.799***

24.033***

12.827*9*

2.856***

17.030*%**

3 195***

10.649***

3.450¢**

1.2978%*

2.5078*8

24..837***

5.808***

4a 12hee*

x?

28,831

11.507

52.160

59.822

8.615

90756

9.056

372492

10.264

8.894

24,532

- 20.704
40.121
16.934

eee
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e¢
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10-20

10-20
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TABLE A45b: THE EE, MODEL FOR BLACKS

E, se

Arithmetic 166.996 22.2174

Vocabulary 5.505 0.732***

Heim 924451 12.230***

Spelling 61.500 8.182***

Calendar © 18.624 2.478%"

Identical pictures 157-376 20.937***

Cubes 36.314 4. 83184*

Surface development 30.854 . 4. 105%**

Formboard 11-965 4.592***

Paper folding a 9.022 1-200***

- Object aperture 10.288 1. 369***

Spatial ability 52.478 6.9824

Mazes completed 52.296 6.957***

Mazes errors 121.606 16.178*%**



E,

609.049

20754

209.750

171-409

19-554

134.134

13.215

24.6435

3.631

6.690

6.611

174.894

27-935

642195

se

96.224***

0.844%*

35.859*"*

28.199***

4.172*4*

31-1820¢¢
4.958**

5-872

10547**

1.659***

1.761***

o7.g7peee
8.235984

19.054%**

x%

11.293

3-354

72876

9-777

3.526

3-704

10.971

9.679

9.20%

8.196

20.987

18.074

70155

156114

5 - 10

70 = 80

20 = 30

10 = 20

70 - 80

70 - 80

5 = 10

40 = 20

40 ~ 20

20 - 30
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0 ~ 50
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TABLE A46a: THE G.B E MODEL FOR THE WHITES11
G, se B

Arithmetic 1710876 41.899"** 324,285

Vocabulary 3.133 1.169** 3.028

Heim 86.195 19.0h1*** 167,738

Spelling 52.393 10.161%** 87.365

Calendar 1.670  3.820NS 17.217

Identical pictures 35.783 142303" 124.880

Cubes — ~ 8.991 72466NS 26.256

Surface development 46.397 11.014*** 60.311

Formboarda | 3.675 3-914NS 19.398

Paper folding . 1.327  16558NS 8. 34

Object aperture 3.090 3e298NS 14.634

Spatial ability 73.299  20.530*** 480.180

Mazes completed 6.39%  6.902NS 37-543

Mazes errors — 11.740 6.975NS 12.761



se

55.279%**

1.055**

27.001*##

14.427 ***

3.594% **

19.129***

6.800***

12.649%98

3.882***

1.582***

Je 159***

28. 386***

7.068%**

5-799**

B
126.644

50174

50.856

22.065

21.770

59-373

39-747

33.211

20.907

8.359

176775

€9.690

36.656

37-165

se

15.037***

0.604***

6.0458

2.62hee¢
2.526800

7.032***

4.611%**

3.938488

2e4hoeet

o.977eee
2.0708e«

8.271908
4.289¢#8
4.2660e#

2.716

3.582

10.475

8.631

8.372

2.548

Vo7h

132485

8.835

7-807

23.660

5-631

9.384

11.534

70-80

50-70
5-10

10-20

10-20

70-80

10-20

40-20

40-20

«e+
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6
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TABLE A46éb: THE G,BE,

Arithmetic

- Vocabulary

Heim

Spelling

Calendar

-Identical pictures

Cubes

Surface development

Formboard |

Paper folding

Object aperture

Spatial ability

Mazes completed

Mazes errors

G,

16151

572521

39.618

-0.784

18.351

4.180

11.178

1.823

6.464
1.279

38.611
21.400

20.277

MODEL FOR BLACKS

se

138.420 56.327 *

41.402 NS

29.300 *

19.729 *

4.812 NS

41.379 NS

8.910 NS

8.447 NS

2.750 NS

2.539 *

2.642 NS
70715 *

13.868 NS

31.338 NS

B

542.582

2.049

171-188

444.780

20139

123.008

9-527

18.143

e794

1.787

5.896

143-589

15.663

48.598



se

104.155 ***

1.224 NS

‘40.767 *#¢
31.076 #46

5.098 one

40.657 **

7-393 NS

8.059 *

2.255 *

2.150 NS

2.42 *

29.738 ses

12.125 NS

27-330NS

E,

412.957

5.055
71.055

46.687

18.882

150.150

35-507

26. 186

12.643

7-12

9.748

39.326

45-397

1150745

se

19.208**#

0.833***

12.0544°*

7-927***

3.162**8

252046%**

30793***

4.38084

2.029%¢s

1.169***

1.616***

. 6.681948
7220 ses

18.872***

2

"5

2.121

2.562

2.024

6.278

3.492

3.368

11.008

8.103

8.874

4.140

20.888

12.902

5-597

14.698

p

80 = 90

70 - 80
80 = 90

20 = 30

50 - 70

50 - 70
5 = 10
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parameters and testing the adequacy of the model, The GB Ey model

is the most complex that we will fit to the race-sex groups, This

model has three parameters, “Therefore, one degree of freedom remains

for testing the adequacy of the model, This degree of freedom tests

for effects leading to heterogeneity of the total variances, If the

total variances are heterogeneous, this mm" will be significant and the

model will fail, The sample size has been considerably reduced by

subdividing the data into race-sex groups, Therefore, our tests of

significance are now far less powerful, .

The BE)» BLE, and GB E) models werefitted in turn to the mean

squares of each race-sex group for Surface development, Object aperture

and Spatial ability. The estimates, standard errors and chisquares for

testing the adequacy of the model for the ELE, model and the G5 E)

model are shown in Table A47, parts A and B.

The Appropriate Models

_ Firstly, we shall compare the results obtained by fitting models

jointly to all the data with those obtained by fitting models to Whites
and Blacks separately, The B,E, model explained variation for al] the

data jointly for Calendar and Paper folding. ‘This model is also

appropriate for Whites and Blacks separately, Fitting the three parameter

genetical model does not significantly reduce the residual chisquare,

The GB EB) was the most appropriate for all the data jointly for

Arithmetic, Vocabulary, Hein and Mazes completed, For both races on

Arithmetic and Heim and for Whites on Vocabulary, the G)B E, model was

again the most likely model for the observed variation, However, for



TABLE A47a: THE E,E, MODEL FOR SEXES SEPARATELY FOR THREE TESTS

‘

White

males

White

females

Black
males

Black

females

Surface development

Object aperture

Spatial ability

Surface development

Object aperture

Spatial ability

Surface development

Object aperture

Spatial ability

Surface development

Odject aperture

Spatial ability

¥4

50.056

24. 32h

105.319

55.091

- 156143

101.374

34.368

13.206

71.015

29.he

9.032

14.500

se

6.81200

3.310%¢*

1h. 33208°

6.515%°*

1.780°88

11.989%08

‘8.293080

3.203%

17.224498

4.669498

16425°4*

7.080*¢*

®e
133.956

2h. Sly

248.188

53-603

10.393

194.550

42.228

12.256

241.029

17.374

4.397

148.717

se

22.309'

50553 '

420331

10.265 '

2.274

W.021 *

15-841 |

5.126 |

71.919 |

52730 |

1.516 *

28.142 §
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TABLE A4'7b: THE G

Group

White

males

White

females

Black

males

Black
females

Test

Surface development

Object aperture

Spatial ability

Surface development

Object aperture

Spatial ability

Surface development

Object aperture

Spatial ability

Surface development

Object aperture

Spatial ability

G,
4h. thy

4.756

50.128

45-703

2.778

90. 168

3.963
5-421

46.491

16.080

0.666

370135

Be B

170472 * 105.871

6.698 NS 21.830

32.459 NS 249.169

13.697 °** 29.317

3.346 NS 8.774

25.954 *** 154.722

16.358 NS 44.772

4.623. NS 2.345

44.838 NS 203.526

9.387 NS 9.347

2.580 NS 3.923

48.282 * 118.502

PE, MODEL FOR SEXES SEPARATELY FOR THREE TESTS

ee

25.235

6.834
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12.950

2.934
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83.303
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13.918
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8.814

31.538

se

5.764

3.827

14.787

5.42h

2.200

9.102,

40.651

1-894

16.928

4.436

1-719

6.501

eee
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Blacks on Vocabulary and for both races on Mazes completed, the

EE, model was adequate to explain variation and fitting the G,B E)

model did not significantly reduce the residual chisquare, This is

not consistent with the findings from fitting models to the races

jointly.

We have not yet considered models for Spelling, Cubes, Surface

development, Formboard, Object aperture, Spatial ability, or Identical

pictures since it was inappropriate to fit models to all the data

jointly for these tests, We can predict which models we expect to

explain the variation in performance in these tests from the analysis

of the correlations, There was no significant effect of zygosity on

the correlations detectable by fitting the linear model for Cubes,

Object aperture, or Formboard, Therefore, we expect that the ELE,

model will explain variation in test performance, We see that the

EE, model is adequate to explain variation and that fitting the G8 E)

model does not significantly reduce the residual chisquare for these

tests. .

The effect of -zygosity on the correlations was significant for the

remaining four tests, i.e. Surface development, Identical pictures,

Spatial ability and Spelling, Therefore, we expect that the genetical

model will be required to explain variation in test performance, For

Spelling the genetical model is clearly required to explain variation in

test performance, However, for the other three tests the results are

ambiguous, The EE, model fits for Identical pictures, However, a

significant reduction in residual chisquare is obtained by fitting the

G,B Ey model in Whites, but not in Blacks, Similarly for Surface

Development and Spatial ability, the genetical model is the most appropriate

for some race-sex groups and the environmental model ig adequate for others,



fhe results, so far, appear to display little regularity. All tests

are measures of ability. We recall that a general factor of ability

accounted for approximately fifty per cent of the variation (Section 2.1).

Therefore, we might expect that either the genetical or the environmental

model would be appropriate for all the tests. Given a substantial general

factor, if one test displays heritable variation, then we expect

variation in performance on all tests to be in some part heritable,

The importance of genetical and environmental components in producing

variation could, of course, differ from test to test, since there is a

lot of specific variation, We have found that the environmental model

appears to account for variation in some tests and the genetical model

for variation in others, One explanation could be that the heritable

component was smaller for some tests that others and, therefore, more

difficult to detect.

We may now ask whether tests, having the same model as the most

likely explanation of the variation, have anything in common, In Section

2.1 we showed that the tests loaded on two factors, one Verbal~Arithmetic

and the other Spatial. This test structure may suggest an explanation

of the results of the model fitting, A summary of the results of the

model fitting is given in Table A48, ‘This summary reveals some

consistency in the results. ‘The GB oy model is required te explain

variation for the tests of the Verbal~Arithmetic factor, However, for

the tests of the Spatial factor, either the EE, model is adequate to

explain variation or else the GB E, model is required for some race-sex

groups and not others. Thus, these data are consistent with a simple,

genetical model for the Verbal tests, There is no convincing evidence
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TABLE A438: SUMMARY OF MODEL FITTING TO THE MEANSQUARES FROM THE GEORGIA
TWIN STUDY

TEST All data jointly Races Separately Races and sexes
separately

Arithmetic G G

Vocabulary G G*

Heim G G

Spelling - G

Calendar E E

Identical pictures - G*

Cubes - E

Surface development - - . G*

Formboard - E

Paper folding E | E

Object aperture - - E

Spatial ability - _ qe

Mazes completed G E

Mazes errors E E

KEY

E The E,E, model was adequate for all groups.

G The residual xX? from fitting the GB E, model was

significantly less than the residual x? from fitting the
EE, model i.e. the GB E, model was the most appropriate model

G* The GB E, model was the appropriate model for some race-sex

groups, but was not needed to explain variation in test

performance for other groups i.e. results somewhat ambiguous.
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for a heritable component in the case of Spatial tests. The analysis

of the correlations gave a broadly similar result. The effect of

zygosity on the correlations was significant for all Verbal tests, but

for only six of the Spatial tests (see Table A36), Four tests only

showed highly significant zygosities effects and these are the four

tests where a GB Ey model is required to explain variation for one or

more of the race-sex groups. Paper folding showed a zygosities effect

significant at the five per cent level, However, the E)E, model was

adequate to explain variation for this test.

It is surprising that there are no greater inconsistencies between

the analysis of the correlations and of the variances for those tests

whose total variances were not homogeneous, However, this is probably

because so far, we have only discussed the detection of effects and not

their estimation. Comparison of estimates of genetical and environmental

effects from the correlations and the mean squares might reveal bigger

discrepancies between the two approaches.

An estimate of the biased broad heritability (un,*), inflated by

any Ey» is given by the intraclass correlations for monozygotic twins

reared together. We saw that generally this was higher for Verbal-

Arithmetic than for Spatial tests, It was also higher for those ‘tests

showing a demonstrably significant effect of zygosity on the correlations.

This leads us to suggest that the power of the test for detecting a

heritable component of variation was less for tests with a low heritability.

We showed that the probability of detecting a heritable component of

variation for tests whose monozygotic twin intraclass correlations were

as low as those for some of the Spatial tests was very small, Therefore,

even if genetical effects produce variation in Spatial ability, we would
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have been unlikely to detect this is most cases. In view of this, it

seems that we should have expected the E|E> model to be adequate to

explain variation in Spatial ability measured by most of these tests,

given the sample sizes employed,

3,4 Heritability of these measures of Ability

The broad heritability of a trait is that proportion of the total

variation due to all genetical causes, In these data, it is possible

to calculate

A 2 G) +B

Shy OEE

which is a biased estimate of the true broad heritability inflated by

common environmental effects.

This biased estimate of heritability was calculated for each of the

fourteen tests, using the estimates of G,Bana E, from Table AAG, parts

A and B and from Table A47a for Surface development, Object aperture and

Spatial ability. The variance of mm,” and hence its standard error, may

be derived using the formula for the variance of a ratio given by

Kempthorne (1957). If a/b is a ratio, then its variance is given by

the formulas:

v(a/b) = (a/b)? [v(a)/a” + v(b)/b° ~ 2w(a.b) / ab]

where V(a/b) is the variance of the ratio

Va) is the variance of the numerator

V(b) is the variance of the denominator

W(a~b) is the covariance between the numerator and denominator.



When a/b is the biased broad heritability, then

anG, +B

and b= Gy 4+Br+ By

and it turns out that:

(V. +¥nt2W. )4(V, +V,t¥, 42W,, HOW, 242WGy" BY''G,B’**'G, BYE, og GB, BE,)

2
 v(a/'b)=V(Bh?)=Bh?, 2

(G, + B) (G).+ B+)

(V, +V,+2W. tW.  4W )
G B G,B GE, BEY

(G,+B)(G,+B+E,)
=2

The variances of G, »B and EB and the covariances between them are the

elements of the variance-covariance matrix calculated during the least

squares procedure (i.e, of (arway7?y, The variance of the biased broad

heritability is found by evaluating the expression given above, using

these values,

Estimates of Bh,” and their standard errors are given in Table

A49 for each test,

In general, the biased estimate of heritability for Verbal-Arithmetic

tests is higher than that for Spatial tests, which confirms that

heritable variation will be harder to detect for Spatial than for Verbale

Arithmetic tests. Among the Spatial tests, those with the highest ah?

| were the tests where a heritable component was required to explain

variation in test performance,

The heritabilities of Whites and Blacks were compared using a twoe

tailed c-test for the tests in Part A of Table A49, ‘The values of mh,

were sigmificantly different at the five per cent level for two of the

eleven tests only i.e. Identical pictures and Farmboard, The biased
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TABLE A49: ESTIMATES OF THE BIASED BROAD HERITABILITY

PART AWHITE BLACK
Bh? se Bh Be

Spelling 0.864 0.019 0.798 0.040

Heim 0.833 0.023 0.763 0.047

Arithmetic 0.797 0.028 0.854 0.030

Vocabulary 0.544 0.056 0.388 0.101

Identical pictures 0.730 0.036 0.485 0.090

Mazes completed 0.545 0.056 0.461 0.092

Paper folding 0.536 0.057 0.537 0.078

Formboard 0.525 0.058 0.190 0.117

Cubes 0.470 0.063 0.279 0.111

Calendar 0.465 0.064 0.506 0.087

Mazes errors 0.397 0.069 0.373 0.102

PARTB WHITE BLACK
Male Female Male

Bh? se Bh? Bh? se

Surface 0.819 0.037 0.691 0.055 0.533 0.150
development

Spatial 0.760 0.048 0.844 0.034 0.816 0.067
ability

Object 0.543 0.083 0.455 0.088 0.606 0.431
aperture

PARTC WHITE BLACK

Bh? se Bh? se

Surface 0.755 0.047 0.536 0.127

development

Spatial 0.787 0.042 0.824 0.056
ability

Object 0.499 0.086 0.474 0.127

aperture

C Pp

1.500 NS

1.346 NS

=1. 390 NS

1-357 NS

260 526 *

0.778 NS

-0.010 NS

20-557 *

1.492 NS

0.380 NS

0.195 NS

Female

Bh? 5e

0.538 0.099

0.832 0.041

0.342 0.123

¢

1.622 NS”

0.529 NS

0.163 NS
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heritabilities of males and females were compared within each race

for the tests in Part B of Table(49, ‘The estimates of th, for males and

females were not significantly different in Whites or Blacks for any of

the three tests. Therefore, the estimates of n,? for males and females

were combined and the pooled standard errors calculated, ‘These

combined estimates are shown in Part C of Table A49, ‘The cetest

shows that the estimates of ah,2tor Whites and Blacks are not

significantly different for any of the three tests,

Thus, significant differences between estimates of ah? have been

found between Whites and Blacks only for Identical pictures and Formboard,
A

Te source of this difference in Bh,* will be investigated in a later

section.

3.5 A Theoretical Genetical Model

The EE, and G,B Ej models yield estimates which may fruitfully

be compared between tests and between race and sex groups, However,

pefore making comparisons we shall consider the theoretical model

described in Section 3. We have seen that a likely explanation for

failure detect a heritable component ofwriation for the Spatial tests

is the low power of the test, In comparing the adequacy of the EE,

and GB Ey models we are comparing a two parameter model with a three

parameter model. The two parameter model is the simplest model and

should be accepted as the most likely cause of variation if chisquare

is not significant, This model tests the assumption that all variation

between individuals may be explained by environmental differences between

them. However, we have not tested any two parameter genetical model of



variation, Therefore, we cannot conclude that there is no heritable

component of variation for the Spatial tests, but only that the data

are consistent with a purely environmental interpretation.

The GB EE model is the simplest empirical model that we can

fit to the data. However, the genetical theory discussed in Section 3

shows that under some circumstances we can simplify this model still

further and formulate a two parameter genetical model, If we assume

that there are no between families environmental effects (i.e. E,)

and that G, = Gy = i Des then we can fit an ED, model to these data,

This model tests the hypothesis that all variation may be explained in

terms of additive genetic variation and specific environmental

variation.

The expectations for this two parameter model for the mean squares

of monozygotic and dizygotic twins reared together were given in

Table A32. The assumptions made in formulating this model are:

le Nok,

2. No dominance

3. No assortative mating

4. No non-allelic interactions

5. No genotype-environmental interactions

6, No genotype-environmental covariation

7. Equality of E's for all types of relatives

The latter three assumptions were also made in formulating the G,B Ey

model and may be realistic for certain traits. Since failure of these

assumptions may lead to heterogeneity of the total variances, we expect

to detect their failure by failure of the G,B Ey model, The first four



assumptions were not made in formulating the simple empirical model,

although an independent estimate of Ey could not be obtained, and only

: = Gy + Ey could be estimated,

Although G = G, + Gy in our simple model, there was no constraint

that Gy = Gye We showed in Section 3 that in the absence of dominance

and assortative matingwe expect Gy - Gye Therefore, we had a test for

dominance or assortative mating since if Gy ? Gy dominance has been

demonstrated and if Go > G) there is assortative mating. Of course

with this data set we can only test whether B ? G) and, therefore, the

effects of assortative mating and Ey are inevitably confounded. When

we fit the simple ED, model failure of any of the assumptions stated

above would produce failure of the model, If this model fails we may

have little idea which of the assumptions has failed unless there ig

evidence from another source, One of more of the assumptions we have

made to arrive at the simplicity of the additive genetical model are

likely to fail for any complex trait, given enough pairs of twins to

provide a powerful test. .

We will fit the simple additive genetical model to these data, so

that the EE, and B,D, models may be compared, However, we mst stress

that this model is an unrealistic one for any biologically important

trait, although perhaps no more unrealistic than the E,E, model,

Fitting the B,D, model

The model for monozygotic and dizygotic twins reared together, specified

in Section 3, was fitted to the data by weighted least squares where the

weights are the same as those for the GB EB model, The model was fitted
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to all the data jointly, to each race separately and then to each race-

sex group separately for Surface development, Object aperture and

Spatial ability. The estimates, their standard errors and chisquares

for testing the adequacy of the model are given in Tables A50} A5l,

Parts a and b and A52 Parts a, b, o and a,

An estimate of heritability may be obtained;

A 4D,
2 h 2 R

A

hh" n #D, + B

where bh? is the proportion of the total variation produced by additive

 

genetical variation, Since our simple genetical model assumes no non«

additive effects, the narrow heritability equals the broad heritability,

The variance of the heritability can be found as the variance of a ratio

as previously described for wh? ( see Section 5.3.4).. It turns out that

the variance of the heritability, after simplification, is given by:

Vet) + VG y/B Dg +B)

B? Yn.) + Dy “(z,) - 20,5, W(DRE; )

4 (4D, +8,)4
 

The variances of D, and B, and their covariance are the elements of the

variance-covariance matrix calculated during the model fitting procedure,

Thus the variance of the heritability was found by evaluating the

expression for v(h*) given above. Estimates of heritability and their

standard errors are given in the final colums of Tables A503 ASL,

parts a and b and A52 parts a, b, c and d,



| TABLE A5O: ESTmMAres oF E, and Dy FOR ALL THE DATA JOINTLY

Test

Arithmetic

Vocabulary

Hein

' Spelling

Calendar

Identical pictures

Cubes |

Surface development

Formboard

Paper folding

Object aperture

Spatial ability

Mazes completed

Mazes errors

Ey
1170412

$2113

55-591

29.244

19.505

83.153

37-591

W397

170219 |

7-681

14.352

572059

372104

61.232

pe

11.3503 **°

0.465 *#¢

5.346 eee

2.817 *e9

1773 ***

7-775 *e*

3-370 49

2.886 eee

12566 **0

0.705 ***

1.307 #¢0

50477 see.

3.3935 ***

5.426 eee

DR
4055-030

10.592

475.286

292.909

39 430

306.784

58.375

166.901

35-507

48.803

30.563

449.824

85.664

752049

se

82.350

1.348

37.467

22.405

5.079

W543

8.645

14.633

4.529

2.214

3-837

36.065 *
410.354

12.77%

ees

see

een

oes

aoe

one

ose

eee

een

eee

eee

een
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ey
16.530

11.869

18.084

49.423

18.730

45.887

29.137

56.012

60.997

16.594

74-169

37-344

24.048

171.762

20-30

50-70

20-30

eee

10-20

oon

608

eee

20-30

‘eee

tes

eee :

Bh2

0,818

0.509

0.810 |

0.834

0.503

0.437
0.733
0.508
0.550
0.516 ©

0.798

0.536

0.380

0.024

0.047

0.021

0.019

0.048

0.037

0.052

0.029

0.048

0.045

0.047
0.023

0.046

0.055

EE
E



TABLE ADLPART a ~ ESTIMATE OF B, and Dp FOR WHITES

‘Test

Arithnetic

Vocabulary

Hein

Spelling

Calendar

Identical pictures

Cubes

’ Surface development

Formboard

Paper folding

Object aperture

Spatial ability

Mazes completed

Mazes errors

Ey

122.527

5.182 °°

49.325

24.599

20.397

56.022

37-917

32.760

19.708

7.814

16.739

66.397

342217

37-035

se

4.338 **4
0.577 #08

5.804 ##¢
2.550 #**

2.249 908

6.490 eee

4.179 9#8
3.813 ees

2.198 *#e

0.874 *#*

4.857 #08 -
7.756 eee

3.838 ees

4.002 94*

mR
970.674

12.313

491.903

27146323

392496

312.822

73-499
211.807

47.211

19.862

36.824

494.602

90.314

49.2h2



se

93.064 hee

1.767 *¢
45.036 *#°

23.913 *#*
6.264 *#9

32.715 +#*
11.647 989

2146312 eee

6.747 9*8

2.763 *

5.480 °°

48.080 ***
42.352 **

9.624 o#°

x2,

4.703

3.583
10.945

9.747

911.975,

8.429

9.885

14.526

11.356

11.632

28.345

“11.901

15.234

11.423

' 50-70

70-80

5-10

10=20

5-10 -

20-30

40-20

5-10

5-10

eee

5-10

10-20

0.798

06543

0.833

0.863

0.492

0.736

0.492

0.764

0.545

0.560

0.524

0.788

” + 0.569

0.399

se

0.027

0.055

0.023

0.019

0.059

0.035

0.059

0.032

0.054

0.053

0.056

0.052

0.065

C
T
S



TASLE “A5S1:PART b = ESTIMATES OF E, and Dp FOR ELACKS

Test

‘Arithmetic

Vocabulary

Heim

Spelling

Calendar

Identical pictures

Cubes

Surface development

Formboard

Paper folding ,

Object aperture

Spatial ability

Mazes completed

Mazes errors

x,

107.999

4.963

68.107

44.552

17.647

141.494

25-305

25.596

11.867

74413

9.262

37.848
_ 43.981

113-540

ee

48.260 eee

0.778 see

"11.378 ¢e¢

7-476 ese

2.829 ***

22.646 #00
5.403 *+°
het15 #08

1.808 **¢

1.189 *** |

1.466 ***

6.357 ess

6.961 #88

17.691 ***

Dp

1241.656

6.555

441.570

350-231

38.850

294 .507

27 0424

59.488

7-351

16.232

4152210

338.458

73.143

140.523



ae

169.303 ***

1.908 ees

67.320 ***

51.145 *°%

8.630 ee8

67.160 #**

11.285 *

12.886 *°¢—

10.8343.567 *

3.614 ***

3.914 908

48.219 ***

48.700 **¢

42,561 #08

2
x6

7.803

2.692

3.787

9.866

6.086

4.946

11.036

8.649

3-738

23.829

147.063

. 50933

14.837

. 0.852

0.398

. 0.764

0.797
0.52%
0.510

0.280

0.538
0.237

06523

0.451

0.817

On45%

0.382

0.030

0.096

0.046

0.040

0.082

0.084

0.105

0.080

0.107

0.082

0.090

- 0.036

0.090

0.097

L
e



TABLE A52: ESTIMATES or E, and D, FOR SEXES SEPARATELY

PART A WHITE MALES " &, Be Dp

Surface development 32.100 5.515 *** 289.400

Object aperture . 21.070 3.480 *** = 54.950
Spatial ability 80.290 13.705 #0 523, 300

. PART B_ WHITE FEMALES

Surface development 33.500 5.40) o*% 150.200

Object aperture 13.290 1.982 *** 24.000

Spatial ability 54.080 8.693 *** 480.100

PART C BLACK MALES

Surface development 32.730 9420 eee 84.040

Object aperture - 9.985 2.910 *** — 32.68

Spatial ability 54.070 16.099 *** 462.600

PART D BLACK FEMALES

Surface development 22.560 4368 oe* 49.680

. Object aperture 8.585 1.614 *e* - 9.438

Spatial ability 30.460 6.227 *** 291.100



Be

41.525 *#¢
11.43) *#*
13.705 ees

22.467 evn

5.290 ***
59.245 ***

32.163 **

11.284 9? ,
124.442 eo6

13.416 °°
3.67% **

48.484 soe

2.266
2.023

4.968

0.488

12506

2.808

4.846
FoF

2.641

12107

2.039

8.188

30-50
30-50
5-10

70-80

20-30

30-50
10-20

20-30

20-70

Bh2_

0.818 |.
0.566

0.765

0.685

0.474,

0.816

0.562

0.621

0.814

0.524

- 06355 .

0.585

i
jo

ot
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Comments on the ED, Model

 

For the four tests of the Verbal-Arithmetic factor, the simple

environmental model was not adequate to explain variation between

individuals in test performance, However, we see that the simple

additive genetical model is adequate to explain variation for these

tests. Therefore, we have no evidence that any of the assumptions on

which this simple model is based have failed. Variation may be explained

by differences in environment specifie to individuals and by the effect

of genes with additive properties, No common environmental effects,

. dominance or more complicated gene action is necessary for explaining

variation, However, failure to detect more complex effects may not be

because they are absent but because the power of our test for detecting

them is too low, For example, Eaves (1972) has shown that experimental

sizes much larger than this are required for the detection of quite

substantial amounts of dominance variation,

The simple genetical model was adequate to explain variation for

most teats of the Spatial factor. Mazes completed was an exception,

The G,B Ey model fittea adequately all the data jointly. However, for

each race separately the E)®5 model was adequate to explain variation,'

The ED, model fails for all the data jointly and for Whites, although it

fits for Blacks, If we consider races separately, the EE, model is

more appropriate for Mazes completed than the E,D, model, However, the

total variances of this test were homogeneous, and the GB E) model was

adequate to explain variation for both races jointly, In this case, we

conclude that the simple additive genetical model is not adequate to

explain variation and that one of the assumptions underlying the BD,
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model has failed. In this case, common environmental effects, dominance,

assortative mating or more complex gene action might be required to

explain variation (although dominance is unlikely since 3 > Gy).

The EE, model was adequate to explain variation for most of the

other Spatial tests and the E,D, model fitted all of them, Thus, for

the Spatial tests there are problems in discriminating between simple
genetical and simple environmental models, since both fit the data, This

suggests that our experimental size is too small, since we should be

able to discriminate between the two models given data on a sufficient

number of pairs of twins. This problem did not arise for the Verbal.

Arithmetic tests since ah,” was higher overall for these tests and

the power of the test for a genetical component was higher,

3.6 Comparison of the Estimates between Blacks and whites

There is heterogeneity of total variances between races for six

of our fourteen tests (Table A41). One or more components of variation

must differ between the races for these tests, However, components of

variation may differ between races when the total variances are

homogeneous, since even with o& - the same for both races, the relative

magnitudes of the genetical and environmental components may differ,

Estimates of the components of variance may be compared by testing whether

the difference between the estimates in the two races igs significantly

greater than zero, using a c-test, where c is given by the difference

between the estimates divided by the pooled error, we will attempt to

explain differences between the races in variance in terms of differences

in specific genetical or environmental components of variance,
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Tests of the Spatial Factor

The total variances of five of the ten tests loading on the Spatial

factor were heterogeneous, For these tests there was a significant

positive effect of race on variance (Table A41) i.e. Whites were

significantly more variable than Blacks in performance, Of the

remaining five tests, the race effect was positive for four, The

race effect for Identical pictures was non-significantly negative,

We will attempt to explain the greater variability in Whites for all

tests except Identical pictures in terms of the variance components,

First we shall compare estimates of zy obtained by fitting the

E,D, model to Whites and Blacks separately, using the c test, Estimates

of z, from the E,D, model were used since this was the only model

adequately explaining variation for all the Spatial tests, However,

the comparison of estimates from the ELE and G,8 Ey models was also

made and yielded similar results,

Estimates of 2, were larger in Whites than Blacks for all tests

except Identical pictures and Mazes completed and estimates were

significantly greater for Formboard, Object aperture and Spatial ability,

An increased EB contributes to the increased variability of Whites in

these tests. The estimate of B for Whites was not significantly less

than that for Blacks for Mazes completed. However, the difference

between the races was significant for Identical pictures, We recall

that Whites were non-significantly less variable than Blacks for

performance on this test. It appears that the smaller By in Whites

must be contributing to this difference,
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Similarly, we compared estimates of a obtained from fitting the

EF, model to these data, although thismodes was not adequate to explain

variation for all tests. Estimates of Ey were significantly greater in

Whites for Cubes, Surface development, Formboard and Spatial ability

and were greater in Whites for all the other tests of the Spatial factor,

except Calendar. For calendar, was non-significantly smaller in

Whites, If the best explanation of the data were the BE, model, ED

might contribute to the greater variability in Whites, However, if the

genetical model was more appropriate and we fitted the EE, model,

then E would be inflated by the genetical component of variation,

. We may generalise that R but not necessarily E, contributes to

the greater variability among Whites in performance on Spatial tests

although Calendar, Identical pictures and Mazes completed have provided

exceptions. f, is not smaller in Whites for Identical pictures and for

this test the reduced variability is due to BE) only and not to Eye

We will consider the relative magnitudes of the genetical parameters

obtained by fitting the GB EB model, It turns out that o is non-

significantly larger in Whites for all tests except Paper folding and

Mazes completed. Estimates of 3 are larger in Whites than Blacks for

all tests except Calendar, The comparison is significant for Surface

development, Formboard, Paper folding and Object aperture,

Comparing estimates of Dp in the two races, we find that De is

greater in Whites in all cases, and significantly greater for Cubes,

Surface development, Formboard, Object aperture and Spatial ability i.e,

all the tests where there was a significant positive effect of race on

the total variances,



In summary, we can consider three types of Test: (A) those

tests where the races effect was significant and positive, (B) those

tests where the races effect was positive but not significant and

(Cc) Identical pictures where the races effect was negative. The

results are summarised in this format in Table A53. In this forn,

the results are surprisingly consistent, All components of variation

are greater in Whites for the tests in Group A and contribute to the

significant effect of race on the total variance, We cannot attribute

the increased variation in Whites to any specific component of variation,

The difference between the components in Whites and Blacks is not

significant for the tests of group B whose total variances are

homogeneous, although in theory it would be possible for one component

to be significantly greater in Whites and another to be significantly

greater in Blacks and for the total variances to remain homogeneous,

| For identical pictures the total variances of Whites were less

than the total variances of Blacks, This may be explained by the

significantly smaller &, in Whites, The other components were non-

significantly larger in Whites, Although B, was significantly smaller

in Whites, the other components were larger in Whites than Blacks and

the total variances were homogeneous, We recall that our models

failed when fitted to the races jointly although the total variances

were homogeneous and we predicted that genetical or environmental

components of variation must differ between the races, We can now

confirm this prediction and attribute the failure of the models when

fitted to the races jointly to the differences in the size of the x

component between the races,
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TABLE A53; SUMMARY OF OOMPARISON OF ESTIMATES BETWEEN BLACKS AND WHITES

FOR SPATIAL TESTS

A. Races effect positive and significant

E4 E, Ga B DR
Cubes 40.38 NS 42.50 * +0.41NS +1.67 NS  +2.84 **

Surface development +1.28 NS 45.23 *** 42.54 * 42.84 ©* 46,42 *e«

Formboard 42076 ** 45.16 *** 44.45 NS 43.25 ** 45.22 *ae

Object aperture +3216 ** +3237 *** 40.43 NS +2.49 * +3021 **

Spatial ability 42.85 ** 41.44 NS 41.24 NS 40.89 NS 42.30 *

B. Races effectpositive and non-significant

E, B, G, B Dp

Calendar 40.76 NS -0.26 NS 40.40 NS -0.47 NS  +0.06 NS

Paper folding 40.27 NS 41.17 NS -1.72 NS 42.46 © +0.80 NS

Mazes completed “1.23 NS 41.33 NS -0.97 NS +41.56NS  +0.77 NS

C. Races effect negative and non-signficant

Identical pictures -3.63 *** +0.36 NS +0.40 NS 40.04 NS +0.25 NS

Mazes errors “4.22 *** +2.31 * -0.27 NS -1.28 NS  -2.10 *

NOTE:

le The values given in the body of the table a values of ¢ for

comparing the components between the races

Qe When c is positive the component is larger in Whites than Blacks

When c is negative the component is larger in Blacks than Whites



Non-genetical. variation specific to individuals (ieee E))

may be produced by accidents of development and pre-natal influences

or post-natal experiences specific to individuals, we expect these

environmental factors to produce comparable variation among

individuals in performance on all Spatial tasks, Thus for By to be

smaller in Whites for Identical pictures, but larger for the other

Spatial tests seems anomalous. We recall that originally Identical

pictures and the Mazes tests were chosen to represent a factor of

Perceptual speed, rather than Spatial ability. In these data, we only

found one Spatial ffactor, possibly because of under representation of

tests of Perceptual speed in the test battery. From Table 453, we gee

that zy is non-significantly smaller for the Mazes test, It is possible

that the Identical pictures and Mazes tests are measuring a different

ability and the specific environmental effects contributing to variation

in performance on these tests are different to those affecting

variation for other Spatial tests, -Therefore, @,is smaller in Whites

than Blacks for tests of Perceptual speed, but greater in Whites for

other measures of Spatial ability,

However, we recall that there was a high level of test specific

variation for Identical Pictures and Mazes errors. We suggested that

this might be due to low test reliability, which would inflate Be It

is possible that the Identical pictures tests is more reliable in one

race than the other,
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Tests of the Verbal-Arithmetic Factor

The chisquare testing the homogeneity of the total variances was

significant at the five per cent level for Spelling, ‘The effect of

race on the variances was negative i.e. Blacks were more variable than

Whites, The races effect was also non-significantly negative for

Arithmetic. There was no evidence for heterogeneity in the total

variances, The chisquare testing the homogeneity of the total variances

for Vocabulary approached significance and the races effect was

positive (ise. Whites were more variable than Blacks). The races

effect was also positive for Heim, but the total variances were

homogeneous.

The EE, model did not explain variation in performance on Verbal

tests. Estimates of £0, and 3 obtained by fitting the G8 Ey model

to Whites and Blacks were compared using a c-test, Estimates of 2 in

Whites and Blacks obtained by fitting the ED, model were also compared,

These comparisons are summarised in Table A54,

The greater variability of Whites in Vocabulary cannot be attributed

to any particular component of variation since estimates of Be and ‘$

are all non-significantly greater in Whites, Estimates of genetical

and environmental components do not differ significantly between Whites

and Blacks for Heim or Arithmetic,

In the case of Spelling where Blacks were more variable than Whites,

1

in Blacks and appears to produce most of the heterogeneity in total

A A
and B are greater in Blacks, However, oT is significantly greater

A
variance, Factors producing differences in EB, between Blacks and Whites

were discussed for Spatial tests,
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TABLE A54: COMPARISON OF ESTIMATES OF GENETICAL AND ENVIRONMENTAL FACTORS

BETWEEN RACES FOR VERBAL~ARITHMETIC TESTS

Vocabulary

Heim —

Arithmetic

Spelling

Note:

16 SIGN

2. Seb

Sign S.L

+ =e

+ =NS

- NS

+0. 193 NS

-1.498 NS

+0.561 NS

~2.737 **

G,

+1.086 NS

+0.821 NS

10.477 NS

+0.576 NS

is the sign of the races effect

+0.606 NS

-0.071 NS

-1.676 NS

is the significance level of the races effect

42.214

+0.621

=1.403

1.398

NS

NS

NS

3. The figures in the body of the Table are values of ¢ for comparing

components between races.

Ae If c is positive, the components are bigger in Whites than Blacks

If c is negative, the components are bigger in Blacks than Whites



3.7 Discussion of the relative magnitudes of genetical and environmental

components of variation in ability

Genetical theory makes no predictions about the proportion of the

total variation that will be genetic in origin or the proportion that

will be environmental, There is no theory of environmental causation

which allows us to predict the relative magnitudes of different

environmental components. However, we can predict, from genetical

theory, the relative magnitudes of between and within families genetical

components, given certain assumptions about the nature of the gene

action.

Following Jinks and Fulker (1970), we redefine the between and

within families genetical components of variation in terms of underlying

gene effects as described in Section 3:

G = Dd, +%d,

G = Di +k, +t [a/(1-a)] Dp

where Dae H, and A are defined as in Section 3,

We have data, only on twins reared together, so we can estimate

an A A A ,
Gy» Ey and B whereB = Gp + Eye We may now specify the genetical

parameters of our model in terms of gene effects:

A a

= +% tht te
A 1 1

Boo= $D,+ Fe Hp t+ (A/(1-A) ) DR + B,

In the absence of assortative mating and Ey, we have a definitive test

for dominance since we expect G, > B by =Hye Either assortative
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mating or common environmental effects could make B significantly

greater than G, and we would be unable to distinguish between them

‘unless evidence from another source were available,

The difference between a and 3 in these data was tested for

significance for each of the fourteen tests, using a c-test. The

results for Whites and Blacks separately are summarised in Table A55, ~

Estimates of 3 are significantly greater than estimates of <q, for Verbale

Arithmetic tests except Vocabulary where the difference between Band G,

is not significant. For the Spatial tests we find that 3? G. The

difference between 3 and ©, is significant for Spatial ability,

Formboard, Paper folding and Object aperture, In Blacks, 3 7 @

for all tests except Identical pictures, Paper folding and Mazes

completed which were anomalous in previous discussions, 3 is

significantly greater than Gy for Spatial ability.

We have no evidence for dominance in these data since G is not

significantly greater than 3for any test, We cannot conclude that

there is no dominance, since the contribution of any variance due to

Ey or assortative mating might increase the magnitude of 3 to a greater

extent than the dominance increases the magnitude of Gye However, 2

is significantly greater than G for several tests. This demonstrates

the effect of E, or assortative mating or both on variation among

individuals in test performance. The effect of Ey or assortative

mating is also suggested for the other tests since B is greater than

C in one race at least. In those cases where the difference between

3 and Gy is negative, the difference is not significant, Therefore,

generally we may conclude that we have some evidence for assortative

wating or common environmental effects for all measures of ability,
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A A
TABLE A55; COMPARISON BETWEEN B AND G, FOR WHITES AND BLACKS

VALUES OF C

WHITES BLACKS

Arithmetic 42.197 * 44.729 488

Vocabulary -0.067 NS 40.483 NS

Heim 42.468 * 42.264 *

Spelling 41.982 * 42.857 **

Calendar 42.964 ** , 42.649 **

Identical pictures +3.730 *** -1.478 NS

Cubes +1.710 NS 40.462 NS

Surface development +0.830 NS +0.597 NS

Formboard +2,852 ** +1.861 NS

Paper folding +3.161 #** 91.406 NS

Object aperture 42.528 * +1.288 NS

Spatial ability +3.051** +3.033 **

Mazes completed +3.155  =** -0.311 NS

Mazes errors +0.160 NS 40.681 NS

NOTE: If c is positive, B > G,

If c is negative, G,? B



If we are prepared to make further assumptions we may set limits

to the possible values of E, and assortative mating. Assuming no

dominance or assortative mating, we may obtain an estimate of common

environmental variation:

The standard error is given by the square root of the variance which

is found:

i) = ¥(B) +v(G)) - 2c0v (3G)

Estimates of i, and their standard errors are given in Table A56, These

are underestimates of B, if there is dominance variation, but over~

estimates if there is assortative mating. The broad heritability may
A

now be recalculated using these values of Ep?

26)

2G) + Ey + ED

A A
Since G, = D, +ilps then in the presence of dominance, h is

1 ,

biased upwards by = H,/2Dp + +rHp +E, +H. Therefore, this ratio

may only be regarded as the heritability if there is no dominance,
A :

The variance of ne is given as the variance of a ratio ag
A

described in section 5.3.4. It turns out that the variance of ne is:

 

  

V, (4V, +V. By4M, on
2 2.21 % ¥%q, B,*‘Et GE,

v(h p) = (8 ») 5 +
Gy (2G, + 7+ Ey)

(9 Yo,+e,2Ho,5,)
ma, + FE, + EB)
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A

Estimates of he for Whites and Blacks and their standard errors are

given in Table A56.

Now, if we make the assumption of no dominance, but this time

assume that there is no Eye we can attempt to set a limit to the value

of the assortative mating. In the absence of dominance and E596 and

B are defined:

Gy = 2D, ooe @eo0 eee eee ooo (1)

B = 4D, + 3(a/(1-4 pp, coe @eo eeo (2)

A
Therefore, we have an estimate of Dp = 4G, Substituting into equation

A
2, we may obtain an estimate of A:

 

We are assuming no dominance or Ey, therefore,

nM, G43 y+ HA/(-A))D,
Per ty G+ B+E, 4D, + Ha/(1-a))D, + B,
  

Fisher (1918) showed that A is a simple function of the marital

correlation and the narrow heritability:

Therefore, we can obtain estimates of the marital correlation:



TADLE ASG: ESTIMATES OF THE COMMON ENVIRONMENTAL COMPONENT AND THE BROAD TERITABILITY ASSUMING x0 DOCIANCE
OR ASSORTATIVE MATEIG

 

PART A WHITES BLACKS
. Eo Be n2, se E, 6e ny 69

Arithmetic 152.409 84.821 0.552 0.100 404.162 136.533 00349 00113 8

Vocabulary “0.105 2.044 0.553 0.47 0.298 2.442 0.279 0.273

Fein 81.543 312914 0.566 0.095 113.667 641.013 0.384 0.020

Spelling %.972 12.898 0.643 0.070 405.162 43.649 0.343 0.4134 °

Colendar ' 45.547 6.653 0.082 0.484 20.923 3.452 =0.041 0.260

Identical pictures 89.097 28.857 0.325 0.102 404.657 74-340 06126 0.256

Cubes ‘ 17.265 12.951 0.240 0.165 5.347 15-268 0.170 0.315

Formboard 15.723 6.956 0.167 0.151 3.151” 4.658 -0.300 0.570

“Paper folding . 7.012 2.788 0.147 0.154 4.677 4.412 0.8414 0.260
Mazes completed 316149 12.395 0.157 0.151. ~5.737 20.640 0.532 0.231.

Mazes errors 4.024 11.820 0.381 28.324 54.528 - 0.220

_ PART B

TEST GROUP E, Be 2, se

Surface Waite males 18.445 5.751 0.113 0.256

Development waste females 16.386 11.038 0.842 0.109
Black males 48.735 16.933 0.103 0.463

_ Black females ~6.733 6.597 0.68 0.189
Object White males - 17.074 5.835 0.15% 0, 270

aperture White fenales 5.997 26740 0.218 0.278
Black males 4.055 5.745 OLUS2 00327 .
Black females 3.257 1-833 0.099 0.354 .

Spatial “© White mies © 169.041 43.268 0.263 0.141 oe

ability White fenales 64.554 30.339 0.599 0.098
. Black sales . 157.036 70.896 0.204 0.222

Black fecales 81.367 27.195 0.397 0.136

O
£
%
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A A

Estimates of A and PP will be overestimates if the assumption of no

E, fails, However, failure of the “sere of no dominance will lead2
A

to underestimation of A ae therefore, ofPe Values of
A A A A 42

Gis Go» Es A, hy andp are presented in Table AT When we assume

no fominance and no assortative mating and take (3 - G,) as an estimate

of 7we find that the magnitude of 2, is considerably less than that

of mn? the biased broad heritability. The proportion of the totalB’

yariation due to genetical effects for Verbal-Arithmetic tests now

lies between 0.55 and 0.65 in Whites and between 0.28 and 0,38 in

Blacks, For Spatial tests the range of heritability estimates is

greater, lying between 0.08 and 0.60 in Whites and 0.12 and 0.45 in

Blacks, In several cases the estimates are meaningless since Gy ? 4

(although not significantly greater) leading to a negative estimate of

he The heritability of Blacks is, in most cases, non-significantly

lower than that in Whites, This is true for all Verbal-Arithmetic

tests and for most of the Spatial tests, Overall these estimates

of heritability, obtained by assuming that common environmental effects

alone contribute to 2 ? Gy are considerably lower than those reported

in comparable studies,

Many workers have demonstrated a fairly strong correlation between

the phenotypes of mates for measures of ability, lying between 0.3 and

0.5 (Burks, 1928; Willoughby, 1927, 1928; Spuhler, 1967), ‘thus, we

expect that if there is a heritable component of variation that

assortative mating may increase 3 as described in previous sections,

Turning now to Table A56, we may assess values of R and PB obtained by

assuming no dominance and no Ey. Firstly, we note some anomaloug results,

For Vocabulary, Paper folding, Mazes completed and Surface development
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TABLE A57: ESTIMATES OF GENETICAL AND ASSORTATIVE MATING PARAMETERS

2TEST GROUP G, G, E, A he \t

Arithmetic Whites 171.876 324.285 126.644 0.307 0.797 0.385
Blacks 138.420 542.582 112.957 0.582 0.854 0.681

Vocabulary Whites 3.133 3.028 5-174 ~0.017 0.544 ~-0.031
Blacks 1.151. 2.049 5.055 0.281 0.388 0.724

Heim Whites 36.195 167.738 50.856 0.321 0.833 0.385
Blacks 57.521 171.188 71.055 0.497 0.763 0.651

Spelling Whites 52.393 87.365 22.065 0.250 0.864 0.289
Blacks 39.618 144.780 46.687 0.740 0.798 0.927

Calendar Whites 12670 17.217 21.770 0.823 0.465 1.770
Blacks -0.784 20.139 18.882 1.081 0.506 2.136

Identical Whites 35.783 124.880 59.373 0.555 0.730 0.760
pictures Blacks 48.351 123.008 150.150 0.740 0.485 1.526

Cubes Whites 8.991 26.256 39.747 0.490 0.470 1.042
Blacks 4.180 9-527 35.507 0.390 0.279 1.398

Formboard Whites 3.675 192398 20.907 0.6814 0.525 1.297
Blacks 1.823 4.794 126643 906223 00190 16.174

Paper folding Whites 10327 8.344% 8.359 0.725 0.536 1.353
Blacks 6.464 1.787 70124-0567 90.537 -1.056

Mazes Whites 6. 394 376543 36. 656 0. 709 0. 54S 12301

completed Blacks 21.400. 15.663 43.397 -0.155 0.461 .-0.199

Mazes errors Whites 110780 9126764 376165 0.042 00397) (0. 106
Blacks 20.277 48.598 «115-745 00411 906373) 16102

Surface White m 44.144 105.871 33.186 0.411 0.819 0.502
development White f 45.703 29.317, 35.510 ~-0.218 0.691 -0.315

Black m 3.963 44.772 9935-790 «1.194 0.533 2.240
Black f 16.080 9-347 «21.864 -0.265 0.538 -0.493

Object White m 4.756 21.830 22.375 0.642 0.543 1.182

aperture White f 2.778 8.774 13-918 0.519 0.455 1.441

Black m 50421 20345 6345 0254 0.606) 0.419
Black f 0.666 3-923 8.844 0.710 0.342 2.076

Spatial White m 50.128 219.169 83.303 0.628 0.760 0.826
ability White f 90.168 154.772 55.965 0.264 0.814 0.32}

Black m 46.491 203.526 56.232 0.628 0.816 0.770
Black f 370135 118.502 31.538 90.523 0.832 0.629

KEY: m = male

f{ = female
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negative estimates of i andPp have been envained for one or more crews

A is negative because 3 is smaller than Gye For these tests 3 and @,

are not significantly different. The standard errors of 3 and q are

large and (st,) might be negative by chance. A small proportion of

anomalous results are expected in any study,

If we now consider the remaining tests several interesting

observations can be made. A number of estimates of pf for the Spatial

tests are greater than one. This means that A is larger thanh2, Since

the marital correlation cannot be greater than 1,0, this implies that A

is inflated by some other component, We notice that P is larger in

Blacks than in Whites in most cases, Values of the marital correlation

between spouses of about 0.5 have been observed in Whites (Vandenberg,

1972). The marital correlations in Blacks determined from the values

of h calculated from these data are all much higher than this, suggesting

that Pp and A are being inflated, In Whites the pictures is slightly

different. Estimates of p for the Spatial tests are larger than expected,

but for Verbal-Arithmetic tests, values ofp are within the expected

range (except for Vocabulary where Gy ? ‘Ge

Thus, we have three observations which we may attempt to explain:

4 is greater in Blacks than Whites for many tests; for Spatial tests p

in both Blacks and Whites is greater than expected and for Verbal/

Arithmetic tests p is larger than expected in Blacks, but slightly

smaller than expected for Whites, Estimates of ‘A are very sensitive to

the value of 3, We have atzeadyshown that where we have monozygotic

and dizygotic twins reared together B = aD, + te Hp +% (A/(1-A))D,, + Eye

In estimating A andp » we assumed no dominance ork. Dominance

A A A

cannot inflate the size of BeG, since, as we have shown, Gy ” 2D,+ < Hye
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Therefore, inflation of Oy, and hence A and p » must be caused by E,,

Thus, we have some positive evidence for common environmental effects

in Blacks and Whites on Spatial tests and in Blacks on Verbal-Arithmetic

tests (but not for Whites on Verbal-Arithmetic tests), since & and Pp

are greater than expected when we assume no E5e However, although we

ean attribute the inflated estimates of p to the presence of Ey in

these data, we cannot make any firm conclusion about the source of

the difference in A and p between Whites and Blacks, This difference

may be a genuine difference in the degrees of assortative mating in the

two races or it may be that the contribution of common environmental

effects to variation is larger in Blacks, Although several studies

have reported marital correlations for Whites, there are no reports of

marital correlations for measures of ability in Blacks, Garrison et

al (1968) report a study of over 100,000 marriages in Minnesota where

the educational attainments of both parents were known, ‘They summarise

their findings in terms of the ¢ statistic of Goodman and Kruskal (1954,

1963), which is a measure of association for data with non-Caussian

distributions, Values of @ for US Southern Whites and Blacks were

0,6640 + 0.0008 and 0.6083 + 0.0026, ‘These values of ¢ are for

educational attainments, but since a large correlation between educational

attainments and other measures of ability has been found, we shall use -

these statistics for comparing Whites and Blacks. The value of G

for Whites is greater than that of Blacks, i.e. the degree of assortative

mating is higher for Whites than Blacks for educational attainments,

This lends no support to the hypothesis, suggested by the data of the

Georgia Twin Study, that the degree of assortative mating for abllity

might be greater in Blacks. We note that the differences in variance



components and assortative mating parameters suggested by our data are

small and non-significant and may be regarded only as tentative findings

which need extensive re-testing with additional sets of data, Analysis

of the data suggests that the unreliability of many of the individual

tests is low. Therefore, on the basis of this one study, assuming that

the degree of assortative mating is, if anything greater in Whites (from

the study of Garrison et al) we may draw the tentative conclusion that

the contribution of common environmental effect to variation in ability

is greater in Blacks than in whites,:

3.8 Summary

In the analysis of the mean squares, we have been attempting to

determine the most appropriate model for variation in the measures of

ability being studied. We found that for Verbal-Arithmetic tests the

most appropriate model was the genetical model since the simple

environmental model failed, For the Spatial tests no firm conclusions

could be drawn, The EE, model was adequate to explain variation for

most tests, Thus, the data were consistent in most cases with the

hypothesis that variation in Spatial ability can be attributed to

environmental differences between individuals, When a simple two

parameter genetical model was fitted to the data, this was also adequate

to explain variation, Therefore, we could not discriminate between

simple genetical and environmental models of variation, implying that

the power of the tests were too low, and that a larger study would be

needed in order to determine the source of variation between individuals

in ability.



Martin (personal communication) has performed power calculations

in an attempt to determine the size of experiment needed to discriminate

between the EE, and B,D, models for the classical twin study, comprising

monozygotic and dizygotic twins reared together, He assumed equal

numbers of each type of twin and generated four statistics = the between

and within pairs mean square for each type of twin - using arbitrary

values for the parameters of the model, The number of pairs of twins

needed to reject the simple genetical model at the 5% level in 95% of

experiments when the simple environmental model was in fact the "correct"

model was determined with a method involving the use of the non-central

chisquare. Similarly the number of pairs of twins needed to reject the

simple environmental model when the simple genetical model was the

"correct" model was determined, When the data were generated assuming

that E) = E, = 005 and the E)D, model was fitted to the data, Martin

found that 430 pairs of twins (i.e, 215 pairs each of MZ and DZ twins)

were required before the Ep model failed, In the converse situation

where the EE, model was fitted to data generated by assuming that

2D, = E, = 0.5, he found that 640 pairs of twins were required before

the false model was rejected. In our study we have 364 pairs of twins,

Therefore, even if the EE, model were the "true" model, we would still

be unlikely to reject the ED, model with a sample of this size,

Conversely if the ED, model were the "true" model and the heritability

was 005 (ieee 4D, -E, = 0.5), then we would not expect to be able to

reject the simple environmental model, Martin also generated data where

2D, = 0.8 and BE = 0.2 and fitted the E,E, model. In this case, only 118

pairs of twins were needed for the "false" E)E, model to fail, Thus, as

we would expect, the power of the test for a genetical component

increases rapidly as the size of the genetical component increases,



Estimates of the biased broad heritability were about 0.8 for

Verbal-Arithmetic tests and a significant genetical component was

detected easily. ‘The E,E, model failed, The power calculations would

have lead us to predict this for tests with a heritability of 0.8 and

the sample size available here, The biased broad heritability for

Spatial tests was somewhat lower, the average value being approximately

0.5. Thus, from the power calculations, we would have predicted that

discrimination between EE, and ED, models would be difficult, This

is in fact what we found,

We have demonstrated a genetical component of variation for Verbal-

Arithmetic tests, but have failed to discriminate between simple

environmenta} and simple genetical models for Spatial tests. If we are

now prepared to assume that both Verbal-Arithmetic and Spatial tests are

in some measure under genetical control, but that we failed to detect a

genetical component for Spatial tests because the power of the test was

too low, we can then try to determine the source of difference in total

variances between the two races. This does not seem to be an unreasonable

assumption in view of the power calculations of Martin, Also, external

evidence for a heritable component of variation in Spatial ability may

be obtained from the studies of many workers (e.g. Block, 1968),

Comparing the estimated genetical and environmental components of

variation in Blacks and Whites for Spatial tests, we saw that, in

general, BB and q were all larger in Whites than Blacks, and therefore,

the greater variability in Whites could not be explained by the greater

magnitude of any particular genetical or environmental component of

_-yariation. The total variance of Whites was non-significantly less than

that of Blacks for Identical pictures. Estimates of the genetical



components of variation were greater in Whites than Blacks, However,

B, was less in Whites than Blacks, the difference being highly

significant. Therefore, the smaller variance in Whites can be

accounted forPYthe smaller specific environmental component,

For Verbal-Arithmetic tests, the genetical component is larger

in Whites than Blacks, The total variances for Spelling were

significantly less in Whites, The BS component was significantly less

in Whites for this test. |

When we attempted to estimate gf assortative matings we found a

difference between verbal-Arithmetic and Spatial tests. B was bigger

in Blacks for Verbal Arithmetic tests and smaller in Blacks for

Spatial tests. The study of Carrison et al (1968) does not lead us to

suppose that the degree of assortative mating is larger in Blacks than

Whites, and, therefore, we tentatively propose that common environmental

effects may be producing more variation in Blacks for Verbal-Arithmetic

abilities. This could be the result of differences in educational

opportunities between the two races.

Spatial tests have a high loading on 'g! and there is a lot of

weight on Spatial tests in this battery. ‘Thus, it is not surprising to

find that 3 is larger in Whites than Blacks for the Spatial tests and

the "general factor" of ability analysed in Section 7. Discussion of

the significance of this finding will be postponed until Section 7,

when it will be discussed in relation to the observed differences between

the three sub-samples of the data, &scribed in Section 1.5036
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SECTION 6: GENOTYPE-ENVIRONMENT INTERACTION

1 INTRODUCTION

The simple empirical and theoretical models fitted to the mean

squares in the last section all assumed additivity of genetical and

environmental effects. Two types of non-additivity may be recognised:

(i) dominance and epistasis (i.e. genetical non-additivity)

(41) genotype-environment interaction (G x z)

‘When simple models assuming no dominance were fitted to the data,

we were testing the assumption of no dominance. Eaves (1972) has shown

for several experimental designs, that the sample sizes needed for

detecting dominance variation are large and many times the size of

this study. Therefore, although theoretically dominance should produce

failure of our simple additive models, in practise it is unlikely to do

go with studies of this size.

We have shown that genotype-environment interactions are inevitably

confounded with genetical and environmental components of variation with

the present experimental design. Therefore, we do not expect the presence

of Gx E interaction to cause failure of our simple additive model for

second degree statistics. However, the presence of genotype-environment

interaction will bias estimates of genetical and environmental components

of variation. If is remains undetected, we may seriously mislead ourselves

about the magnitude and relative importance of the different components

of variation. We shall therefore, use the scaling test proposed by

Jinks and Fulker (1970) for the detection of systematic G x E. Both
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systematic and unsystematic G x E contribute to variation i.e, to

second degree statistics. However, only the former contributes to

third degree statistics. Since the scaling test involves the regression

of variances on means, only systematic G x BE will be detected and

unsystematic effects will remain undiscovered, Systematic genotype-~

environment interaction may be detected by means of our scaling test,

put we will not be able to estimate the magnitude of the variation it

produces, since our experimental design is not suitable for this purpose,

Genotype-environment interaction as a source of variation in human

ability has been the subject of much controversy, especially since there

are few studies of a suitable design for detecting it and estimating

its magnitude. Several authors (e.g. Layzer, 1974; Lewontin, 1974)

express the view that G x E interaction is probably an important factor

in producing individual differences in ability, but that the problems

involved in its detection and estimation are so profound as to preclude

any worthwhile analysis of its effeots in man, Many studies in plants

and animais (e.g. Haldane, 1946; Mather and Jones, 1958; Bucio-Alanis,

perkins and Jinks, 1969; Jinks and Perkins, 1970; Jinks and Connolly,

1975; Mather and Caligari, 1975) have shown that genotype-environment

interaction is, indeed, widespread and an important source of variation,

although from their studies, we should not expect it to account for more

than twenty per cent of the total variation. The methods applicable to

ite analysis in experimental animals and plants are not used in man,

although the method for the detection of G x E given in Jinks and Fulker

(1970) is based on one of the methods used for G x BE analysis in

experimental organisms. we shall follow the method of Jinks and Fulker

for the detection of certain kinds of G x E interaction in the following

analyses.
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2 INDICATIONS OF GENOTYPE-ENVIRONMENT INTERACTION

In the previous section, the results of the model-fitting led

us to postulate genotype-environment interactions, for some tests at

least. Gx EB such that the size of the environmental component increases

with the genotypic mean would lead to predictable consequences for the.

components of variation, The mean of Whites is greater than that of

Blacks. ‘Therefore, given interaction between the genotype and specific

environmental variation, we would expect EB to be greater in Whites than

in Blacks. This would in turn lead to a greater total variance in

Whites. Thus, the presence of systematic genotype-environment

interaction would explain both the greater total variation and the

greater specific environmental component found in Whites.

The means and total variances were given separately by race, sex and

zygosity, in Tables Al7a and Al7b for each of the fourteen measures of

ability. One consequence of genotype-environment interaction of the type

postulated above might be a correlation between the means and total

“variances of the eight groups of twins. We would expect those groups

with higher means to have higher total variances given genotype-

environment interaction, Such a correlation is often the first indication

of systematic genotype-environment interaction, However, other factors

could produce a correlation between means and variances, For example,

if a trait is being measured more accurately at one end of the scale than

the other, then the variance will be smallest where the trait is being

measured most reliably and a correlation between means and variances

will be produced.

Since we suspected genotype-environment interaction in these data,

we looked at the means and variances and found a tendency for the means



and variances to increase together, We decided to perform a regression

analysis to see if this effect was significant, The total variances

of the eight groups of twins were regressed onto their means,

The regression mean square was significant for Vocabulary, Hein,

Cubes, Surface Development, Formboard, Object Aperture and Spatial

Ability, In all cases the total variance increased with the mean. These

seven tests are the same seven whose total variances were shown to be

heterogeneous by the Bartlett test (see Section 5), thus further

suggesting some form of "“genotype-environment interaction" for certain

of the tests. Such a dependence of variance on mean could be produced

by other types of genetical non-additivity, such as dominance and

epistasis and we must proceed to a proper scaling test forG xk

interaction,

However, first we will discuss the relationship between genotype~

environment interaction and the problems involved in choosing a scale on

which to measure our trait. Any scale used to measure a trait is in some

sense arbitrary, and the choice of scale depends on our particular

interest in the data, The "best" scale from the genetical point of view

is the one which produces the simplest interpretation of the data, This

means that we look for a scale on which all the variation may be

explained by a simple additive model, In order to find such a scale we

may have to transform our data, Any such transformation will change the

parameter estimates of our model since different parts of the scale are

altered to different extents and may also change the parameters needed

to explain variation, For example we can choose a scale on which there

ig no need to invoke genotype-environment interaction, although there

was genotype-environnent interaction on the original scale,



, 243

Transformations removing undesirable non-additive influences are

effectively changing the trait under study. If we wish to make

predictions from our data, then we choose the scale with the simplest

interpretation. However, it is possible that a particular scale is of

intrinsic psychological interest to us, In this case we accept this

scale and accept any complications that arise, Often the "problem"

will be the presence of "genotype-environment" interactions, because

on our psychologically meaningful scale we are not measuring the trait

with equal precision in all parts of the scale, If there is some

systematic component to the way in which our precision of measurement

changes with scale, then it will be detectable as systematic genotype.

environment interactions.

In these data we made no attempt to change the scale by transformation

since we are interested in the analysis of the raw scores. We went

ahead and fitted models to the mean squares based on the raw scores, i.e,

we assumed no genotype-environment interaction, Normally the failure

of this assumption would lead to failure of the model. However, when

data on monozygotic and dizygotic twins reared together only is available,

then GE, and BE, interactions are confounded with BE, BE, with B and

GE, with G,). Therefore, estimates of the size of the interactions

cannot be obtained, although we can ask how much of the environmental

sum of squares is predictable from the genotype. However, the presence

of interaction will not lead to the failure of models fitted to the mean

squares.

Since the correlation between means and variances is highly suggestive

of G x E interaction, we decided to investigate the possibility of

interactions further, We may recognise two types of interaction:



a. systematic ("directional")

be unsystematic ("ambidirectional")

Both types contribute to variation and, therefore, to second degree

statistics, However, first and third degree statistics will only be

affected by Gx E if there is a directional component i.e. if the size

of the environmental component changes in some systematic way with the

genotype. Such directional G x E may be detected by the scaling test

proposed by Jinks and Fulker (1970) for use in man, utilising third degree

statistics, which they adapted froma similar test designed to detect

systematic Gx E in experimental organisms,



3 TEST FOR GENOTYPE-ENVIRONMENT INTERACTION

Jinks and Fulker (1970) have proposed tests for systematic GE, and

GE, interactions using monozygotic twins, Monozygotic twins are

identical genetically. However, one member of the pair will score |

higher than the other because of chance or environmental effects. ‘The

absolute difference between the scores of monozygotic twins may be used

as a measure of the environmental effect within families, If the within.

families environmental influences (i.e. those contributing to E)) are the

game for all pairs of twins, then we expect the difference in scoreg

between pairs of monozygotic twins reared together to be the same, apart

from sampling error, If gq differs significantly from family to family,

then either different families react differently to the same environmental

influences or different families are subjected to environmental influenceg

differing significantly between families. Pair sums are a measure of

genotype and/or common family environment. Therefore, interaction between

genotype (or E,) and within family environment of a systematic kind, will

lead to a regression of absolute pair differences on sum, Following a

similar argument, a regression of absolute pair difference on sum for

monozygotic twins reared apart will demonstrate systematic interaction

between genotype and environmental differences between families (or

within families),

Pair sums and absolute pair differences were calculated for all

monozygotic twins, for each of the fourteen measures of ability.

Theoretically, at least, the regression line of absolute pair differences

on sum could take any shape, However, we decided to test only linear and

quadratic relationships since higher order relationships would be
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biologically and psychologically difficult to interpret. The analysis

was performed using the polynomial regression analysis program (BMDO5R)

from the BMD package of programs (Dixon, 1973). This program tests the

significance of any linear or quadratic component and has the facility

for plotting the observed points and the predicted regression line,

The signs of the regression coefficients and their significance

levels are shown in Table A57. We see that there is a significant

linear regression for five tests, which (apart from the case of Identical

Pictures) is accompanied by a significant quadratic component,

Significant quadratic components were found for six tests altogether,

For all tests, except Calendar, the linear component was positive and

the quadratic negative. We have already commented on the high test

specific variation found for the Calendar test, which led to the resulta

for Calendar being inconsistent with those of the other tests in several

of the analyses. The behaviour of the Calendar tests is anomalous

once again since the shape of its regression line is completely

different from the shapes for the other tests,

Regression coefficients are not easy to visualise or interpret,

We, therefore, show the predicted regression lines for five testa in

FiguresA4 toA8, part a. These curves are all negative quadratics and

the significant linear component found for some tests may be attributed

to the asymmetry of the regression line. The quadratic component was

significant for the tests depicted in FiguresA5 toA8, but not for the

Arithmetic test. The regression lines for all the tests except Calendar

showed the same general shape, although the quadratic component was not

significant for all tests, Thus genotype-environment interaction is

suggested, such that extreme genotypes are less variable than intermediate

genotypes.
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TABLE A57: REGRESSIONS OF ABSOLUTE PAIR DIFFERENCES ON PATR SUNS

FOR ALL MONOZYGOTIC TWINS

LINEAR | QUADRATIC

Sign SL ' Sign SL

Arithmetic + .

Vocabulary | + ~

Hein + =- +

Spelling + ** ”~ eee

Calendar - + *

Identical Pictures + ee -

Cubes + =

Surface Development + * - “x

Formboard + HEX ~ RK

Paper Folding + - t

Object Aperture | + tT

Spatial Ability + ~

Mazes Completed + ¥* - HEX

Mazes errors + _

Key: f

x*

HE

SIGN

significant at the 10% level

significant at the 5% level

significant at the 1% level

significant at the 0.l~ level

‘significance level

Sign of the regression coefficient
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We performed the same regression analysis separately by race and

sex, since the means of the four groups differed and we had evidence

from the model fitting that the within families environmental component

differed from group to group. The signs of the regression components

and their significance levels are shown in Table A58. ‘he shapes of the

regression lines and their regression coefficients differed between the

four groups, with the regression coefficient even changing sign in some

eases, This apparent inconsistency was hard to explain at first,

However, when we plotted the curves for each of the four groups on the

‘game axes, the reason for the inconsistencies became clear, Let us

“take Formboard as an example, The regression of absolute pair difference

on pair sum for all monozygotic twins is shown in Figurel8.la, ‘The

means of the four groups are indicated on the graph, In FigureA8Jb,

the regression lines for each of the four groups are plotted separately

on the same axes. We can now see that when the means differ, the

@ifferences in regression of absolute pair differences on suns may be

‘attributed to the fact that different groups lie on different parts of

- ghe same curve. In order to confirm this subjective impression an

“analysis of variance between and within groups was carried out. We can

break the data down in two useful ways, We can recognise the following

' gtructure in these data:

Regression 2 d,f

Between groups 3 d.f

Remainder 1 4.fTotal Variance
Overall

209 a.f
remainderWithin groups 206 d.f 207 a.f

or alternatively:

Between groups 3 d.f poverallTotal Variance”talWar / Regression 8 d.f~ regression 2 defWithin groups 206 a.f¢ Heterogeneity ofPooled remainder198 def regressions

6 dof



TABLE A58: REGRESSION OF ABSOLUTE PAIR DIFFERENCES ON PAIR SUMS BY RACE AND SEX

WHITES BLACKS

MALES FEMALES MALES FEMALES

Linear Quadratic Linear Quadratic Linear Quadratic Linear Quadratic

Arithmetic - + + - + ~ * 4+ -

Vocabulary | - + + - - + + - +

Heim + t - + - * + -~ + -

Spelling r “= o*# + vo e + - " + _ t

Calendar - + ~*~ - * + - + - * +

Identical Pictures + - + - - t +t + *¥ - ‘

Cubes + - + t + + ~ - -

Surface Development + T - *« 7 —- + - + ws

Formboard + - se 7 erie 2 + ~ - +t + ane ee

Paper Folding - + - + + - + zm oe t

Object Aperture + - T + + + - + .

Spatial Ability - e + - + + - - +

Mazes completed + - a? - * - t~ + + * - #

Mazes errors + - + - - + + -



The overall heterogeneity sum of squares is a sum of squares for 9

degrees of freedom - 3 degrees of freedom from the between groups sum

of squares and 6 from the heterogeneity of regressions sum of squares,

This sum of squares was calculated by subtracting the pooled remainder

sum of squares for 198 degrees of freedom from the overall remainder sum

of squares for 207 degrees of freedom. The overall heterogeneity MS

was tested for aignificance against the pooled remainder mean square.

This analysis was repeated for each of the fourteen measures of ability.

The overall heterogeneity mean square was not significant for twelve

tests. However, for Surface Development and Identical Pictures it was

significant at the five per cent level, Thus, generally, the differing

regressions in the four groups of twins may be explained by the fact

that the four groups lie on different parts of the same curve.

We can see that since the White means are higher than the Black

means for these measures of ability and lie closer to the maximum point

on the regression curve (see FigureA&.la) that we might expect E, to be

greater in Whites, given genotype-environment interaction of the type

described above. We are postulating that any differences in environmental

variation between groups may be explained as properties of the scale of

measurement.

We discussed how genotype-environment interaction arises from the

choice of a particular scale and we may now ask which preperties of our

scale are leading to the observed genotype-environment interaction. There

are two possibilities:

1. The genotype-environment interaction is a property of the way in which

the scale is constructed. For example, the trait is not measured

with equal precision in all parts of the scale and so the reliability

differs across the scale,



2. The genotype-environment interaction may be a fundamental property

of the trait when measured on this scale. For example the tendency

for subjects to guess may vary across the scale. Thus on this scale,

the specific environmental component (E,) may differ in different

parts of the scale.

“Both these possibilities are in some sense properties of the scale

and may be removed by suitable transformation. It is likely that in the

first case we will consider that our measuring instrument is poor and

will change it either by changing the actual test structure or by

transformation. However, in the second case we may decide that this

scale is the most psychologically meaningful scale and try to estimate

the variation produced by the genotype-environment interaction.

Therefore, we shall now move onto a discussion of scales and examine the

genotype-environment interaction in more detail,



4 PROPERTIES OF THE SCALE

For several of our tests there is a regression of within pairs

variability upon genotypic mean, such that extremes are less variable,

We now wish to determine whether this relationship is produced by the

different reliability of measurement in different parts of the scale, or

whether there are genuine differences in sensitivity to the environnent

between individuals of different genotypes when measured on this scale,

Therefore, we shall examine some factors producing unreliability of

measurement to see if these can account for our observed regression,

Various models of the behaviour of an individual when faced with

a test item have been formulated, ‘Two scales are commonly used to

measure ability. These are: (in the notation of Lord and Novick, 1968)

(1) number right = x,

 " "om -(ii) "formula score" =x, =pF

where x" the number right

, “= number wrong

A  «# number of categories

The first model assumes that an individual's knowledge may be

measured by the number of correct responses he makes, No account is

taken of correct responses obtained by guessing or whether wrong

responses were obtained by incorrectly answering due to wrong information

or omitting items. Clearly this is a very simple and unrealistic model,

although it often used for scoring measures of ability,



The second model which gives rise to the formula score is known

as the random guessing model. We assume that if a subject knows the

answer to a test item, he gives that answer and if he does not know the

answer he omits the item or guesses at random. Clearly this model is

also simple and unrealistic. Usually a subject will have either

misinformation or else partial information about an item which will

render some particular response more attractive to him, especially in

multiple-choice type tests. However, since all the fourteen tests

atudied here are either "number right" or "formula scores", we shail

consider how the simple random guessing model described above gives

rise to the formula score, .

If we assume the random guessing model, a correction for guessing

can be made to the number right score. The problem is to try and

determine the distribution of scores if no random guessing had occurred

i.e. we are trying to find a subjects true level of knowledge (,) from

his observed number of items attempted (n,) by making a correction for

the number of items for which the correct answer was obtained by

guessing. Lord and Novick (1968) show how the formula score, i is

an approximation to the maximum-likelihood estimator of k,o ‘The

A w

formla score is given by k, = x, - ri

w - xwhere a = n, a

The formula score, an is an unbiased estimator of k, (when n, is

fixed) over repeated independent random guessing. When there are no

omitted responses i.e. n, is the same for all subjects, then the formla

scores is completely correlated over subjects with the number right

gcoree
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The error variance of a formula score can be divided inte two-

additive parts; the topastic error variance - due to guessing and the

scedastic error variance - error variance due to all other causes, The

topastic error variance of a number right score is:

var (x, [n,.k,,p) = (n, -k,) pa

where p = probability of obtaining a correct response

and q = l-p .

Thus, following Lord and Novick (1968), the variance of the formula score

is:

n -k
a - 2 = a. Avar (k, | n, +k.) (n, i.) 4 Tri 

i.e. for both number right scores and for formula scores the error

variance is proportional to the number of errors, since We =n -k.

Thus, we expect theerror variance to increase with the number attempted

(n,) and to decrease with the level of knowledge (k,)- What consequences

does this have in terms of our tests of ability and the observed

genotype-environment interaction for many of the tests? In order to

answer this question, we shall set up a model of test behaviour basea

on the error variance of the forma scores given by Lord and Novick,



~ #5 A POSTULATED MODEL OF TEST BRHAVIOUR

We have seen how the topastic error variance of a score is

proportional to the number of errors (we Since w, =n, ~ k,» we mst

attempt to explain our observed genotype by within families variation

interaction in terms of the number of items attempted and the level of

knowledge of the subjects. As measured ability (ices x, ) increases,

we postulate that n, increases more rapidly than k, so that as ability

inereases, the number of items attempted increases even faster until a.

ceiling is reached. For tests showing genotype-environment interaction

of the type found here, the difference between number attempted and

number right should be largest in the middle range of ability, and the

maximum size of this difference may vary from test to test. Thus we

expect low scores to reflect not merely wrong answers, but also few

attempted questions. The greater error variability will apply to

subjects of intermediate ability who, we predict, will attempt many

questions but know relatively few answers, As we progress to subjects

of high ability, we expect to find most items attempted and answered

correctly, Consequently, we expect a reduction in error variance as we

move from subjects of intermediate to those of high ability, This model

suggests that test scores may be explained in terms of two underlying

traits; knowledge (k,) and tendency to attempt questions (n,)- We may

regard these two underlying parts of test behaviour as reflecting

ability andMotivation respectively, If the model is correct, then it

is possible that the underlying traits may contribute differently to

final performance in the different groups of twins (i.e. between races and/

or sexes) and that we may be looking at different traits in the different
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groups. If this is the case, then the heterogeneity of the total

variances found for some tests should not surprise us. In this case

analysis of the two underlying traits might be more useful in explaining

differences between the groups. However, before speculating about the

consequences of looking at different traits in the different groups,

we should attempt to test our model,

Our hypothesis is that the model of test behaviour assumed by the

number right scores and formula scores is the correct one and that the

error variance is directly proportional to the number of errors. We

predict that the gehotype~environment interaction will be explained by

the error variance varying in different parts of the scale such that

the error variance is proportional to the number of errors that the

number of errors will vary in a similar manner in different parts of the

scale, In order to test these predictions we shall look at the

regressions of error variance and mumbers of errors on final score,
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6 TESTING THE POSTULATED MODEL OF TEST BEHAVIOUR

6,1 The Additional Information required for Testing the Model

The scoring systems for the fourteen measures of ability used in

the Georgia Twin Project are shown in Table A59,.

In order to test the predictions made in the previous section,

additional information on each test was required, The within pairs

variance was used as a measure of error variance plus genuine Ej when

regressing absolute pair differences on pair sums, We now wish to determine

whether the regression of within pairs variance on pair sums was produced

by differing error variances in different parts of the scale or whether

it was produced by the interaction of genotype with within pairs

environmental variance, Therefore, we need a measure of test unreliability.

The number of sub-tests comprising each test is shown in Table A59,

We can obtain a measure of reliability for each of the eight tests with

two or more sub-tests if we have the scores of individuals on the sub-

gests. We do not have this information for the Mazes tests, the three

Verbal tests or the Calendar test so we shall not be able to determine

the source of the regression of absolute pair differences on pair sums for

those tests. In order to test our prediction that the model for number

right and formula scores was correct and that the error variance was

proportional to the number of errors, we needed more detailed information

about test performance, We needed to know the number attempted and the

number right. Dz. RoT.Osborne kindly made available to us, in the

Spring of 1975, the more detailed information needed to pursue the

analysis:



TABLE A59: SCORING FORMULAE AND AVAILABILITY OF INFORMATION FOR TESTING
OUR POSTULATED MODEL

Test Scoring Formla Xq_ and ng Namber of
availability Sub-Tests

Arithmetic Xa — (wa/t) v 9

Vocabulary Xa - (wa/k) v 1

Heim Xa - (wa/5) v 4

Spelling - Xy “ 4

Calendar Xa —- Wa Y 4

Identical Pictures xa - (wa/t) v >

Cubes Xa 7 Wa v 2

Surface Development Xq Vv 2

Formboard Xa “ 2

Paper folding Xa ~ (wa/}) a 2

Object aperture Xqg ~ (wa/h) “ 2

Spatial ability Xa v 6

Mazes completed Xa x 4

Mazes errors Xg x 1

Note: For Mazes errors x, = number of errors



(i) the number of items attempted by each individual on each

test - a,

(ii) the number of items correctly answered by each individual

on each test - x,

(411) the score of each individual on each sub-test of the eight

tests with two or more sub-tests

The information about n, and x, were not available for the Mazes

tests and so the analysis of the genotype-environment interaction cannot

be taken any further for these tests.

6.2 The Regression of Error Variance and BE) on Test Score
 

It is possible, for those tests with two or more sub-testa, to

determine separately the effects of within families variation due to

error variance (test unreliability) and that due to genuine BR differences

petween individuals. We shall use the analysis for a test with two

sub-tests as an illustration, We wish to obtain an estimate of the error

variance and EB) at each point on our scale represented by a pair of twins,

Therefore, the analysis of variance outlined in Table A60A was performed

separately for each pair of twins for the six tests with two sub-testa.

The same analysis, with the appropriate numbers of degrees of freedon,

was also performed for Spatial Ability and Arithmetic which have six

| and seven sub-tests respectively. In the analysis the between twins item

is a measure of the variation within pairs produced by both true error

variance and by y differences between individuals. The model for the

expected mean squares has been written assuming that both main effects are
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TABLE A60: ANALYSIS OF VARIANCE FOR A PAIR OF TWINS

Ae THE ANALYSIS WE PERFORMED ASSUMING THAT SUBTESTS ARE RANDOM

Item af Expected Mean Square

Between Twins (T) 1 o2 + 02 4 202,

Between Sub~Tests (s) 4 o2 + 02 + 292

TxS 4 o2 +02

Be THE ANALYSIS NEEDED IF SUBTESTS SHOULD BE A FIXED EFFECT

Item | . af Expected Mean Square

Between Twins (T) 1 ge 4 + 29 2

Between Sub-Tests (s) 1 of 4 of + 202

xs 4 02 + of



random. Since we have no replicates, we have to assumr that the os

interaction component is not significant and use the twins x sub-tests

mean square aS our estimate of error, Then we can find Ons the

variance within a pair of twins corrected for unreliability:

T

2where the divisor of two is the number of sub-tests, ‘The component Sn

is a measure of the differences between individuals after the error

variance has been removed and is, therefore, our estimate of Er fora

pair of twins, The error term, T x § is our estimate of the error

variance for a pair of twins,

There are two problems with this analysis:

(1) There is no test for the interaction component since we have no

replicates, Therefore, if there is a singificant interaction

component, our estimate of the error variance will be an over=

estimate. This will not bias B, as long as both main effects may

be regarded as random,

(2) ‘tt is difficult to decide whether sub-tests are a fixed or a random

effect. If we were to test the twins again to obtain replicates we

would probably use the same sub-tests ona later occasion, This

suggests that sub-tests are a fixed effect, However, we would do

this for convenience only, It is probably more realistic to regard

sub-tests as random samples from a universe of possible sub-tests,

Therefore, it is performance on all possible sub-tests that we are

really interested in and we my regard sub-tests as a random effect,

“If sub-tests were fixed, the model in Table A6OB would be appropriate

and if there was a significant interaction component, then ovr estimate

of Ey would be an underestimate,



Having obtained estimates of error variance and Ey for all pairs of

twins on each of the eight tests, we tried to determine which of these

effects is the source of the regression of absolute pair differences on

pair sums. A polynomial regression analysis of the error variances on

the number right was performed using the BMD program, Some examples of

the predicted regression lines are shown in Figures A4c,A6c,A7c and A8.2b.

The polynomial regression of our estimates of BE) on number right per

sub-test was also performed. Examples of the predicted regression lines

are shown in Piguresh4d,A6d,A7candA8.2oThe sizes and signs of the

regression coefficients were examined and the shapes of the curves were

assessed by looking at graphs of the predicted regressions. Our

assessment of howwell the regressions of error variance and BE, mimic

the regression of absolute pair differences on pair sums is summarised

in Table A6l1, For six of the tests the regression of error variance on

test score was more similar to the regression of absolute pair difference

on sum than the regression of E on test score, indicating that the

regression of absolute pair difference on sum is being produced by

different error variances in different parts of the scale rather than by

differing sensitivities to the environment of genotypes in different parts

of the scale. However, for Formboard and Spatial Ability, the regression

of absolute pair difference on sum was best explained by differing

sensitivities to the environment in different parts of the scale,

To summarise our findings in this Section, we see that for most

tests the "genotype-environment interaction" may be explained as a

property of the scale of measurement, since the regression of error variance

on test score seemed the most likely explanation of the regression of

absolute pair difference on pair sum, For Formboard and Spatial ability,



: 269

TABLE A61l: . COMPARISON BETWEEN REGRESSION LINES OF ABSOLUTE PAIR
DIFFERENCE, ERROR VARIANCE AND By ON SOME MEASURE

OF GENOTYPE

Regression on measure of genotype of:

Error Variance 5

Arithmetic 4 O

Identical Pictures 2 1

Cubes 2 0

Surface Development 2 4

Formboard 4 2

Paper Folding 2 4

Object Aperture 2 oO

Spatial Ability 0 2

Key

Oo No relationship between g x e and the shape of this

regression line

4 The g x e and this regression line have the same sign on the

4 quadratic component

2 This regression line follows the shape of the g Xe very
closely

\
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there was some evidence that the "genotype-environment interaction" could

not be explained by differing error variances in different parts of the

scale and might be the result of genuine differences in within families

environmental effects in different parts of the scale,

We shall now discuss the second part of our model which predicts

that the model of test behaviour assumed by the number right and formla

scores is correct and that therefore, the error variance is directly

proportional to the number of errors,

6.3 The Appropriateness of the Number Right and Formila Scores

The topastic error variance is directly proportional to nok,

(i.e. the number of errors), if the models of test behaviour underlying

the number right and formula scores are appropriate, Given that these

models are appropriate, we predict that the regression of w q on X,

should be the same shape as the regression of absolute pair (difference)*

on pair sum for the six tests where the "genotype-environment" interaction

could be explained as a property of the scale of measurement. ‘This

regression should be a quadratic:

2
wart b x, +e x, where a, b and c are constants

Alternatively it follows, since W, =O, Xap that:

2
ns a+ (1 + b) x, + cx,

In order to test these predictions, we performed a polynomial

regression analysis of w, on x, and n, On X,- Examples of these

regressions are shown in Figures A4b,A4f,A5b,A6bD,A6f,A70,A7f£ and



A8.2a. We also thought it would be of interest to regress We

onto nas since the algebraic relationship between We and n, is complex

and if the model of test behaviour is correct we may wish to study the

two underlying traits "ability" and “motivation", discussed in Section

6.5. Examples of these regressions are given in Ade,A6e and A7e.

The regression of We, onto x, was the expected quadratic for only

Cubes and Object Aperture. It followed quite closely the regression of

absolute pair difference on pair sum for these two tests. However, for

all the other tests the number of errors decreased as the number right

increased. For seven tests the rate of change of Wo with a decreased

as X, increased and for five tests the rate of change increased as x,

increased, but apart from the case of Cubes and Object Aperture, the

quadratic component was not significant and the linear component was

highly significant. We do not see the expected increase in number of

errors as ability increases from low to intermediate levels, and then a

decline in number of errors as ability increases from intermediate to

high levels. We see only that number of errors decreases as ability

increases. The regression of error variance on x, is a negative

quadratic of the same shape as the regression of absolute pair

differences on pair sum. The regression of W, on x, is not a quadratic

put has a marked negative linear component. Therefore, our model of

test behaviour inherent in the number right and formula scores,

predicting that the error variance is directly proportional to the

number of errors, cannot be accurate for most tests, In order to find

further evidence on this point, we shall now examine the regressions of

n, on X,» which would be negative quadratics on our model,



The regression of n, on x, was a négative quadratic for Cubes and

Object Aperture. For all other tests, the linear component was highly

significant and n, increased as x, increased. In the case of the

regression of w, on nn, there was a strong linear component such that We

decreased as n, increased. Thus from these regression lines, we do not

find any evidence that predictions based on the properties of the number

right and formula scores have any generality for these tests,

The regression of absolute pair differences on pair sums is

best explained by differing environmental effects in different parts of

the scale for Formboard and Spatial Ability, Thus we have some evidence

for genuine genotype-environment interaction for two tests. The biases

introduced into the estimates of genetical and environmental components

of variation obtained in Section 6, were extensively discussed in

Section 3, An additional point must be made here. For those tests

where the regression of absolute pair differences on pair sums was not

explained by genuine "genotype-environment interaction", but by differing

error variances in different parts of the scale, then genetical and

environmental parameters of variation will still be biased by the

interaction generated by the properties the scale. ‘These biases will be

the same as those discussed in Section 3, since estimates of B, always

contain error variance as well as true within families environmental

variance.



7 SUMMARY

Tests where the regression of absolute pair differences on pair

sums cannot be explained by "g x e" are best explained by differing

error variances in different parts of the scale, For two tests i.e.

Cubes and Object Aperture, the random guessing model specified by the

formula scores is an adequate explanation of test behaviour, as far as

the evidence presented here can show, However, for the other tests,

predictions based on the formula scores are clearly not borne out by the

data. The distribution of the number of errors is not the same as the

distribution of total error variance, The random guessing model is not

an adequate description of test behaviour for all tests i.e. subjects

display misinformation, which cannot be attributed to guessing,

Examination of Appendix II shows that, on a purely descriptive level,

the tests are very different in their construction and the type of

subject response required and we should not be surprised that one

psychometric model is not adequate to explain test behaviour for all

these tests, especially so simple a model as the random guessing

model. ‘Thus our general conclusion is that the test battery is a

collection of heterogeneous tests for which different models of test

behaviour and different models for individual differences in performance

are required (see Section 5)e However, we have seen how grouping the

tests into two factors, one Spatial and one Verbal has helped in drawing

fairly general conclusions about the data, In the next Section, we shall

extract a measure of "general ability" from the various tests of the

pattery and attempt to draw more general conclusions about the causes of

yariation than has been possible through analysing individual tests,



SECTION 7: ANALYSIS OF A "GENERAL FACTOR"

1 INTRODUCTION

Several general conclusions and trends have emerged from analysing

each measure of ability separately, Interpretation was greatly facilitated

by recognising the division of the the tests into Verbal - Arithmetic

and Spatial Factors, Tests of the two factors behaved differently in

several respects. Tests of the Verbal-Arithmetic factor gave quite

consistent results, although the answers obtained for Vocabulary did

not always agree with those for the other tests, The amount of test

specific variance for Vocabulary was greater than for the other tests

(see Table Al2), This might partly explain the divergence of the

results for Vocabulary from those for the other tests. Although there

was an overall similarity in the results obtained for the different

Spatial tests, there were many inconsistencies between them. From Table

Al2, we can see that there is a high level of test specific variation

for many of these tests especially for the Mazes tests and Identical

Pictures. This might produce inconsistencies in the results obtained

over different tests.

In order to obtain a more clear cut and simple interpretation of

the data than was possible by analysing each test separately, we decided

to try and extract a general measure of overall "ability". Spearman's

(1904) theory of ability postulates a general factor, underlying all

intellectual tasks, and specific factors, s, which produce variation in

specific intellectual abilities, The fourteen tests of the Georgia Twin

Study all purported to measure some aspect of ability, but the high level



of test specific variation made interpretation of the data difficult,

Extraction of a general factor of ability should allow us to make more

useful statements about the causes of individual differences in ability

in Whites and Blacks and in males and females,
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2 EXTRACTION OF THE GENERAL FACTOR

Principal components analysis was used to extract a general

factor of ability. Principal components analysis is briefly described

in Section 2,1 and Appendix C and a more extensive account may be found

in Seal (1964). The first principal component extracted from a body of

data accounts for the largest proportion of the variation and may be

regarded as an approximation to a general factor accounting for variation

common to all tests. Ina large battery of tests, this first component

is analogous to Spearman's g,

The principal components analysis was carried out using the raw age-

adjusted scores, Standardised scores were not used since standardisation

removes differences in total variances, Such differences in total

variance are often the first indication of interesting differences between

different groups of data, e.g. a difference in variance between males and

females often indicates sex-linkage, One of our chief interests in

analysing the general factor scores is to throw more light on the

differences in variance components between Whites and Blacks,

We will analyse general factor scores from a principal components

analysis based on all the data jointly, ‘This is important since if we

wish to compare the two races, we mst assume that the game psychological

model is appropriate for both races. In performing the principal

components analysis separately for the two races, we would be assuming

that a different model was possible in the two races, Analysing factor

scores based on a principal components analysis carried out separately

for each race would be equivalent to assuming that a different psychological

model was required in each race, and, therefore, when we made comparisons



between races we would essentially be comparing the genetical and

environmental components of variation for different traits,

All. calculations necessary to complete the principal components

analysis were carried out by Dr. R.T.Osborne, Professor of Psychology

at the University of Georgia on their IBM 360/370 computers. Factor

scores were assigned to each subject on the basis of the first principal

component extracted from the age-corrected raw scores of the combined

White and Black groups, These factor scores (FT's) were nade available

to me for further analysis by Dr. Osborne during 1975,

Osborne also completed a similar principal components analysis for

White and Black groups separately, so that some test of whether the same

model is appropriate for both races could be made. He found the factor

loadings based on the first principal component from the analysis of

Whites separately (which we shall call FW's). He repeated this procedure

for Blacks and we shall call these factor loadings the FB's, Then he

found the correlation between the Ff's of Whites and their FW's and the

correlation between the Ff's of Blacks and their FBts, This correlation

was 0.999749 in the case of Whites and 0.997475 in the case of Blacks,

These extremely high correlations between the factor loadings based on

the total group and the factor loadings based on each race separately

suggest that the same psychological model is appropriate for both races,

Thus, the factor scores made available by Dr. Osborne are an approximation

to a general factor of ability which we believe to be the same general

factor in both races. So we can analyse these factor scores in the same.

way as we analysed the raw, age-corrected test scores and make comparisons

between sub-groupings of the data,
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3 PRELIMINARY ANALYSIS OF THE GENERAL FACTOR SCORES

3.1 The Means

The means of the general factor scores were calculated separately

by race, sex and zygosity, They are shown in the first column of

Table A62. The simple linear model predicting the effects of race,

sex and zygosity on the group means was fitted to the data as deseribed

in Section 2, Estimates, obtained from fitting this model, and their

standard errors are presented in Table A63, ‘he differences in mean

between the eight groups of twins may be explained in terms ofa

significant races and zygosities effect. The races effect ig positive

i.e. the mean score of the Whites is greater than that of the Blacks,

_ Races effects for the individual tests were aso significant and positive,

Whites score higher than Blacks in both "general ability" as measured by

general factor scores, and in tests of specific abilities, Possible

causes of the higher White mean in ability were discussed in some detail

in Section 2.5.2.

We found for the individual tests that males scored higher on

average on tests of Spatial ability than females and discussed the

possibility in Section 3, that variation in Spatial ability might be

produced by sex-linked genes, The strongest evidence we found for sex-=

linkage was the higher variance of males compared with females but several

other explanations were consistent with the data,

Female means were higher than male means for the Arithmetic and

Spelling tests, but not for Vocabulary or Heim. From the individual tests

we could not predict the effect of sex on the general factor scores,



TABLE A62:

Group

MALES

WHITES

FEMALES

MALES

BLACKS

FEMALES

DZ

DZ

DZ

MZ

DZ

Mean

- 199.17436

191042513

198.24893

186. 35255

138.66743

126. 97304

144.2511

1325-10973

Total

Variance

4634. 1077

449729189

3041.5923

334120293

3289.9708

247722525

2737-5518

2594. 1306

- SUMMARY STATISTICS FOR THE GENERAL FACTOR SCORES

Between
pairs
mean
square

8847.559

7727945

5696.941

5558.672

6461. 645

3187.786

5220.191

4.363.586



Within
pairs
mean
square

470.815

1291.624

416.188

1150.431

240.281

18170471

304.563

878.294

F

18.792

5.983

13.688

4,832

26.892

10754

17-140

4.968

Signi-
ficance

levels

ee

att

ak

e+e

ee

0.15

ee

s*8

Number

of

pairs

84,

51

' 87.

82

26

14

33

6
2
2



TABLE A63:

Mean

Race

Sex

Zygosity

RxS

RxZ
SxZ

RxSxZ

280

ESTIMATES OF EFFECIS OBTAINED BY FITTING A LINEAR MODEL TO

THE MEANS FOR THE GENERAL FACTOR SCORES

Estimate

165.039

28.781

-0.939

5-039

0.244

-0.131

-0. 186

~0. 853

se

1.024

4.024

1.024

1.024

1.024

1.024

1.024

1.024

c

“161.171

28.106

0.917

4.921

0.238

0.128

0.182

0.833

significance level

Rew

* ke

NS

eh
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From Table A63 we see no evidence for a mean difference between males

and females in general ability as measured by the general factor scores.

The effect of zygosity on the means of the general factor scores is

highly significant. The mean of monozygotic twins is higher than that of

dizygotic twins, This repeats a similar finding for many of the individual

tests. In Section 2.5.4 we discussed evidence from Bulmer (1970) showing

that the dizygotic twinning rate is higher in mothers from lower socio-=

economic status groups and we showed how this could account for the lower

mean scores of dizygotic twins,

3.2 The Variances

The total variances for each of the eight groups of twins are shown

in the second column of Table A62,. The total variances of several of the

individual tests were heterogeneous, Whites tended to be more variable

than Blacks and for the Spatial tests; males tended to be more variable

than females. The chisquare from Bartlett's test, testing the assumption

that the total variances are all estimates of the same o& m was

significant at the one per cent level (Ma = 19,21), ine. the total variances

were heterogeneous.

In order to determine the source of this heterogeneity, the approach

of Section 5.2.1 was adopted, The simple linear model predicting the

effect of race, sex and zygosity on the total variances was fitted to the

logarithms of the total variances using the weights specified in

Section 5.2.1. The estimates of the effects and their standard errors

are shown in Table A64, The heterogeneity in the total variances may

be explained by a difference in total variance between the races, Whites



TABLE A64:

Mean

Race

Sex

Zygosity

RxS

Rx

SxZ

RxSxZ

. 232

ESTIMATES OF EFFECTS OBTAINED BY FITTING A LINEAR MODEL

TO THE LOG VARIANCES OF THE GENERAL FACTOR SCORES

Significance
Estimate se c level.

8.084 0.059 136.460 +e

0.162 0.059 2.728 **

0.106 0.059 1.797 NS

0.035 0.059 0.586 NS

0.072 0.059 1.216 NS

-0.050 0.059 0.838 NS

0.045 0.059 0.756 NS

-0.013 0.059 0.244 NS
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are more variable than Blacks. A difference in total variance in this

direction was found for many of the individualstests, Heterogeneity of

total variances between the sexes was found for several Spatial tests,

which was our only evidence for sex-linkage in these data, The value

of c testing whether the sex effect is significantly greater than zero

for the log variances of the general factor scores approached

significance (ec = 1.797, p < 0.10). Thus, although the sex effect

is not fully significant, there is some indication that the total variances

of males are higher than those of ‘émales,

- In fitting models to all the data jountly, the implicit assumption

is made that the total variances are homogeneous, Factors contributing

to heterogeneity in the total variances were described in detail in

Section 5. When one of these assumptions fails and the total variances

are heterogeneous, models will fail when fitted to all the data jointly,

The assumption that the total variances are equal has failed in these

 @ata. Therefore, since we may attribute this heterogeneity to

heterogeneity betweenmces, we will fit models to Whites and Blacks

separately. However, we shall fit models to the sexes jointly since the

sex effect was not significant.

5.3 Genotype-Environment Interaction in the General Factor

The assumption of homogeneity of the total variances has failed

for the general factor scores, This problem will be overcome by fitting

models to races separately. The models specified in Section 3 assume

that there is no interaction between genotypes and environment. We will

test this assumptionnow, using the test suggested by Jinks and Fulker

(1970) (see Section 6).
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Absolute pair differences in general factor score were regressed

onto pair sums using the polynomial regression analysis program from the

BMD package (Dixon, 1973). We tested for linear and quadratic relation~

ships since the biological meaning of higher order relationships would be

difficult to interpret. ‘The regression was performed for all monozygotic

twins jointly and then separately by race and sex, ‘There was no

significant linear or quadratic relationship between absolute pair

differences and pair sums, either for all monozygotic twins jointly or in

any race-sex group, ‘Thus, we have no reason to suspect the presence of

genotype-environment interaction for the general factor, although there

was "G x E" for several of the individual tests, Each individual test is

measuring a slightly different aspect of ability i.e. a different trait

with different scalar properties, We were not surprised to find inter.«

action for some traits but not others, The general factor measures a

trait of general ability common to performance on all the individual

tests and does not explain test specific variation. Since we have found

no evidence for genotype-environment interaction for this trait, we will

fit the additive models specified in Section 3 to the mean squares of

the general factor scores, We notein passing that there is no test for

interaction between genotype and the between families environmental

component, The biases that would be introduced by the presence of Gx FE
2

interaction were discussed in detail in Section 6,

3.4 Analysis of Variance

The total variances were partitioned into between and within pairs

mean squares by a simple one-way analysis of variance, performed separately
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by race, sex and zygosity. ‘These mean squares are presented in columns

four and five of Table A62, Values of F and the corresponding significance

levels are also given. Mean differences between pairs were highly

significant in all groups except dizygotic black males,’ The total sample

size in the case of dizygotic Black males was only 14 pairs and,

therefore, we were not surprised that differences between pairs were not

significant, since the power of the test was low.
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4 MODEL FITTING TO THE MEAN SQUARES

4.1 The Simple Environmental Models

The expectations for the E and BB models were given in Table

A27, The Ey model failed in both races (%,? = 216,778 in Whites,

mi = 84,971 in Blacks). This means either that there is significant

‘between families variation or that there are significant differences

between the mean squares of monozygotic and dizygotic twins,

We next fitted the EE, model, This model was not adequate to

“explain variation (%,° = 43.192 in Whites, %,° = 42,903 in Blacks).

. The BE,5, model specifies that variation may be explained in soley terms

of environmental differences between families,

4.2 The Empirical Genetical Model

The Gy» B, Ej) model was fitted to the mean squares, Estimates of

the parameters and their standard errors are given in Table A65, This

model was adequate to explain variation in both races, The biased broad

heritabilities (zh,”) and their standard error are also given in Table A65,

The estimate of biased broad heritability, wh, of the general

factor is larger in Blacks than in Whites. However, the difference between

the two heritabilities is not significant (c = 0,612), ‘Therefore, we may

regard the heritabilities as estimates of a value of Bh,” common to

Whites and Blacks, .

A
A

Estimates of EB and B are significantly larger in Whites than Blacks,

Aa A A
(c = 2.437 for E, and c = 2,119 for B), However, the estimate of G, is
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A65: THEG42 E4 MODEL FOR THE GENERAL FACTOR SCORES FOR WHITES AND BLACKS SEPARATELY

WHITES

Estimate Se

763-380 153-990

2614.128 300.265

442.849 47.850

6.351

0.884 0.015

1850. 748 383.891

0.3996 0.0642

0. 548 0.093

0.620 0.106

4.957

8.706

92255

4.824

eee

eke

+khe

BLACKS

Estimate Se

| 902. 607 243.861

1609. 188 367.224

281.655 45.663

4.647

0.899 0.020

206.581 532.319

0.6462 0.1390

0.281 0.199

0. 313 0.222

. 3-701

4.382

6.168

1-327

e
e



non-significantly smaller in Whites than Blacks (c = 0.483). Since

estimates of genetical and environmental components of variation differ

in the two races, the fact that the biased heritabilities are not

significantly different must be due to chance, This shows that

"heritability" is not a very useful statistic, Since the two estimates

of Bh? do not differ, we might suppose that there are no racial

differences in components of variation between races which are of interest

to us, These differences are not apparent from estimates of

"heritability" in the two races,

The total variances of Whites are greater than those of Blacks,

and this may be attributed to the greater EB and B in Whites, The

greater Ey may indicate that the general factor is being measured less

reliably in Whites, or it may mean that there is a greater range of

specific environmental variation in Whites, If the reliability of

measurement of the general factor is less in Whites, we might expect

the test reliabilities of the individual tests to be less in Whites,

Since we have no data on the individual test reliabilities in Whites

and Blacks we cannot discriminate between these alternatives,

Our estimate of 3 is larger in Whites, Since B = G + E,, either

Go or Ey ‘or both may be larger in Whites. If we assume no dominance or

assortative mating, then Gy = Goo Since é, is less in Whites than Blacks

and Gy we Gos then 3 must be larger in Whites because Ey is larger, given

no dominance or assortative mating, If there is assortative mating, then

Bmay be larger in Whites because the level of assortative mating is

higher. We cannot say why B is larger in Whites until we have tried to

assess the relative importance of common environmental effects and

assortative mating,



4.3 Common Environmental Effects and Assortative Mating

Gy and B may be defined in terms of the underlying genetical

effects:

= a

Gy 4D, +-2¢ Hy

Bs £ Dp +e Hy + B (A/(1-8)) Dp + Ey

Therefore, in the absence of dominance, assortative mating and common

environmental effects, we expect Gy = Goe From Table A65, we see that

8is greater than G in both races, ‘The difference between z and Gy

is significant in Whites (c = 5.485) but fails to reach significance in

Blacks (c = 1,603), If there is dominance but no E, or assortative

mating, then we expect Gy 7? Body iHye Since a is not greater than

Bfor the general factor, we have no evidence for dominance, This does

not mean that there is no dominance, The presence of Ey or assortative

mating inflates G, compared with Gye If E, and assortative mating

contribute to 3 to a greater extent than dominance contributes to Gs

ine. if aH, <4 (a/(1-A))D, + E5, then Gy may not be less than 4, even

when there is dominance,

Setting Limits to the Size of the Common Environmental Effect

We expect assortative mating and common environmental effects to

A A
inflate B. Since B ? Gy» we have evidence for either assortative mating

or Ey or both, If we make several simplifying assumptions, we may set

limits to the values that Ey and the assortative mating parameter may take,
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Assuming no dominance or assortative mating, we can estimate

A A A
Bo = Bo G

= G +E) - 4D,

A a A
Values of Ey were found as the difference between B and Gye The variance

A

of Ey is given by:

“e) 7 “B) * Ey) — BE)

The values of B, for Whites and Blacks and their standard errors are

given at the bottom of Table A65, If the assumption of no assortative

mating fails, then 3 - G = %A/(1 - A) D, + E, and our estimate of Ep

is an overestimate, Ifthe assumption of no dominance fails, 4 - G = E,

- #Hp and our estimates of B is an underestimate,

The estimate of B is significant in Whites, but not in Blacks, The

value is non-significantly greater in Whites than Blacks (c = 1.743, p <q

0.10).

| The broad heritability may be calculated:

A
A» 26

. 1
ho oe

G+ +h

This estimate is unbiased if there is no dominance, Otherwise, it is
1. .

biased by 5 H,/(4D, + 2H, +E, + E,)« The broad heritabilities for

Whites and Blacks and their standard errors are shown beneath the

estimates of E, in Table A65. ‘The heritability in Blacks is non-

significantly larger than in Whites (c = 1.61, p < 0.10). From Table A65,
. A |

we see that this heritability estimate is larger in Blacks because Gy is
A .

larger and Ey smaller in Blacks,’
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Setting Limits to the Size of the Assortative Mating Parameter

Let us now attempt to set a limit to the value that the assortative

mating parameter, A, may take. Assuming no dominance or common

A A
environmental effects, we may write Gy and Bé

A
Gy = Dp . eee(l)

B= Da + #A/(1-A))D, w+0(2)
A A

Therefore, we may estimate D, = 4G,. Substituting into equation (2),

we find that:

A A

A Be-G
1

A ~ -

B + 1

Following the approach outlined in Section 5.3.7, and assuming no .

dominance or assortative mating:

Ao | Ao G, +B 2D, +4 (a/(1-a))D,

"B “H G) +B+E, 4 Dp + (A/(1-A))DptE,
  

and the marital correlation, p>» may be estimated as:

A
-»* he

n

A A
If the assumption of no Ey fails, A and Pp will be overestimates and the

value of the heritability will be an overestimate, Failure of the

A A
assumption of no dominance will lead to the underestimation of A and pP-

The estimate of heritability will no longer be the narrow heritability,

since the variance due to dominance will appear in the numerator, However,

it is still an estimate of the broad heritability, given that there is no

Eye



292A

nN A

Estimates of A and pare shown for Whites and Blacks at the bottom of

AAA A
Table A65. The variance of the ratio B-G/B + G, is given by:

W&e. )
v(a) = i. —4 7 (v(é,) + 6,7v(3) - 26,But,8)

$46, (Gy, + G5)

A

and the variance of the ratio 5 is given by:

h

A ao, v(h) . v(h?)
vf) = VW “ag ) = (We, ve)

- ROR"
A A A A

The standard errors of A and p given in Table A65, Values of A andji

A
are non-significantly larger in Whites than Blacks (c = 1,216 for A and

A
c = 1,248 for Pp.

Discussion of Common Fnvironmental Effects and Assortative Mating

We have shown that B is significantly greater in Whites, but that

the smaller a in Whites is not significantly different from that in

Blacks. Either Ey or the level of assortative mating is greater in

Whites than Blacks. We have no expectation for the absolute magnitude

of Ey and, therefore, we cannot say whether the estimates of E, are

reasonable or not. However, our values of ne =a (which are

: 2G,+E,+E,

3 3p if there is dominance),
264+ Ey + Ey

 

biased upwards by

(n,* = 0,4 in Whites and hn? = 0,6 in Blacks) are much smaller than

those found for general ability in other studies, .

A
This gives us some indication that our estimates of Ey may be

inflated by variation produced by assortative mating, especially in Whites.
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_We will now reverse this argument and consider the size of ‘ and &

Our estimates of A andp are derived from the estimates of genetical

parameters. However, other workers have measured the marital correlation

directly and derived estimates of ae The study of educational

attainments of Garrison et al (1968) did not lead us to expect large

differences between the marital correlations of Whites and Blacks,

Several other studies of general ability (e.g. Vandenberg, 1972) lead us

to suppose that our value of A obtained for Whites is rather high, but

that the value of A of 0,281 obtained for Blacks is about right. ‘This

suggests that the value of fhmay be inflated by E, in Whites but that

Ey is negligible in Blacks.

Let us now assume that the true value of A is the same in both

Whites and Blacks and that the true value is that of Blacks i.e.

a = 0,281. In Section 3 we showed that:

Gy - G)

Go + Gy

>
>

8

and, therefore, we may estimate Go?

A G,(2 + A)
G = = 1360,0692 

(1 - A)
A

in Whites, and therefore, Ey * 1254.0596

The estimates were now rewritten in Table A66, ‘These estimtes

were calculated, assuming no dominance and that A(WHITES) = A(BLACKS)

= 0,281. Given that these assumptions are reasonable, we see that the

genetical parameters are approximately equal in the two races, but that

a A
EE is significantly larger and Ey non-significantly larger in Whites than

Blacks. Since the environmental parameters are larger in Whites, the
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TABLE AG66; PARAMETER ESTIMATES ASSUMING THAT ASSORTATIVE MATING IS THE

SAME IN WHITES AND BLACKS

WHITES BLACKS

G, 763380 902.607

G5 ———-1360.069 1609. 188

E, Lh2. 849 281.655

E, 1254059 -

n2 0.556 0.899

. 0.281 0.284



heritability of Whites is smaller than that of Blacks, This is

interesting since several other workers have found the reverse (e.g.

Scarr-Salapatek, 1971). The lower heritability of Whites is attributable

to the larger environmental variation in Whites compared with Blacks and

not to a smaller amount of genetical variation, since the genetical

variation seems to be the same in the two races, given our assumption

that A is the same in the two races, We have already discussed the

greater Ej in Whites. However, if Ey is really larger in Whites than

Blacks, then this implies that Whites are subject to a wider range of

common environmental effects, Factors producing environmental differences

between families may be cultural differences and, therefore, it is

possible that there may be a wider cultural range in Whites than Blacks.

We can see some evidence for this possibility from the between sub-

samples differences in Whites (see Section 1,5,3). Differences in mean

between the sub-samples suggests that Whites are not a single population,

put that Whites comprise several diverse populations, However, there is

no evidence from the means of the sub-samples to suggest that Blacks do

not form one homogeneous population, Therefore, there could be greater

cultural heterogeneity among Whites than among Blacks explaining the

bigger Eye

However, we must now reconsider the interpretation of these data

given that our assumption that A is the same in the two races fails, If

A is really larger in Whites than Blacks, we may again account for this

by reference to the greater heterogeneity among Whites, Let us assume

that Whites comprise many different sub-populations, but that Blacks

form one homogeneous population, This is not unreasonable since Whites

in America originate from many different countries whose populations are

genetically diverse. Mating will, therefore, occur more frequently among

members of the same sub-population and this would lead to an increased

level of assortative mating in Whites,



: 296

5 SUMMARY

We have shown that there are mean differences in "general"

ability between Whites and Blacks and that Whites are more variable

overall than Blacks. The greater variance in Whites may be partly

ascribed to the greater BE) in Whites. We also have evidence either

that E, is greater in Whites or that assortative mating is greater in

Whites, or else, both E, and assortative mating are greater, We have

postulated that Whites are genetically and culturally heterogeneous and

may be divided into sub-populations on the basis of origin. We have

discussed how this diversity among Whites could account for the greater

E, and/or degree of assortative mating in Whites.
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SECTION 8: SUMMARY

Many of the results of this study cannot be generalised to all

fourteen measures of ability. ‘Therefore the main analyses and findings

will be enumerated, and it is hoped that this summary will enable the

reader to determine quickly where to find detailed discussion of points

of particular interest.

lo

2.

30

The work may be summarised:

The origination of the Georgia Twin Project by Osborne and

Vandenberg in the early sixties is discussed, The location of the

subjects through schools and the sample structure are described,

Zygosity was determined by a variety of procedures in different

parts of the data. These included blood typing, discriminant

function analysis of physical measurements and rating by examiners.

Errors of diagnosis which might have occurred would lead to

predictable biases and the proportion of genetical variation due

to genetical causes would be underestimated,

The measures of ability were chosen to represent four of Thurstone's

(1938) primary mental abilities, with particular weight being given

to spatial tests. A factor analysis identified only two factors in

these data - one Spatial, one Verbal-Arithmetic, This suggests either

that the four factor model of ability is inappropriate and some other

model, such as Jensen's two factor model involving Level I and

Level II abilities, is a more adequate representation of the true

situation, or that the battery of tests chosen does not sample all

types of ability equally, and certain types of test are under-

represented,
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Various sources of bias in the data are discussed, These should

have only a minor effect on our analyses and should lead to failure

of simple models if they are serious.

Test score distributions are approximately normal, Mazes errors

provides one exception. Analysis is, therefore, performed on the

log Mazes errors scores, which are normally distributed,

Test score is shown to depend on age. Means and covarianceswere

adjusted to remove the age effect,

The usual pattern of sex differences and race differences in mean per=

formance was found, The meanscores of Blacks were lower than those

of Whites. Males performed better than females on all Spatial tests,

The effects of race, sex and zygosity and their interactions on the

means were estimated, by a linear model fitting procedure,

Analysis of intraclass correlation coefficients was carried out.

This confirmed the inadequa ies of the correlation approach as

demonstrated by Eaves and Jinks (1972). A heritable component of

variation wag demonstrated in most cases, but the power of the test was

low and no heritable component could be found for the more unreliable

tests. There was no evidence for sex ]inkage for the Spatial tests,

Some evidence for larger correlations in Whites was found for one

or two of the Spatial tests. However, a race difference in heritability

was not found.

The White twins were generally more variable than the Blacks, and

empirical and theoretical genotype-environmental models were fitted

to the data, in order to compare the components of variation in the

two races,
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A genetical component of variation was essential to explain

variation in Verbal-Arithmetic tests, and most Spatial tests, but

the power of the tests was not great enough to discriminate between

simple genetical and simple environmental models in a few cases. In

general, Ej» G, and B were all larger in Whites than Blacks,

Rstimates of the biased broad heritability are slightly larger in

Whites than Blacks, but little importance can be attached to this

finding because the difference is not significant.

Limits on the size of assortative mating and common environmental

parameters were set. Only tentative conclusions could be drawn from

these because there was much inter-test variation, and race

differences were not significant. However, generally either

E, or assortative mating was larger in Blacks than Whites for
2

Verbal-Arithmetic tests and the reverse was true for Spatial tests,

A detailed investigation of the problems of genotype-environment

interaction and scale was carried out. A psychometric model of

test behaviour was proposed and tested. ‘This model was inadequate

in most cases and confirmed the heterogeneous nature of the tests.

It was shown that many of the apparent interactions between environ-

mental and genetical differences can be attributed simply to the

construction of the tests,

A “general factor", extracted by principal component analysis was

analysed. The factor scores were normally distributed and there were

no problems of scale. Whites were again more variable than Blacks,

Environmental models could not explain the observed pattern of

variation, and assuming the between families component, B, to be

produced entirely by assortative mating, as much as 90% of the
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variation could be attributed to genetical differences, Specific

environmental variation was larger in Whites than Blacks which

could partly explain the greater variability in Whites,

Analysis of the between families component, B, showed that either

assortative mating or common environmental effects are bigger in

Whites than Blacks. There was little evidence for any E5 in Blacks,

In the analysis of individual tests, different contributions of

assortative mating or Ey were found for Verbal-Arithmetic and Spatial

tests. Most of the tests are spatial in nature and spatial tests

are thought to have the highest loading on 'g', ‘Therefore, it is

not surprising that the results for the general factor are similar

to those for the Spatial tests.

The greater differences between families in Whites could reflect

cultural differences within populations, However, it is suggested

that it could be simply due to the greater heterogeneity of the

White population in the United States. Analysis of three sub-samples

of the data showed that some of the heterogeneity could be

attributed to differences in the mean performance of Whites from

different regions. We postulated that the division of Whites into

partly inbreeding sub-populations on the basis of origin might explain

the observed genetical or cultural heterogeneity.
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INTRODUCTION

The study of the inheritance of intelligence has a long if 

somewhat controversial history, as we have seen in Part A. In Part B, 

we turn to two traits which have interested psychologists and sociologists 
for some time, but have rarely been subjected to the detailed analysis 
necessary to determine the causes of variation. In the past, most 
theorists accepted the untested assumption that all attitudes are 

developed through experience (Chein, 1948» Dook, 1947)» more through 
conviction than overwhelming empirical evidence. However, the study of 

evolutionary genetics suggests a biological basis for the determination 

of attitudes and recognition of this may serve to illuminate certain 
sociological or psychological perspectives in a more realistic light, 
by suggesting possible selective advantages for the two traits, how they 

may have evolved within a social structure and possible changes that may 

occur in the future.
Indirect evidence for a heritable component of variation in 

attitudes comes from studies of behavioural traits which may lead an 

individual to prefer one attitude over another. For example, racial 

or other prejudices often have an element of active hostility and there 

is abundant evidence for a heredity component of aggression (e.g.

Carthy and Ebling, 1964; Scott and Fuller, 1965; Lorenz, 1966). In 

a recent book, Dawkins (1976) makes the link between behaviour and 

evolution which is central to the biological understanding of behaviour, 

by expressing the distinction between motives and consequences in these

terms
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"It is important to remember that the above definitions of altruism 
and selfishness are behavioural, not subjective. I am not going to argue 

about whether people who behave altruistically are •really' doing it for 
secret or subconscious selfish motives. Maybe they are and maybe they 
aren't, and maybe we can never know..... My definition is concerned only 

with whether the effect of an act is to lower or raise the survival 
prospects of the presumed altruist and the survival prospects of the 
presumed beneficiary".

It is not how we feel or think we are behaving that are of 
ultimate importance, but the consequences of the actions (i.e. behaviour), 
prompted by our emotions or attitudes, which are important for our own 

survival and, through our offspring, of similar feelings and attitudes in 

the future.
Attitudes are only of evolutionary consequence in so far as they 

influence survival. Attitudes may be shaped by underlying personality 

traits, such as level of aggressiveness, which are known to have a genetic 
basis. This suggests that there may be a genetic predisposition towards 
certain attitudes. Conversely, particular forms of behaviour are knwon 

to be under genetical control, and insofar as attitudes are shaping this 

behaviour, it seems likely that the attitudes themselves have some 

genetic mechanism. All this suggests that attitudes and personality 

may have a common biological basis, which is related to survival.

The involvement of a genetic mechanism in determining attitudes does 

not imply that environmental and cultural factors are unimportant. 

Behavioural differences may have genetical or social consequences either 
of which may modify the range of behavioural differences in future 

generations. A change in social system originated by the behaviour of 
individuals conditioned by that social system may have consequences for the
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genetic system. Conversely, selective pressures changing the gene 

frequencies may alter the social structure. Thus, any change in a 
population is the result of "both genetical and environmental changes upon 
the behaviour of its members, and to suggest a genetic basis for the 
attitudes determining behaviour does notpreclude the importance of 

cultural change. Indeed, a new and important area of study is the 
cultural transmission of social attitudes through genetical differences, 
acting environmentally, producing cultural change.

Previous work on the genetics of social attitudes comprises 
two twin studies, which give a consistent picture for the components of 
variation which can be separated using twins reared together. The work 

outlined in this thesis contains an analysis of twin data and confirms 

the results of earlier studies, but also provides a unique opportunity 
for the resolution of the cultural components of variation and cultural 
transmission against a background of simple additive genetical differences 
and the effects of the mating system.

Eysenck became interested in social attitudes and re-examined three 

early studies (Thurstone, 1934» Carlson, 1934} Ferguson, 1939)» In. a 

series of investigations (Eysenck, 1944» 1947) he showed that social 

and political actions of all kinds are mediated through attitudes and 

opinions, which are organised into two principal orthogonal factors. These 

he labelled Radicalism and Toughmindedness. The development and 

validation of these two dimensions of attitudes was carried out by 

Coulter (1953)* George (1954) and Melvin (1955) and is summarised by 
Eysenck (1954)» together with his own work. Subsequently, the validity 
of this theory was demonstrated, since the two dimensions showed a 

relationship with social class and were sufficient to account for the 
relationship between the different political parties in this country
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(Eysenck, 1951* 1954» 1956). He also showed that the theory could be 
generalised to populations from the United States, Sweden, Germany and 

other western countries (Eysenck, 1953» Dator, 1969; Bruni and Eysenck, 
1976).

Later, Eysenck showed that the Radicalism-Conservatism dimension 

could be usefully sub-divided into two components, social conservatism 
and economic conservatism (the latter being a capitalism-socialism 
dimension) (Eysenck, 1975» 1976a, b)0

A lot of evidence has accumulated in support of the general theory 
of social attitudes using a variety of questionnaires and types of 

question (e.g. Rokeach, 1973» Wilson, 1973» Schubert, 1975). Indeed, 
the data analysed here also confirm the relevance of Radicalism and 

Toughmindedness and were obtained as responses to one of the most recent 
types of questionnaire. The most recent study (Hewitt et al, 1977) 
replicates the findings of the earliest studies after 25 years with remark

able consistency.

Study of the inter-relationship of social attitudes and the whole 
personality showed that Toughmindedness is related to extraversión and 

Psychoticism (e.g. Eaves and Eysenck, 1974)* In particular there is a 

distinct tendency for Toughmindedness to be associated with aggressiveness 

and dominance. Wilson (1975) has suggested personality correlates of 
Radicalism.

Eaves and Eysenck (1974) also studied the causes of trait variation 

and covariation in three personality variables and the two dimensions 

of social attitudes, in order to determine the extent to which variation 
in personality and opinion share a common genetic basis. They were able 

to discriminate between simple genetical and simple environmental models 
and show a heritable component of the observed variation and covariation.
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The possibility of common environmental influences was suggested.

Genetical differences might account for as much as 65 per cent of 
variation in Radicalism scores and 54 per cent in Toughmindedness 
scores. Despite this, parental attitudes will be relatively poor 
predictors of offspring attitudes, since on the basis of the simple 

genetical model, given random mating, the parent offspring correlations 
are expected to be roughly between 0.2 and 0.3. This is substantially 
lower than correlations reported earlier (e.g. Fuller and Thomson, 

i960). Eaves and Eysenck (1974) suggest that if the change is real, 
it might reflect cultural change over the last 30-40 years and could 
result from increased social mobility minimising the importance of the 

family environment, and increasing the importance of genetical differences 
and environmental experiences unique to the individual. This suggests 
that attitudes are sensitive to cultural change and may be subject to 
cultural transmission which is the particular interest of the present 

work.

Hewitt (1974) analysed the individual dimensions of social 
attitudes and showed that specific environmental influences, the family 

environment or the effects of the mating system and additive genetical 

differences may each account for approximately one third of the total 

variation in Radicalism. Almost identical results were obtained for the 

relative contributions of the different sources of variation in a later 

twin study (Martin, 1976; Martin and Eysenck, 1976). Similarly, both 

twin studies were consistent with a model for Toughmindedness in which 
the expression of genes and the effects of the environment are dependent 
on sex, suggesting that underlying variation in toughmindedness, there is 

some mechanism of sex limitation mediated genetically or culturally. The
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possibility of a cultural component for both traits (demonstrated by 

Eaves (1977) for Toughmindedness in the earlier twin study), means that 
some variation in each trait could be produced by the cultural 
transmission of phenotypic differences, Tw]/i data are unsuitable for 
the study of cultural transmission since cultural differences and the 

effects of the mating system are confounded. Thus the earlier studies 
could only suggest a tempting line of future research. Adoption 
data is probably the most relevant for the solution of the problem of 

cultural change and in Part B of this thesis a large body of twin and 

adoption data are analysed, Ve hope that this will enable some advance 
to be made in understanding the inter-relationshipsopthe genetical 
predisposition of individuals, the different types of environmental 
factors influencing them and the structure of society and cultural 
change.
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SECTION 1: DESCRIPTION OP THE STUDY

1 THE QUESTIONNAIRE

The structure of the questionnaire used in this study differs 

radically from that of questionnaires previously used in attempts 
to elucidate the genetical and environmental components of variation 
in social attitudes. Eysenck (1957) publishes, in full, an example 
of the earlier type of questionnaire - the 60 item Public Opinion 
Inventory - together with its scoring key and a discussion.

Questionnaires used in the work described in the Introduction differ 

from this only in detail. Subjects respond to explicit statements 
regarding specific attitudes. Wilson and Patterson (1968) describe 
semantic problems associated with the conventional manner of framing 
the questions. They suggest that presenting single nouns with which 

subjects can agree or disagree might overcome these problems. This 

led to the development of the Wilson-Patterson Attitudes Questionnaire, 
presented in Table Bl. Wilson (1975) found that responses to this 
questionnaire could be summarised adequately by reference to two 

major factors, identified as "Radicalism" and "Toughmindedness".

Eysenck performed detailed analysis, using responses to a 68 

item Wilson-Patterson Attitudes Questionnaire, of a quota sample of 

1442 adult subjects whose age and sex distributions closely followed 

those of the whole population. He identified a number of meaningful 

primary factors, resembling those found in previous studies, whose 
inter-correlations gave rise to two major higher order factors.

These were closely similar in content to the Radicalism and foughmindedness
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TABLE B 1 î ITEMS OF THE WILSON-PATTERSON ATTITUDES QUESTIONNAIRE

Subjects were asked to circle ,,Yeswt,'?% or "No", depending on whether they 
agree with, are uncertain about, or disagree with the following topics.

1. Death Penalty
2. Evolution Theory
3. School Uniforms
4. Striptease Shows
5. Council Housing
6. Sunday observance
7. Hippies
8. Vomen's Lib
9. Student Protest
10. Police
11. Surtax
12. Wife-swapping
13. Foreign Aid
14. Pop Music
15. Welfare State
16. Tradition
17. Conscription
18. The Pill
19. Patriotism
20. Modern Art
21. United Nations
22. Self Denial
23. Working Mothers
24. Military Drill
25. Co-Education
26. Law Reform
27. Divine Law
28. Socialism
29. White superiority
30. Cousin Marriage
31. Moral Training
32. Suicide
33. Political Systems
34. Legalised Abortion

35. Empire Building
36. Licensing Laws
37. Space Research
38. Strikes
39. Common Market
40. Computer Music
41. Chastity
42. Royalty
43. Women Judges
44. Capitalism
45. Conventional Clothing
46. Teenage Drivers
47. Apartheid
48. Nudist Camps
49. Church Authority
50. Inheritance Tax
51. Astrology
52. Disarmament
53. Censorship
54. Birching
55. Mixed Marriage
56. Strict Rules
57. Arab Politics
58. Pacifism
59. Law and Order
60. Casual Living
61. Divorce
62. Profit sharing
63. Inborn Conscience
64. Coloured Immigration
65. Bible Truth
66. Trade Unions
67. Supersonic Airliners
68. Liberals
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factors previously described using conventional types of questionnaire 
items. Evidence suggests that these factors are partly determined by 
heredity and are related, genetically and environmentally, to 
personality variables (Eaves and Eysenck, 1974; Martin, 1976).

Despite the novelty of the Questionnaire used, we hope to identify the 
same factors as previous workers and to compare our genotype-environment 
analysis of variation in attitudes in society with similar earlier 
analysés.
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2 THE SUBJECTS

The Wilson-Patterson Attitudes Questionnaire was sent, together 
with questionnaires on neuroticism, impulsiveness and smoking and 

drinking "behaviour, to twins from the Maudsley Twin Register, This 
register of twins from the London area has "been "built up over the 
years from volunteers who responded to advertisements in the press and 

journals and have agreed to assist the work of the Institute of 
Psychiatry (University of London) "by occasionally filling in postal 
questionnaires. The responses to the Wilson-Patterson Attitudes 
Questionnaire of those twins who returned the forms are the basis of this 

study.
The present study included 587 pairs of twins from the register 

whose breakdown by zygosity and sex is given in Table B2. Zygosity 

was determined on the basis of responses to a questionnaire on physical 

similarity and mistaken identity in childhood, similar to that described 

by Easirel and Eaves (1978). They found an accuracy of 98.1$ for 
their questionnaire method compared with blood-typing, using a sample 

of 178 pairs of twins and fifteen different blood group systems.

The Attitudes Questionnaire was also sent to individuals who were 

part of an adoption study. The families, containing adopted individuals, 

volunteered to take part in research, in response to advertisements in 

newspapers and women's journals. There are data on 445 individuals who 
returned the questionnaire. This brings the total number of subjects 

in the study, including the twin and adoption studies, up to 1619 
individuals. Table B3 shows the numbers of each type of individual in 

the adoption study. They are mainly adopted individuals and adopting
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TABLE B 2 : BREAKDOWN OF TWIN SAMPLE BY ZYGOSITY AND SEX

M2 DZ Total Number
of Pairs

KALES 83 52 135

FEMALES 233 147 380

OPPOSITE-SEX - 72 72

TOTAL NUMBER 
OF PAIRS 316 271 587

KEY: M2

DZ
monozygotic twin pair 

dizygotic twin pair
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TYPE OF INDIVIDUAL NUMBER

Adopted son 31

Adopted daughter 239
Adopting father 62

Adopting mother 77

Natural son of adopting parents 12
Natural daughter of adopting parents 13

Second adopted son of adopting parents 9

Second adopted daughter of adopting parents 2

TABLE B3 : INDIVIDUALS Iff THE ADOPTION STUDY

Total number of individuals 445

Various Group Totals

Total number of adopted individuals 281

Total number of parents 139

Total number of natural children 25

Total number of males 114

Total number of females 331
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parents, but 25 natural children of these parents also took part* 

Relationships among these 445 individuals are presented in Table 
B4. The groups shown are not independent, since an individual may 
be included in more than one group. This precludes any simple analysis 

of all the summary statistics based on these groups simultaneously. 
However, the table does provide a useful summary of the sample structure«,
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TABLE B 4 : RELATIONSHIPSAMONG INDIVIDUALS OF THE ADOPTION STUDY

TYPE OF RELATIONSHIP LUMBER OF PAIRS

Spouses 61

Adopting father - adopted son 8

Adopting father - adopted daughter 34
Adopting mother - adopted son 21

Adopting mother - adopted daughter 40
Families Including one adopted individual 
and one or both parents 61
Families including one adopted individual 
and both parents 32
Families including one adopted individual 
and one parent only 29
Father - son 3
Father - daughter 5
Mother - son 4
Mother - daughter 3
Families including natural child and one 
or both parents 13
Families including natural child and both 
parents 9
Families including natural child end one 
parent only 4
Adopted child - natural child 10
Families with more than two children reared 
by same parents 15
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5 ADEQUACY OF SAMPLING

This is not a random sample, since the subjects were 
volunteers. Females are clearly over-represented in both parts of 

the sample (see Tables B2 and B3)# It is thought that the lower 
socio-economic status groups are under-represented. These biases 
probably reflect the nature of the journals in which advertisements 
were placed: many were placed in women's magazines.

There is an excess of monozygotic twins; same-sex dizygotic 
twins are over-represented compared with opposite-sex twins, since we 
expect equal numbers of the two types of non-identical pair.

The practical consequences of these biases, for the sampling 
of Radicalism and Toughmindedness from the population, are not known. 
However, the sample may not be representative of the population as 

a whole. There may be a restricted range of genotypes and environments, 

which could lead to the underestimation of between families effects.
This problem will be further discussed when interpreting analyses 
of the genetical and environmental factors producing variation in
attitudes
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4 AGE DISTRIBUTION IN THE SAMPLE

The age range in the sample, from 15 to 82 years, is wide.

The mean age is 32*91 +. 14*88 years. The age distributions in 
different sub-groups of the data are illustrated in Figure Bl*

The overall female mean is significantly greater than the male mean 

( X  “ 6*13)* We notice, also, a tendency for dizygotic twins to 
be younger than monozygotic twins. The mean ages of the adopted 
individuals and the twins are similar, but as expected, the adopting 
parents are much older. Thus, the age structure of the data is such 
that any relationship between test score and age will make 

interpretation of the analyses meaningless,

Eysenck (1954) reports evidence that scores on an earlier 
version of the questionnaire are not age-related. However, we cannot 
assume that this is true for the present study, since the questionnaire 

and sample structure are very different. Dependence of attitude score 

on age will be tested and the appropriate age-corrections made.



FIGURE B1: MEAN AND RANGE OF AGES IN DIFFERENT SUB-GROUPS OF THE DATA
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5 ADVANTAGES OF THE DESIGN OF THIS STUDY

The structure of this study has considerable advantages.
The large number of twins will enable us to test certain basic 

models of variation and to compare this study with previous studies. 

(Eaves and Eysenck, 1974* Martin, 1977)» The weakness of the 
classical twin study of identical and non-identical twins reared 
together is that it does not allow discrimination between certain 
hypotheses about the nature of between pairs variation, crucial to 
our Tinderstanding of individual differences in attitudes. The 
adoption data will enable us to assess the relative importance of 

cultural effects and assortative mating in producing between families 

variation and to test the hypothesis of cultural transmission for 
these traits. Thus, the analysis of individual differences in attitudes 

will be taken further in this study than has been possible before*
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SECTION 2: THE STRUCTURE OF ATTITUDES IN THESE DATA.

1 REASONS FOR PERFORMING THE FACTOR ANALYSIS

Previous work with the Wilson-Patterson Attitudes Questionnaire 
involved large quota samples. Since there may be a restricted range 
of phenotypes in this study, items may not discriminate adequately 
between subjects and separation of individuals on the basis of the 

two major dimensions of Radicalism and Toughmindedness, similar to 
that achieved in previous studies, may not be possible. Therefore, 

we will seek evidence that the Radicalism and Toughmindedness scales 
are appropriate for these data.



2 THE FACTOR ANALYSIS

A general description of the concepts and theory of factor analysis 
is given in Appendix C. The particular methods used here will he 
briefly described, but more detail of Principal Factoring can be found 

in Section 2 of Part A.
Responses of the 1619 individuals to the 68 items of the Wilson- 

Patterson Attitudes Questionnaire (coded as 0 ■ Disagree, 1 ■ Don’t 

know, 2 ■ Agree) were entered into the analysis. There were no missing 
observations. All the computations were carried out on the University 
of Birmingham’s ICL I906A computer using a program from the library 

of Biomedical Computer Programs (MD) (Dixon, 1973)»
Principal facturing with interaction was used. The advantages and 

disadvantages of this method are discussed elsewhere, A 68 x 68 matrix 

of correlations among the items was calculated. Its' leading diagonal 

elements were replaced by estimates of the communality for each item,
A solution for a specific, predetermined number of factors was then 
sought, and new commonalities were calculated from the multiple 

correlation with the factors. This procedure was iterated until a 

specified criterion of convergence was achieved. The problem was to 

decide the appropriate number of factors and the convergence criterion. 

In this case, convergence was assumed when the maximum change in the 

communality estimates was less than 0,001, assuming a two factor model. 

The final commonality estimates, which are estimates of the variance of 
each item shared in common with the other items are given in Table 

B5 for the two factor model.
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TABLE B 5 : FINAL ITEM COMMONALITIES FOR A TWO FACTOR MODEL

ITEM COMMUNALITY ITEM COMMONALITIES
1 224 35 099
2 072 36 150
2 210 37 033
4 153 38 287
5 092 39 079
6 202 40 061
7 341 41 212
8 159 42 249
9 345 43 118
10 138 44 074
11 148 45 120
12 213 46 053
13 188 47 114
14 060 48 222
15 111 49 223
16 198 50 114
17 257 51 007
18 076 52 159
19 232 53 148
20 172 54 184
21 098 55 228
22 133 56 232
23 056 57 040
24 204 58 168
25 093 59 128
26 036 60 255
27 256 61 087
28 225 62 107
29 181 63 055
30 069 64 279
31 202 65 257
32 112 66 201
33 051 67 000
34 071 68 101

NOTE: Decimal points are omitted from the communalities.
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Two factors were extracted because we wished to test the 

hypothesis, suggested by previous work,that the two factor model is 
appropriate for our data • Inspection of the proportion of the 
total variation accounted for by the first few principal components 

showed that this was a reasonable procedure. The first principal 

component accounted for 1006$ of the total variation and the second for 
4.4$. The third component accounted for 3.6$ of the total variation, 
and all subsequent components accounted for substantially less than 
2$, The dominance of the first component probably reflects the weight 
given, when constructing the questionnaire, to discriminating between 
Radicalism and Conservatism.

Factor loadings for the two orthogonal unrotated factors are 
given in Table B6. Oblique rotation of these factors for simple 
loadings was performed by attempting to minimise the squared loadings 

on each factor using an iterative process. This solution of the factor 
rotation problem has been called direct quartimin. The oblique rotated 
factor loadings for each item are given in Table B7.

A correlation of 0.199 was found between the two factors. This 

is fairly high since earlier work suggested that Radicalism and 

Toughmindedness are orthogonal. However, it is in line with the 

correlation of 0.18 found by Eysenck in his quota sample. The two 

factors obtained were easily identified as Radicalism and Toughminded

ness from their item content. Thus, despite earlier misgivings about 

the unrepresentative nature of the sample, these two major dimensions of 

attitudes, identified by earlier workers, may be appropriate for our

data
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TABLE B 6 î UNROTATED ORTHOGONAL FACTOR LOADINGS FOR A TWO FACTOR MODEL

FACTOR FACTOR
ITEM 1 2 ITEM 1 2

1 -388 -271 35 -286 -131
2 256 078 36 -290 256
3 -422 180 37 133 125
4 351 -173 38 529 086
5 194 233 39 018 280
6 -381 238 40 239 064
7 582 051 41 -367 279
8 378 126 42 -445 226
9 565 161 43 053 340
IO -258 268 44 -272 016
11 228 310 45 -318 137
12 352 -299 46 215 084
13 218 375 47 -216 -260
14 244 024 48 463 -085
15 200 267 49 -388 269
16 -329 299 50 294 167
17 -502 -069 51 -058 -057
18 274 039 52 330 225
19 -439 198 53 -329 198
20 396 121 54 -407 -137
21 033 312 55 418 230
22 -194 309 56 -464 129
23 236 028 57 129 153
24 -452 015 58 336 234
25 223 207 59 -260 246
26 053 182 60 483 -148
27 -432 264 61 295 -009
28 440 179 62 162 284
29 -244 -349 63 —161 171
30 262 -020 64 391 355
31 -306 329 65 -437 257
32 319 -101 66 360 268
33 050 220 67 020 -006
34 266 -015 68 064 311

NOTE; Decimal points are omitted from the factor loadings.



TABLE B 7 OBLIQUE ROTATED FACTOR LOADINGS FOR THE TWO FACTOR MODEL 
AM) COMPARISON WITH LOADINGS OBTAINED BY S SEN CSC

R
This Study Eysencks Study

1 Death Penalty -44 -29
2 Evolution Theory 20 42
3 School Uniforms -05 -02

4 Striptease Shows 02 45
5 Council Housing 30 13
6 Sunday Observance 02 -28
7 Hippies 34 49
8 Women's Lib 30 35
9 Student Protest 43 46
10 Police 11 . 03
11 Surtax 39 35
12 Wife-swapping -09 22

13 Foreign Aid 44 32
14 Pop Music 14 35
15 Welfare State 34 18
16 Tradition 10 17
17 Conscription -32 -18
18 The Pill 17 50
19 Patriotism -05 19
20 Modern Art 31 32
21 United Nations 29 36
22 Self Denial 18 12

23 Working Mothers 14 21

24 Military Drill -22 -08
25 Co-Education 30 37
26 Law Reform 19 33
27 Divine Law 02 -08
28 Socialism 38 21

29 White superiority -43 -35
30 Cousin Marriage 16 24
31 Moral Training 14 20

32 Suicide 07 26

33 Political Systems 22 33
34 Legalised Abortion 12 43

T
This Study Eysenck's Study

-II
14
-44
39

-01

-45
41
20
32
-33
-03
47
-09
17 
—03 
-45 
-34

18 
-47

22

-18
-36

16
-36
03
-08
-51

22
05
21
-46
31

-11
21

-16

-03
-29
15

-06

-31
20

-18
08
-30
-19
40
-14
15
-12
-39
-25
-0 0

-48
07
-37
-43
-05
-32
-13
-14
-39
05
13
28
-44

20
-32
-04

contd.••
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TABLE B 7 continued.

R T
ITEM This Study Eysencks Study This Study Ey3ancles Study
35 Empire Building -26 -31 -13 -08
36 Licensing Laws 08 -16 -39 -23
37 Space Research 18 47 02 05
38 Strikes 34 41 35 11
39 Common Market 26 35 -17 -20
40 Computer Music 18 28 14 08
41 Chastity 06 04 -47 -45
42 Royalty -03 -02 -49 -43
43 Women Judges 33 26 -19 -28
44 Capitalism -12 12 -22 -25
45 Conventional 

Clothing -04 05 -34 -21
46 Teenage Drivers 18 35 11 06
47 Apartheid -34 -28 01 15
48 Nudist Camps 16 54 41 -09
49 Church Authority 04 -15 -48 -31
50 Inheritance Tax 30 19 11 -05
51 Astrology -08 10 -01 -11
52 Disarmament 37 18 10 03
53 Censorship 01 -19 -39 -38
54 Birching -33 -28 -22 -18
55 Mixed Marriage 42 53 17 -00
56 Strict Rules -12 -21 -44 -24
57 Arab Politics 20 19 -00 -26
58 Pacifism 38 23 10 -06
59 Law and Order 09 04 -36 -30
60 Casual Living 11 17 47 47
61 Divorce 14 39 23 04
62 Profit Sharing 33 21 -07 -11
63 Inborn Conscience 07 30 -24 COto1

64 Coloured Immigration51 34 06 01
65 Bible Truth 01 -29 -51 -38
66 Trade Unions 42 24 10 -05
67 Supersonic AirlineTSOO 26 02 -00
68 Liberals 31 28 -16 -34

Note: Decimal points are omitted from the factor loadings
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3 COMPARISOIT OF THIS AND AN EARLIER ANALYSIS

For the purpose of comparison, the rotated factor loadings 
obtained in this study are followed, in Table B7» by those obtained 

by Eysenck, using the quota sample described in Section 1, Simple 

inspection shows a striking correspondence between the two sets of 
factor loadings. Where differences exist, they reflect the ability of 

the items to discriminate between individuals in the two studies. 
However, the loadings are so similar on the majority of items, that the 
organisation of the attitudes tested by the Wilson-Patterson Attitudes 

Questionnaire along two dimensions broadly similar to those identified 

by Eysenck (see Section 1) seems to be appropriate in those data.
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4 FACTOR SCORES

The scores of each individual on the Radicalism and 
Toughmindedness dimensions were estimated and printed by the 

HMD Library program, used to perform the factor analysis. These 
"factor scores” are used in all the following analyses of 
individual differences in social attitudes.
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SECTION 3: THE SCALE OF MEASUREMENT 

1 CHOICE OF A SCALE

The Radicalism (R) and Toughmindedness (t ) scores are a 

function of the individuals’ response to each item and the items' 
factor loading, summed over items. Thus, the R and T scales are in 

some sense arbitrary, produced as an artefact of the statistical 

complexities of factor analysis# Psychological or genetical criteria 
migdit lead us to transform the scores if this would facilitate analysis 

and interpretation of the data, without introducing undesirable 

statistical properties.
The problem of choosing the most appropriate scale of measurement 

is discussed in general by Mather and Jinks (1971) and in the context of 

human behaviour by Eaves et al (1977)» Several criteria may be 
employed in seeking the best scale, which simplifies the analysis and 
interpretation of data and maximises the predictive value of the 

results.

1,1 Statistical Criteria

Test scores for continuously varying traits, such as Radicalism 

and Toughmindedness, are expected to follow the normal distribution^ 

approximately at least«, Statistical techniques employed in analysing 

continuous data are based on the normal distribution and may be 

inappropriate when significant deviations from normality occur.

Biases in estimates of the components of variation may be produced and
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the power of significance tests is usually reduced. Therefore, on 

statistical grounds, we should seek scales which are normally 
distributed. However, normality is of secondary importance, compared 
with psychological and genetical properties of the scale,

1,2 Psychological and Genetical Criteria

Psychological and genetical criteria for choosing a scale of 
measurement overlap to a large extent. A useful descriptive model for 
variation in the trait, which allows prediction about behaviour in 

other situations, is needed on psychological grounds. We are also 

looking for a scale which facilitates genetical analysis and 
interpretation of the data and allows predictions to be made about the 
degree of similarity of other relatives. In both cases, we need a 
measure where non-additivity is minimised. Psychologically this means 

that we are looking for a scale with equal intervals so that the 
discriminating power of the test is equal in all parts of the scale. 
Reliability should not vary in different parts of the scale. Genetically, 

we require that the sensitivity of the organism to its environment 

should be independent of its genotype (i.e. there should be no 

genotypes x environment interaction.) Finding a scale which satisfies 

these criteria and minimises non-additivity will increase the predictive 

value of our results within an economical model.
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2 DISTRIBUTION OF RADICALISM AND TOUGHMINDEDNESS

Two tests for deviations from normality, using third and fourth 
moments about the mean, were described in detail in Section 2 of Part A. 

Coefficients of skewness and kurtosis were calculated for the total 
sample and for various sub-groups of the data, using the Statistical 
Package for the Social Sciences (SPSS) (Nie et al, 1970). The 
probabilities of obtaining these coefficients or larger by chance, 
based on the null hypothesis of normality of the data, were found 
from Tables in Snedecor and Cochran (1967). The results of these 
calculations are summarised in Table B8.

There is evidence of negative skewness for Radicalism in the total 

sample, but no evidence of kurtosis. The negative skewness indicates 
an excess of individuals below the mean for Radicalism, Two factors 

are probably contributing to this excess, Eysenck has shown a 

correlation between conservatism and social class (see Eysenck, 1957),
Thus, skewness could be produced by the under-representation of the lower 
socio-economic status groups. Age effects are probably also contributing 

to skewness, since the mean age of this sample is high, and it is known 

that Conservatism increases with age (Eysenck, 1954),
If we consider the sub-groups, skewness is only highly 

significant where we have pooled over two or more basic groups, although 

there is some evidence for skewness, significant at the five per cent levely 

in MZ males and DZ females. This suggests that the overall skewness may 

have been largely produced by pooling over heterogeneous groups. Since 

statistics will be calculated separately for each sub-group, most of
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RADICALISM TOUGHMINDEDNESS

TABLE B 8 r COEFFICIENTS OF SKEWNESS AND KURTOSIS FOR THE RAW FACTOR SCORES

Skewness Kurtosis Skewness Kurtosis

Total Sample 1619 -0.331 ** 0.0202 NS 0.355 ** 0.605 **

All Females 1162 -0.292 ** 0.183 NS 0.750 ** 0.837 **

All Males 457 -0.428 ** 0.222 NS 0.252 * -0.097 NS

KZ Kales
»

166 -0.341 * -0.334 NS 0.416 * 0.097 NS

MZ Females 466 -0.178 NS 0.033 NS 0.740 ** 0.627 *

DZ Males 104 -0.050 NS -0.582 NS 0.109 NS -0.336 NS

DZ Females 294 -0.258 * -0.275 NS 0.589 ** 0.272 NS

DZ Opposite-sex 144 -0.213 NS -0.588 * 0.343 * -0.119 NS

Adopted individu■ 270 -0.800 ** 1.834 ** 0.979 ** 1.612 **
als

Adopting mothers 77 -0.303 NS 0.181 NS 2.248 ** 7.616 **

Adopting fathers 62 0.014 NS -0.429 NS 1.077 ** 1.387 *

Natural sons 12 -0.355 NS -1.171 ** 0.542 NS -1.155 **

Natural daughters 13 0.075 NS -1.581 ** 0.437 NS -1.178 **

KEY : * Significant at the 5$ level
** Significant at the 1$ level 
NS Not significant
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which show no significant skewness, the observed deviation from 

normality in the total sample may not present problems in the analysis 
of Radicalism. The observed kurtosis in one or two groups is not 
reflected by kurtosis in the total sample and should not seriously bias 

our analyses.
For Toughmindedness, there is highly significant skewness and 

kurtosis in the total sample and evidence for non-normality in nearly 
every sub-group. Problems produced by non-normality are likely to be 
far more serious than for Radicalism.

These deviations from normality could reflect the underlying 

non-normality of the distributions of genetical or environmental effects. 

However, variation between nitem difficulties" or else sampling bias 
are more likely explanations.
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3 INTERNAL STRUCTURE OF THE SCALES

Jinks and Fulker (1970) propose scaling tests for the detection 
of systematic genotype-environment interaction, employing third degree 

statistics# Interactions between the genotype and within families 
variation can be detected using identical twins reared together.
Lata on MZ twins reared apart are required to detect similar inter
actions with the between families environmental component (Eg). These 
GEg interactions, if present, will be confounded with estimates of 
genetical and environmental components of variation, since they cannot 
be detected in these data.

Interaction of the between families genetical component (Gg) and 
Eg will be confounded with the between families effect. Interaction 
of within families genetical differences (G^) and Eg will be confounded 

with the G^ component (Eaves, 1976).

The scaling test of Jinks and Fulker (1970) not only detects 
systematic G x E, but also demonstrates psychometric inadequacies of 
the scale, since it uses the regression of pair stuns onto absolute pair 

differences. Differences within pairs of MZ twins are produced by 

both unreliability of measurement and specific environmental differences 

(E^). Therefore, any systematic relationship of pair differences with 
the pair sums (which provide a measure of the genotype and the common 

family environment) shows that either the reliability varies in some 

systematic way in different parts of the scale, or that the magnitude 

of E^ depends on the genotype of the individual it is affecting (i.e, 

there is G x E interaction). Thus, this scaling test provides a test 

of both genetical and psychological criteria for the adequacy of the 
scale simultaneously.
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Further discussion of the test may he found in Section 6 of 

Part A, together with details of the methods. Pair sums and absolute 
paid differences were calculated for all the same-sex twins. Pair sums 
were regressed onto pair differences using a program from the HID 

library. The significance of any linear or quadratic components was 
tested. Higher order interactions were not calculated since these 
would be difficult to interpret biologically and psychologically. The 
analysis was carried out separately for all MZ twins and then 
separately for males and females. These analyses were repeated for 
the DZ twins for reasons which will become clear later. The outcome 

of these analyses is summarised in Table B9.

No significant quadratic regressions were found. A linear 
component, significant at the 5$ level only, was found for Radicalism 
in the MZ twins as a whole. But strong evidence for a linear component 

was found in all groups, including the DZ twin groups, for 

Toughmindedness•
Since there was a relationship between within pairs differences 

and pair sums in MZ twins, we also expect a regression in DZ twins.
The test was made for DZ twins, because a regression in the DZ twins, 

with no corresponding regression in the MZ twins, would be of great 

interest. The absence of a regression in the MZ twins would show that 

the DZ regression was not produced by "G x E" interaction. Therefore, 

a DZ regression would be produced by the regression of pair sum on 

genetical differences within pairs# If genetical differences within 
DZ pairs depend on the scale, then non-additive genetical effects 

such as dominance and epistasis or unequal gene frequencies must be 

responsible.



TABLE B Q : SUMMARY OF SUM-DIFFERENCE REGRESSIONS FOR RAW FACTOR -finnpirs

All monozygotic twins 

Monozygotic males 

Monozygotic females 

All dizygotic twins 

Dizygotic males 

Dizygotic females

KEY :

* Significant at

** Significant at

*** Significant at
- No significant

RADICALISM

Linear Quadratic

* —

TOUCHHIHDEDNESS

Linear Quadratic 

#** _

* —

** _
** _
* -

*  _

the 5%  level 

the 1$ level 

the 0.1/6 level 

regression
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Since we found no sum-difference regression in BZ twins, there 

is no evidence for genetical non-additivity in these data. Non- 
additivity is not precluded, however, since the power of this test is 
probably low and only a substantial amount of non-additivity could be 
detected using this test or any other test based on first degree 
collateral relatives.

In summary, there is little evidence of scalar problems for 

Radicalism. The slight linear regression in MZ twins taken as a whole 
might be produced by pooling over sexes. However, absolute differences 
within pairs increase significantly with Toughmindedness score.

Either unreliability increases with Toughmindedness score, or there 

is genuine G x E interaction, such that the development of 

Toughmindedness is more susceptible to specific environmental 
influences. Both alternatives are plausible and we are unable to 
discriminate between them0 Whichever is true, analysis of Tough- 

mindedness on this scale might produce results which are difficult to 
interpret and require many parameters to procure satisfactory 

predictions.
These conclusions are similar to those based on the distributions 

of Radicalism and Toughmindedness scores. Therefore, we shall analyse 

the raw Radicalism scale. But since the Tou^imindedness scale is 

clearly inadequate, we shall seek a new scale of measurement for this 

trait, which minimises the problems of the present scale. We shall do 

this by making a suitable transformation of the raw scores„
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4 TRANSFORMATION OP THE DATA

Logarithms and square roots of the factor scores were 
calculated. These transformations are commonly employed with this 
type of data (Snedecor and Cochran, 1967). Tests for deviations 
from normality were performed on the transformed data and the results 
are summarised in Table BIO. Transformation has produced non-normal 
distributions for Radicalism, suggesting that the original scale is 
more appropriate. For Toughmindedness, the logarithmic transformation 
produces no improvement over the original scale. However, on the 
square root scale deviations from normality have largely disappeared. 

Skewness for males as a whole may be due to pooling data over 
heterogeneous groups of males. Generally, however, the distribution 
of test scores on the square root scale is more satisfactory than on the 

original scale.
Pair sums were regressed onto absolute pair differences in order 

to determine whether transformation had changed non-additivity in the 
scales. The results are briefly summarised in Table Bll. Both 

transformations produced sum-difference regressions for Radicalism.

A regression remains for Toughmindedness on the logarithmic scale, but 

the square root transformation has removed the relationship between pair 

sums and absolute pair differences.

All further analysis will therefore be based on the untransformed 

Radicalism scores and square roots of the Toughmindedness scores, since 

non-normality and non-additivity were minimised on these scales.
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TASLS B 10: SUMMARY OF TESTS OF NORMALITY FOR THE TRANSFORMED SCALES

TOUGHMINDEDNESS RADICALISM

Square root Logarithm Square root Logarithm
S K S K S K S K

Total sample NS NS ##* **» #** #** **# ***

All males *** NS *** *** *** *** **# ***

All females NS NS *#* NS *** **# ##* ***

MZ Males NS NS *#* •** NS **# NS

KZ Females NS NS *** NS #** *** ##* ***

DZ Males NS NS *## NS NS NS * NS

DZ Females NS NS **# NS *## NS *** ***

DZ Opposite-sex NS NS *** * •* NS *** NS

Adoption study NS NS **# NS *** *** *** ***

KEY : S - skewness ( negative in all cases where significant) 
K - kurtosis ( positive in all cases where significant)

NS - not significant 
* - significant at the 5% level
***- significant at the 1fo level



339

TABLE B 11 : SUMMARY OF SUM-DIFFERENCE REGRESSIONS FOR TRANSFORMED SCALES

TOUGHMINDEDNESS RADICALISM

Sauare Root Logarithm Square Root Logarithm

L Q L Q L Q L Q

All M2 Twins - - *#* — ##* —

MZ Males - - - - ** - **# _

M2 Females - - *** - ##* - *** _

All D2 Twins - - ** • * - *** _

D2 Males - - - * - - -
DZ Females mm #* _ ** *** _

KEY : L - linear component of regression
Q - quadratic component of regression
- no significant regression 
* regression significant at the 5$ level
** regression significant at the 1$ level 
*** regression significant at the 0.1$ level
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SECTION 4: AGE EFFECTS IN THESE DATA

1 INTRODUCTION

Since we have a wide age range in these data and the mean ages 

of the sub-groups differ, any covariation between attitudes score 
and age may bias our analyses, A regression of test score on age 
within groups coupled with a mean difference in age between groups, 
will produce a mean difference in test score between' groups# 
Significance tests for differences in raw score between groups will, 
therefore, be meaningless. Thus, we must correct the test scores for 

any significant relationship with age. This will eliminate one 

source of bias in our analyses and facilitate interpretation of the
data
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2 ANALYSIS OF COVARIANCE

We will consider differences in mean age between groups and 
their effect on mean differences in Radicalism and Toughmindedness 
scores, using the analysis of covariance. This statistical technique 

tests the significance of mean differences in age and test score 
between groups and also the significance of any regression of test 
score on age. The means may then be adjusted to remove the age effect 

and re-tested to see whether any mean differences in test score 
remain after the age adjustment. The analysis of covariance, thus, 
combines features of both regression analysis and the analysis of 

variance. It is discussed by Snedecor and Cochran (1967), Details of 
the calculations actually performed were described in Section 2 of 
Part A, We shall confine ourselves to presenting the results of the 

analysis and discussing their interpretation. The analysis was based 

on six groups: MZ males, MZ females, DZ males, DZ females, DZ 
opposite-sex pairs and the individuals of the Adoption Study, The 
results of this analysis are outlined in the top part of Table B12, 

(labelled: "1. BASED ON ALL GROUPS”). Since the Adoption Study 

included both adopted individuals and their adopting parents, the 

age range was wider than in other more restricted groups and the 

analysis was repeated using the twin groups only. The results are 

summarised in the bottom part of Table B12.

Mean differences in age between groups were significant. The 

Adoption Study included both adopted individuals and their adopting 

parents. The mean age (^a^0p-te(j * 41»5^9) was much higher than that
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TABLE B 12 i SUMMARY OF RESULTS OF AN ANALYSIS OF COVARIANCE

B T
1. BASED ON ALL GROUPS

Significance of differences in mean age *** ***

Significance of differences in mean
test score *** ***

Significance of differences in mean t
test score after age-correction ***

2. BASED ON TWIN GROUPS

Significance of differences in mean age *** ***

Significance of differences in mean
test score * ***

Significance of differences in mean -f-
test score after age-correction ***

NOTES

R - Radicalism
T - Toughmindedness
*** Significant at the 0.1$ level 
* Significant at the 5$ level
“f“ Significant at the 10$ level

ALL GROUPS INCLUDED : MZ males, MZ females, DZ males, DZ females,
DZ opposite-3ex pairs and the adoption study 
(i.e. 6 groups)

TWIN GROUPS INCLUDED : MZ males, KZ females, DZ males, DZ females and
DZ opposite-sex pairs.
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of the twins (xtwing » 29*625). The significant mean differences in 
age might "be attributable to this group alone. However, significant 
mean differences in age persisted when the group comprising the 
Adoption Study was eliminated from the analysis.

In order to determine the source of the observed mean differences 

in age between the sub-groups of our sample, some simple comparisons 
were made amongst group means. The female mean was higher than the 

male mean «= 2.682 p <  0,01) and the MZ twin mean was higher

than that of the DZ twins (t1028 ** 2,719» P <  0.01).
The female mean (^fema^ea ■ 33*538) could be greater than the 

male mean * 31*216) because the mean lifespan of females is

greater than that of males. However, samples such as this are not likely 
to be reflecting population trends, especially since the difference in 
mean between males and females (£322 years) is rather big. It is 

more likely that non-random sampling is introducing a bias. Many 

individuals volunteered to take part in the study through advertisements 
in newspapers and women's magazines. The mean age of the readership of 

the type of magazine in which the advertisements appeared is likely 

to be higher than that of all women between the age of 18 and 82. This 

would produce a bias towards older women in the sample. In the case 

of men replying to newspaper advertisements, the age range was not so 

likely to be restricted.

It is more difficult to see why monozygotic twins were significantly 

older than dizygotic twins, but it is almost certainly due to biased 

sampling. We would suggest that this mean difference may be due to the 

sex difference in mean age. There are a lot more female monozygotic 

twins than female dizygotic twins in the sample. This would produce a higher
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mean age in monozygotic twins as a function of the sex difference.

Significant mean differences in Radicalism and Toughmindedness 
scores, which might he attributed to the significant mean differences 
in age between the groups, were found. So the group means were 

adjusted for the age effect. Highly significant mean differences 

in Toughmindedness score persisted after age-adjustment. Inspection 
of the data suggested that these were mainly sex differences, males 
being more Toughminded than females.

The age-adjustment reduced the significance of mean differences 
in Radicalism between groups to the ten per cent level. Although 

these mean differences are not statistically significant, inspection 

of the means reveals a tendency for females to score less than males 
on the Radicalism scale.
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3 REGRESSION OF ABSOLUTE PAIR DIFFERENCES ON AGE

Any regression of absolute pair differences on age would show 

a tendency for pair similarity to change with age* For example, in 
the case of monozygotic twins, a significant, positive linear 
regression might imply that environmental differences within pairs 
were making twins less alike as they got older. It could also imply 

that specific environmental influences were more important in the 
past producing larger differences between members of the older pairs 
in the sample. Only a longitudinal study could discriminate between 

these alternatives. A change in the magnitude of differences within 
pairs of dizygotic twins with age could be produced by specific 
environmental effects, but also by genetical differences within pairs. 
(Eaves and Eysenck, 1976). A regression in DZ twins, unaccompanied 

by a similar regression in MZ twins, would imply that within families 
genetical effects differ with age0 Genes with different properties 
might be producing variation at different ages.

In order to see whether there is any evidence for environmental 

effects altering the degree of similarity between twins, or for 

different genetical systems operating at different ages, absolute 

differences between pairs of twins were calculated and regressed onto 

age using a program from the M D  library of computer programs (Dixon, 

1973), The analysis was carried out separately for all monozygotic 

twins and all dizygotic twins and then repeated for each zygosity-sex 

group separately.
Only one significant regression was found for ToughmindecLness: 

a quadratic component, significant at the 5$ level in MZ males. Specific



environmental influences might make males more dissimilar up to a 
certain age, after which they become more similar again. It is 
difficult to visualise a mechanism for this and since the effect was 
only significant at the %  level and was not reflected in the 
DZ males, we shall not consider it further.

Radicalism was more interesting. There was no evidence for a 
significant regression in the MZ twins, but a quadratic component 

significant at the %  level was found in the dizygotic twins taken as 
a whole and was repeated in both males and females. Although, the 

regressions were only significant at the %  level, the consistency over 
sexes suggests that we may be looking at a real effect.

Since there was no regression in the monozygotic twins, changes 
in pair similarity with age were probably not produced by specific 

environmental effects. Therefore, genetical differences within families 
may be implicated. The pairs are most similar at the age of 15, 

Differences between members of a pair increase until about 40 years 
of age, when the twins become more similar again. Two possible mechanisms 
may be visualised,

i. Developmental rate is the same in both members of the pair i.e, the 

same operating at a given age. However, they have different alleles of 

these genes. This produces a difference, at any age, between the 

individuals. But, at different times in an individual’s life, different 

genes are expressed. If the genes expressed at different times have 

different non-additive properties (e.g, dominance), then the DZ difference 
may vary with age as a function of the non-additivity. This seems 

unlikely for two reasons0 Genes controlling developmental rate are
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unlikely to be the same in both members of the pair and the non

additive properties of the genes operating would have to change 
consistently. For example, the dominance of genes being expressed 
at different times would have to increase up to the age of forty when 

the maximum DZ difference occurs. After the age of forty, the 
gradual return to the expression of genes with less non-additivity 
would have to occur. This situation is illustrated in Figure B2, It 

implies that the genetic architecture of the trait varies in a 
consistent manner with age. This is possible but more complex than 
the second alternative.

ii. This hypothesis suggests that genes producing changes in Radicalism 

with age are different in the two individuals. Therefore, different 
genes will be operating in the pair at any time. How this produces 
the observed relationship between pair difference and age is illustrated 

in Figure B3©
Both these hypotheses about the origin of the quadratic relationship 

between absolute pair differences assume that there is a change in 

Radicalism score with age, and also that this change is probably not

linear.
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FIGURE B2: CHANGES IN GENETIC ARCHITECTURE WITH AGE
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FIGURE B3: CHANGE IN PAIR DIFFERENCE AS A FUNCTION OF DEVELOPMENTAL RATE
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NOTE: This graph implies that the increase in Conservatism with 
age is higher in individuals whose Conservatism score is 
higher i.e. there is genotypes, x ages interaction.
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4 REGRESSION OF REAL DIFFERENCES IUT OPPOSITE-SEX PAIRS ON AGE

We have already seen that age-adjustment, using the analysis of 
covariance, does not remove differences in mean Toughmindedness score 

"between sexes. Therefore, the effects of age and sex on test score 

were examined in more detail, using the opposite-sex pairs. The 
differences in Radicalism and Toughmindedness scores between males and 
females were calculated as (Male score - Female score). These 
differences were then regressed onto pair age.

No significant linear or quadratic component was found for the 
regression of real differences in Radicalism between members of opposite- 

sex pairs on age. i.e. the male-female difference does not change with 
age. This implies that the regression of test score on age will have 

the same slope in males and females.
Although there was no significant linear component to the 

regression of differences between members of opposite-sex pairs on age 
for Toughmindedness, there was a highly significant quadratic component. 

Males were less toughminded than females below 17 years of age. Then, 

they gradually become more toughminded compared with females until about 

56-40 years of age, when the difference between the sexes begins to 

decline until, at about 53 years, males are again less Toughminded than 

females. Thus, males are more Toughminded than females through 

adulthood, but are less Toughminded in youth and old age.

This regression in opposite-sex pairs leads us to postulate 

different regressions of Toughmindedness score on age in the two sexes, 
which are likely to be non-linear (see Figure B4). This is in fact
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FIGURE B^: REGRESSION OF TEST SCORE ON AGE IN MALES AND FEMALES, 
PREDICTED ON THE BASIS OF THE OPPOSITE-SEX PAIRS
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what we find in a later section. Again, we have found an interesting 

relationship "between age, test score and sex for Toughmindedness.
We shall now attempt to clarify the relationships between these three 
effects, by performing an analysis of variance of the opposite-sex 

pairs.
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5 ANALYSIS OF VARIANCE OF THE OPPOSITE-SEX PAIRS

The total variation (143 d.f.) in the opposite-sex pairs may 
he partitioned into the between pairs (71 d.f.) and the within-pairs 

(72 d.f,) mean squares. The between pairsmean square may be further 
pcfrtioned into the variation between pairs produced by the linear 
regression of score on age (l d.f.) and the remaining variation between 

pairs (70 d.f<>) The within pairs mean square was partitioned into 
variation within pairs produced by the sex difference (l d.f,), by the 
interaction between age and sex (l d.f.) and the interaction between 

pairs and sex (70 d,f0). This analysis of variance is given in 

Table B13,
Significant variation between pairs was found for Radicalism 

and Toughmindedness, but the age effect does not reach significance in 

the opposite-sex pairs (although later we fill find a significant 

regression of test score on age in the data taken as a whole).

Mean differences between the sexes were removed by age-adjustment 

in the analysis of covariance for Radicalism, but not Toughmindedness. 

But in this analysis of variance the sex effect is not significant for 

either trait, although we might expect it to be significant for 

Toughmindedness. The sexyage interaction mean square which is obtained 
as the linear regression of real pair differences on age also fails to 

reach significance. We know, however, from the previous section that 

there is a significant quadratic component to the regression of real 
pair differences on age, implying a complex interaction of age and sex 

for Toughmindedness and suggesting that we may have to perform age- 

correction of the factor scores separately by sex for this trait.



RADICALISM TOUGHMINDBDNSSS

TABLE B 15 ; ANALYSIS OF VARIANCE OF THE OPPOSITE-SEX PAIRS

ITEM DP SUM OP SQUARES KEAN SQUARE P SUM OP SQUARES MEAN SQUARE F

BETWEEN PAIRS 71 172.25 2.43 2.48** 15.91 0.22 2.44**

Age 1 4.71 4.71 1.97NS 0.54 0.54 2.45NS
"Fairs" (error) 70 167.55 2.39 15.37 0.22

WITHIN PAIRS 72 70.84 0.98 6.49 0.09

Sex Difference 1 0.99 0.99 1.02NS 0.03 0.03 0.33NS
Sex x Age 1 1.17 1.17 1.21NS 0.00 0.00 0.01NS
pairs x Sex 70 67.70 0.97 6.43 0.09

TOTAL 143
KEY s DP degrees of freedom

NS not significant at the 5$ level
* significant at the 5$ level
** significant at the 1$ level



6 REGRESSION OF TEST SCORE OH AGE

6.1 Regression of Radicalism and Toughroindedness Scores on Age

Radicalism and Toughmindedness scores were regressed onto age 
separately for the six sub-groups of the data using a program from 
the HMD library of computer programs and taking out the linear and 

quadratic components. The results are summarised in Table B14» 'The 
major trend in both Radicalism and Toughmindedness is a negative linear 
component to the regression. This means that older individuals are less 
Radical and less Toughminded in these data. Therefore, either 

conservatism and tendermindedness increase with age or else radicalism 
and toughmindedness have become more dominant in society over the last 

60-70 years. Discrimination between these alternative hypotheses about 

the origin of the regression of test scores on age is not possible 
without a longitudinal study.

In the two smallest groups (DZ males and DZ opposite-sex pairs), 

the regression of Radicalism score does not differ significantly from 

zero. However, we have evidence to suggest that there is a strong linear 

regression of Radicalism score on age in the data as a whole. A 

negative quadratic component was significant at the yfo level in two 

groups (MZ males and DZ females). Visual inspection of the six 

regression curves suggested that the rate of decline in Radicalism was 

somewhat faster after the age of 40. For the purposes of age 

correction we shall ignore this small quadratic component of the 

regression.



TABLE B 14 : REGRESSION OF TEST SCORES ON AGE

RADICALISM TOUGHKINDEDNESS
REGRESSION COEFFICIENT 
OF LINEAR REGRESSION

SIGNIFICANCE LEVEL 
OF QUADRATIC COMPONENT

REGRESSION COEFFICIENT 
OF LINEAR REGRESSION

SIGNIFICANCE 
OF QUADRATIC

LEVEL
COMPONENT

MZ KALES 166 -0.0139 * « -0.0038 * NS
MZ FEMALES 466 -0.0105 *** NS -0.0089 *** NS
DZ MALES 104 0.0025 NS NS -0.0074 * NS
d z  females 294 -0.0153 *** * -0.0077 *** NS *

DZ OPPOSITE- 
SEX 144 0.0145 t NS -0.0046 f *** CO

c?
ADOPTION DATA 445 -0.0113 *** NS -0.0098 *** NS o

KEY s

t significant at the 10$ level
* significant at the 5$ level
** significant at the 1$ level

significant at the 0.1$ level***
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The regression of Toughmindedness on age was significant in all 

groups, apart from the opposite-sex pairs, where the probability was 
still less than 10%. However, in the opposite-sex pairs there was a 
highly significant quadratic component. Visual inspection of the six 

curves showed that the regressions were different in the two sexes 

as predicted in Section 4*4» There was a tendency towards a 
negative quadratic component in males and a positive quadratic 

component in females, neither of which was significant. Together, 
these produce the highly significant quadratic component observed in 
the opposite-sex pairs. We expected to find results like this when 

regressing Toughmindedness score on age from the regression of 

differences between members of opposite-sex pairs on age.

6.2 Homogeneity of the Regression Lines

The results of the regression analysis lead us to suspect that 
the regressions found in the six sub-groups of the data may not be 

homogeneous. Assuming linearity, the homogeneity of the residual 

variances, the slopes and the elevations of the .six regression lines 

was tested, as described in Snedecor and Cochran (1967). The 
residual variances and slopes were homogeneous for both Radicalism 

and Toughmindedness. However, differences between the elevations were 

significant for Toughmindedness (p 4, 1%) and approached significance 

for Radicalism (5% <  p <  10%). This means that the regression 

of scores on age are similar in all groups, but that the means differ. 

Significant mean differences in Toughmindedness score may be largely 

attributed to a sex difference. Similarly males tend to be more
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Radical than females although mean differences do not reach 
significance. Because of these mean differences we will correct 
the data for the regression of test score on age separately "by 
sex, for both traits«



7 AGE-CORRECTION OF THE FACTOR SCORES

In order to perform the age-correction, we must obtain 
regression coefficients for all males and for all females and find 

the deviation scores (i,e. the difference between the observed score 
and the score predicted from the regression of test score on age).
These scores are the age-corrected factor scores, with males and females 
varying around their own mean.

The calculations performed are summarised in Table B15, in which 
the regression analyses and the regression equations obtained from 

them are given. Predicted scores for each individual were found using 

these equations, and hence the deviation scores were obtained. These 
scores are used in all further analyses.



TABLE B15 : REGRESSION OF RADICALISM AND TOUGHMINDEDNESS SCORES ON AGE FOR KALES AND FEMALES 

RADICALISM

KALES Y = 0.302 - 0.008X FEMALES Y « 0.444 - 0.013 X

ITEM DF SUM OF SQUARES MEAN SQUARE F P DF SUM OF SQUARES KEAN SQUARE F
Regression 1 8.2569 8.2569 8.98 0.003 1 42.7832 42.7823 56.59
Residual 451 414.8016 0.9197 1160 877.0118 0.7560

TOUGHMINDEDNESS

MALES Y = 1.865 - 0.009X FEMALES Y = 1.722 - 0.008X
ITEM DF SUM OF SQUARES KEAN SQUARE F p DF SUM OF SQUARES KEAN SQUARE F

1 9.2078 9.2078 117.39 0.000 1 16.8979 16.8979 223.24

451 35.3758 0.0784 1160 87.8064 0.0757

P

0.000

0.000
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SECTION 5: PRELIMINARY ANALYSIS

1 THE MEANS

Means of the age-corrected Radicalism and Toughmindedness scores 
were calculated for the total sample and for various sub-groups of the 
data and are presented in Tables Bl6 and B17« Factor scores were 
calculated around a mean of zero and subsequently sexes were age- 
corrected separately around their own mean. Thus all the means are 

close to zero. However, the overall means of males and females are 
not exactly zero because they were based on all 1619 individuals, 

whereas the age-correction was performed on only the 1615 individuals 

for whom the ages were known.
A simple linear model, specifying the effects of zygosity, sex 

and their interaction (see Table B18) was fitted to the means by 
weighted least squares, using the reciprocals of the variances of the 
means as weights. The procedure is described in Section 3 and 
Appendix E. The estimates of the effects of zygosity, sex and their 

interaction on the means were not significant for either Radicalism 

or Toughmindedness. Since these scores for each sex were adjusted 

around a mean of zero, lack of significant sex differences between 

means is no surprise and is not very informative. The absence of zygosity 

difference suggests no differential sampling bias of the twins.

Therefore, we went back to the unagecorrected scores and fitted the 

linear model to the raw Radicalism factor scores and the square roots 

of the factor scores for Toughmindedness. The results are presented

in Table B18
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TABLE E 16 : MEANS OF AGE-CORRECTED RADICALISM SCORES

KALES (M) FEMALES (F) M + F
KZ TWINS 0.119 -0.013 0.021
SAME-SEX DZ TWINS -0.121 0.016 -0.019
OPPOSITE-SEX D2 TWINS 0.095 0.137 0.116

ALL TWINS 0.027 -0.002 0.019

All individuals except
adopted individuals -0.003 -0.004 0.012
ADOPTED INDIVIDUALS -0.292 -0.027 -0.057
ADOPTING PARENTS -0.115 -0.060 -0.084
NATURAL CHILDREN OP 
ADOPTING PARENTS 0.497 0.168 0.326

ALL ADOPTION STUDY -0.104 -0.031 -0.050

ALL DATA 0.005 -0.002 0.000
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TABLE B 17 : MEANS OF AGE-CORRECTED. TRANSFORMED TCUGHMINDEDNESS SCORES

MALES (M) FEMALES (F) M + F
MZ TWINS 0.015 -0.026 -0.015
SAKE-SEX EZ TWINS -0.027 0.016 -0.017
OPPOSITE-SEX DZ TWINS 0.013 0.044 0.028

ALL TWINS -0.001 -0.021 -0.011

ALL INDIVIDUALS EXCEPT
ADOPTED INDIVIDUALS 0.022 0.002 -0.008
ADOPTED INDIVIDUALS 0.072 0.059 0.061
ADOPTING PARENTS -0.048 0.004 -0.019
NATURAL CHILDREN OF 
ADOPTING PARENTS 0.107 0.019 0.061

ALL ADOPTION STUDY 0.036 0.043 0.041

ALL DATA 0.010 0.001 0.004
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TABLE B 18 : SOURCES OF DIFFERENCES IN THE MEANS OF THE TWINS

KEAN ZYGOSITY (Z) sax (s) Z X s
Males 1 2 l 2

Monozygotic
palrs Females 1 2 -l -2

Kales 1 -1 l -1
Dizygotic 
same-sex pairs

Females 1 -1 -l 1

Males 1 -1 l -1Dizygotic
opposite—sex
pa*rs Females 1 -1 -l 1

RADICALISM

Estimate 0.0578 0.0159 0.0079 0.0478

Significance
level * NS NS **

TOUGHMINDEDNESS

Estimate 1.5421 -0.0071 0.0895 0.0087

Significance
level NS *#* NS
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There was no significant effect of zygosity on the means for 

either trait. This shows that being an identical twin rather than 
a non-identical twin has no effect on attitudes. Although in the 
total sample males were more Radical than females, the effect of sex 

on the twin means was not significant. However, there was a sex x 
zygosities interaction significant at the level. Monozygotic 
males and dizygotic females were more Radical. There is no obvious 
explanation for this.

There was a highly significant mean difference between the sexes 

for Toughmindedness, females being more tenderminded. This confirms 
the importance of the role of sex for Toughmindedness, which we have 

already seen during the age-correction, and suggests that this study 

may support the results of previous workers (Eaves, 1977; Ifertin,
1977), who found different mechanisms of variation in the two sexes.
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2 THE VARIANCES

2,1 Homogeneity of the Total Variances

Total variances were calculated for age-corrected Radicalism 

and Toughmindedness scores in the total sample and in various sub-groups 

of the data. These variances are given in Tables B19 and B20.
Bartlett’s test was used to test the homogeneity of the total 

variances of the main sub-groups i.e, 5 twin groups (MZ males and 

females, DZ males and females and DZ opposite-sex pairs) and 6 groups 
from the Adoption Study (adopted males and females, adopting mothers 

and fathers and natural sons and daughters of the adopting parents)
Since these variances were homogeneous for both Radicalism and 
Toughmindedness, we may regard all types of individual as belonging 

to one population and attempt to explain variation in all groups 

simultaneously.
However, more powerful tests may be made by comparison of groups

of direct interest. For example, comparison of the total variance

of all females with that of all males is significant at the 5$ level
2

for Radicalism ( %  ^ “ 6,24) and at the lf0 level for Toughmindedness 
2( X  j ■ 6,70)o This indicates some heterogeneity between the sexes, 

which could lead to problems in attempting to explain variation in 

males and females simultaneously.

Eaves (1976a) has shown how competition or co-operation between 

sibs can lead to a distinct pattern of inequality in the total variances 

of MZ twins, DZ twins and singletons. For competition we expect:
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TABLE B 19 : TOTAL VARIANCES OF AGE-CORRECTED RADICALISM SCORES

MALES (M) FEMALES (F) M + F

MZ TWINS 0.716 0.688 0.698
SAME-SEX DZ TWINS 0.845 0.804 0.816
OPPOSITE-SEX DZ TWINS 1.025 0.755 0.884

ALL TWINS 0.777 0.732 0.761

ALL INDIVIDUALS EXCEPT 
adopted INDIVIDUALS 1.008 1.038 0.794
ADOPTED INDIVIDUALS 1.672 0.736 0.845
ADOPTING PARENTS 0.971 1.055 1.011
NATURAL CHILDREN OF 
ADOPTING PARENTS 0.599 1.043 0.824

ALL ADOPTION STUDY 1.189 0.817 0.911

ALL DATA 0.919 0.758 0.803
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TABLE B 20 : TOTAL VARIANCES OF TRANSFORMED. AGE-CORRECTED TOUGHMINDBDNESS
SCORES

MALES (M) FEMALES (P) M + F

KZ TWINS 0.073 0.078 0.077
SAME-SEX DZ TWINS 0.080 0.067 0.070
OPPOSITE-SEX DZ TWINS 0.081 0.069 0.075

ALL TWINS 0.075 0.074 0.075

ALL INDIVIDUALS EXCEPT
ADOPTED INDIVIDUALS 0.173 0.087 0.081
ADOPTED INDIVIDUALS 0.075 0.082 0.081
ADOPTING PARENTS 0.125 0.088 0.104
NATURAL CHILDREN OP 
ADOPTING PARENTS 0.041 0.098 0.069

ALL ADOPTION STUDY 0.146 0.084 0.100

ALL DATA 0.094 0.077 0.082
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MZ DZ <  Singletons and for co-operations MZ > DZ y  

Singletons. However, we do not observe either pattern, and the Bartlett 
test gives no reason to suppose that the total variances are 
heterogeneous. Thus, there is no evidence that the phenotype of 
one sib acts environmentally on that of the other, making it either 

more or less similar to itself.
A priori, it seems likely that cultural effects may be important 

in determining attitudes and cultural transmission could play a role 
in producing variation. Eaves (1976b) has shown that when a trait is 
subject to cultural transmission, the variance of adopted individuals 

is expected to be greater than that of individuals reared by their 

natural parents. In these data, the total variance of adopted 
individuals equals that of individuals reared by their natural parents 
for Toughmindedness, providing no suggestion of cultural transmission. 

Variation in Radicalism of the adopted individuals is non-significantly 

greater than that of individuals reared by their natural parents 
( “ °»44* 0.70 > p > 0.50)o Thus, although cultural effects
could be important in determining individual differences in attitudes, 

the total variances provide no evidence for the genotype-environmental 

covariation which might be expected if cultural transmission were 

superimposed upon genetically determined differences (Eaves, 1976b).

2.2 Analysis of Variance

Simple one way analyses of variance between and within pairs 

of twins were carried out for each of the five twin types and the



TABLE B 21 : SIMPLE ONE-WAY ANALYSIS OF VARIANCE OF TWINS RADICALISM SCORES

GROUP ITEM DF SUM OF SQUARES MEAN SQUARE F P r (intra-class correlation)

MZ MALES "between pairs 81 93.2946 1.1377 3.79 *** 0.5824
within pairs 83 24.9174 0.3002

MZ FEMALES between pairs 231 261.9857 1.1292 4.53 *** 0.6381
within pairs 233 58.1424 0.2495

LZ KALES between pairs 50 63.7308 1.2496 2.78 ** 0.4714
within pairs 52 23.3449 0.4489

DZ FEMALES between pairs 145 177.8865 1.2184 3.U ***
w

0.5134 ©
within pairs 147 57.5830 0.3917

DZ OPPOSITE- 
SEX between pairs 70 190.9946 1.2816 2.61 *** 0.4411

within pairs 72 35.3557 0.4911



TABLE B 22 : SIMPLE ONE VAT ANALYSIS OF VARIANCE OF TOUGHMINDEDNBS 3 SCORES

GROUP ITEM DF SUM OF SQUARES KEAN SQUARE F P

MZ KALES between pairs 81 10.1931 0.1243 5.69 ***
within pairs 85 1.8148 0.0219

HZ FEMALES between pairs 251 28.5688 0.1224 3.57 ***
within pairs 255 7.9998 0.0543

DZ KALES between pairs 50 6.5842 0.1252 3.46 ***
within pairs 52 1.8826 0.0362

d z  females between pairs 145 15.8700 0.0950 2.43 **#
within pairs 147 5.7522 0.0391

d Z opposite- 
sex between pairs 70 7.8495 0.1106 2.78

within pairs 72 2.8682 0.0398

r (intraclass correlation) 

0.7004

0.5622

0.5514

0.4169

co
“3
H-

0.4698



results are presented in Tables B21 and B22, One degree of 

freedom has been lost between pairs in each case by the age- 
correction, which removed variation between pairs due to the 
regression of test score on age«

Variation was significantly greater between than within pairs in 
all groups for both traits, showing that variation is not the result 
of random differences between individuals. There must be 
environmental or genetical differences between families. Genetical 
variation may be indicated since the within pairs mean squares of 
identical twins are markedly less than those of non-identical twins.

The male within pairs variance is non-significantly larger 

than the female within pairs variance for both MZ and DZ twins. 
Conversely, variation in Toughmindedness is greater within female 
pairs. Evidence for a sex difference in the mechanisms determining 

individual differences in Radicalism and Toughmindedness is provided 
by the opposite-sex non-identical twins, whose within pairs variance 

is greater than that in either male or female DZ pairs for both 

traits.
Since the total variances of the sub-groups of the data are 

homogeneous, no information is lost in calculating correlation 

coefficients from the data. Before proceeding to a more formal 

investigation of the causes of individual differences in Radicalism 

and Toughmindedness, the correlation coefficients from the twin and 

adoption study will be considered, in order to determine what information 

they yield about individual differences in these data»
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3 CORRELATIONS

3.1 Correlations of the Twins

The intraclass correlation coefficients, calculated from the 

variance components, are given in Tables B21 and B22. Small, but 
consistent differences are observed among the correlations. For 
both Radicalism and Toughmindedness, the MZ twins correlations are higher 
than those of the DZ twins suggesting either that there is greater 

genetical similarity between members of an MZ pair or that MZ pairs 
are treated more alike«, A sex effect is observed for both traits. 

Correlations are higher in females than males for Radicalism. The 
reverse sex effect is observed for Toughmindedness.

We wish to quantify these observed differences in the correlations 

and determine whether they are statistically significant. Because the 

distribution of the correlation coefficient is skewed, the correlations 
were transformed into z values, which are normally distributed, and 

the z values were tested for homogeneity as described in Section 4 

of Part A.

The five intraclass correlations differed significantly at the 5$
2level for Toughmindedness ( %  ^ ■ 10,13), tut not for Radicalism 

( X  ^ “ 6,57)® The differences between male and female correlations 

within zygosities noted earlier were not significant for either trait. 
Therefore, since there was no evidence for the effect of sex, the 

correlations for each zygosity were pooled over sexes. Pooled MZ and 

DZ correlations differed significantly at the 5$ level for both traits.
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Comparison of the pooled same-sex DZ twin correlation with the 
opposite-sex DZ twin correlation» showed no significant difference 
for either Radicalism or Toughmindedness. Thus, the correlations 
provide no evidence for a sex difference in the determination of 

attitudes, which had been suggested earlier.
A model specifying comparisons between zygosities, sexes and 

between same and opposite sex twins was written and is given in Table 
B23. The model was fitted to the z values for Radicalism and 
Toughmindedness using weighted least squares, as described in Section 
4 of Part A. The results are presented in Table B2J. The only 

significant effect for both traits is the mean effect. The overall 

effects of zygosity, sex and the same-sex vs. opposite-sex comparison 
were not significant. However, the relative magnitudes of these 
parameters is informative. Apart from the mean, the zygosities effect 

is the most substantial effect for both traits. For Toughmindedness, 

the sex effect is of a similar magnitude. However, the sex effect for 
Radicalism and the same-sex vs. opposite-sex comparison for both traits 
are negligible.

Ve have evidence for significant differences between the MZ and 

DZ twin correlations from the test of homogeneity of the MZ and DZ twin 

correlations pooled over sexes. This indicates that there may be a 

genetical component of variation for these traits, despite the lack of an 

overall zygosities effect in this analysis.
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TABLE B 25 î MODEL AND ESTIMATES FOR CORRELATIONS OF TWINS

GROUP HEAD ZYGOSITY SEX SAME-SEX VS. OPPOSITE-SEX

MZ Kales 1 1 1 0

IIZ Females 1 1 -1 0

DZ Males 1 -2/3 1 1

DZ Females 1 -2/3 -1 1

DZ opposite-sex 1 «2/3 0 -2

RADICALISM

Estimate 0.5945 0.1178 -0.0377 0.0212

Standard Error 0.1441 0.1674 0.1576 0.1386

Significance level **# NS NS NS

TOUGHMINDEDHESS

Estimate 0.6160 O .1329 0.1038 0.0088

Standard Error 0.1441 0.1674 0.1576 0.1386

Significance level **# NS NS NS
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5,2 Correlation among the individuals of the Adoption Study

Pearson correlation coefficients were calculated among the 
individuals of the Adoption Study o The 6 x 6  correlation matrices for 

Radicalism and Toughmindedness are given in Tables B25 and B2lj-,
There are significant correlationsbetween spouses of 0,4045 

and 0,3824 for Radicalism and Toughmindedness respectively, as would 

have been predicted from previous work. However, these correlations are 
somewhat lower than the values of about 0,6 reported by Insel (1974) 
and others, but do not differ significantly from them.

The only other significant correlation for Radicalism is that 

between adopted daughter and adopting mother, which is based on the 

largest number of pairs of observations. This correlation suggests 
that it will be interesting to consider the pattern of the other 

correlations because although formally they do not differ from zero, 

they are not significantly different from the foster mother-adopted 
daughter correlation either.

Firstly, considering Radicalism, the correlations of adopted sons 

and daughters with their adopting mothers are very similar, whereas 

those with their fathers differ somewhat (and are not significantly 

greater than zero). Pooling over sexes, the correlation of an adopted 

child with its mother is higher than that with its father, suggesting 

that the role of a mother in providing a child’s environment may be more 
significant in the determination of Radicalism, than the role of a 

father. Correlations between adopted and natural children reared by 

the same parents are slightly higher than those between fosterparent
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TABLE B 24 : CORRELATION AMONG RADICALISM SCORES

Adopted Adopted Adopting Adopting Natural Son of Natural Daughter
Male Female Mother Father Adopting Parents of Adopting

Parents

1.0000
(0)

0.3160 0.5153
(9) (5) (0) (1)

Adopted Male

1.0000 0.3363* 0.0729 0.3579
(40) (34) (8)

0.4480 Adopted Female (8)

1.0000 0.4045** 0.7554
(47) . (3)

0.3679 Adopting 
(5) Mother

1.0000
(2)

0.5057 Adopting 
(5) Father

1.0000
(1)

Natural Son of 
Adopting Parent

1.0000 Natural
Daughter of 
Adopting Parent

NOTES :
1. Numbers in brackets give number of pairs on which the correlation 

was based.

2. Kez
* Significant at the 5$ level 
** Significant at the 3$ level 
- No correlation could be calculated
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Adopted
Male

1.0000

TABLE B 2£ : CORRELAT/OV AMONG TOUGIE’INDEMBSS SCORES

Adopted
Female

Adopting
Mother

Adopting
Father

Natural Son of 
Adopting Parents

Natural daughter 
of adopting 
parents

- 0.3369
(9)

0.6468
(5)

- - Adopted Male

1.0000 0.0095
(40)

0.2294
(34)

0.5723
(8)

0.1787
(8)

Adopted Female

1.0000 0.3824**
(47)

0.8582
(3)

0.5243
(5)

Adopting
Mother

1.0000
(2)

0.6081
(5)

Adopting
Father

1.0000
(1)

Natural son 
of adopting 
parents

1.0000 Natural 
daughter of 
adopting 
parents

!
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and adopted child. Correlations between parents and their natural 

children are higher than those between adopting parents and their 
adopted children, which although based on small numbers is consistent 
with the hypothesis that some of the similarity between natural 
parents and offspring may be genetic in origin.

Turning now to Toughmindedness, only the marital correlation is 
significant. The correlations of natural children with their parents 
tend to be higher than the others, again suggesting a genetical 
component, but this is all that we can usefully say about them.

The inter-correlations among Radicalism, Toughmindedness and Age, 

presented in Table B26, are mostly non-significant. However, a few comments 

will be made. Not surprisingly there is a significant correlation in 

the age of spouses and also between the ages of parents and adopted 
children. Two significant correlations between subjects* Radicalism 

and Toughminded scores are observed, which reflect the non-orthogonality 
of the traits (r » 0.19)« Since the data have been age-corrected, we do 
not expect to find correlations between Radicalism or Toughmindedness and 
age. However, the correlation between age of mother and Toughmindedness 

in their adopted daughters is negative and significant at the 5i° level.

Older mothers who are more Tenderminded themselves, may provide an 
environment in which their offspring tend to be more tenderminded.

However, since we expect one correlation in twonty to be significant at 

the 5$ level, we cannot attach too much importance to this finding.
Overall, looking at the correlations has not been very helpful, 

apart from demonstrating a marital correlation, because the numbers on 

which they are based are too few. The causes of variation in the Adoption 

Study may be elucidated by using all the information available simultaneously, 
which we shall do in a later section.
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TABLE B 26 : CORRELATIONS BETWEEN RADICALISM. T0IIGHKINDSDNS5S AND AGE

TOTJGHMINDEDNESS AGE
1 2 3 4 5 6 1 2 3 4 5 6

1 -06 - 03 69 - 100 - 70* 52 - -

2 - 01 -04 -24 -47 -37 100 33 61 81 27* ** #
3 -41 -34 -06 -04 -83 -15 70 33 100 77 -25 71

Age * * * **
4 oCM1CM1 -17 -21 - -30 52 61 77 100 - 14** f t f t
5 - -05 31 - -10 - - 81* -25 - 100 -

6 - -17 -39 -07 - -30 — 27 71 14 _ 100

1 -01 - 02 69 - — 03 - 27 -28 - —

2 - 21
«* 03 -03 04 11 - 02 -09 17 12 -08

Radicalism3 20 14 06 16 85 76 04 -17 -13 -03 30 —68

4 47 07 14 19 - -02 46 -00 13 13 - -78

5 - 70
■f

76 - 82ft*
- - -00-73 - 36 -

6 — 26 01 01 - 20 — 58-02 15 - -36

NOTES :
1. All decimal points are omitted

2 Code numbers are 1 Adopted Male
2 Adopted Female
3 Adopting Mother
4 Adopting Father
5 Natural son of adopting parents
6 Natural daughter of adopting parents
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SECTION 6: SIMPLE MODELS OF VARIATION IN RADICALISM AND TOUGHMINDEDNESS 
IN THE TWINS

1 MODEL FITTING PROCEDURES

Throughout this Section, the concepts and methods discussed at 
length in Section 3 of Part A will be employed to investigate the 

genetical and environmental mechanisms, producing the pattern of mean 
squares observed in the twins. This will enable us to compare this 
study with previous studies, before moving on to examine all the data 

simultaneously, using methods appropriate to the analysis of 

unbalanced pedigrees.
Expectations for the ten mean squares will be generated in terms of 

the genetical and environmental components of variation described in 

Part A. The most likely explanation of the observed pattern of variation 
is that employing the least number of parameters representing sources 
of variationjin a model which satisfies the chisquare criterion of 

adequacy. Therefore, we first test the adequacy of the simplest models 

of variation and only incorporate additional parameters into our models 

when the simpler models are inadequate to explain variation in the 

data, or when the fitting of an additional parameter produces a 

significant improvement in fit over simpler models. Thus, certain

effects influencing a trait may not be detected and estimated if they do 

not account for a significant proportion of the variation. The 
contribution of such effects to the total variation will be small and our 

explanation of the variation within a parsimonious model will account for 

the major part of the variation. Biases introduced by accepting as 
adequate models which are too simple will be calculated in Part C,
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where the sample sizes needed to detect different components of 
variation will also be given,.
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2 MODELS OF RADICALISM IN THE TWINS

The simplest model of variation, the E^ model, specifies
that all variation is due to random effects such as errors of

measurement or environmental influences specific to the individual.

This model clearly fails to explain the observed variation ( X  2q - 178,03)
2 2 2 2and its failure indicates that or ^ \  cr w and cr - cr w DZ, 

Environmental differences, such as cultural differences, between 
families (E£) mi^it produce the former inequality and differences in 
E^ between MZ and DZ twins the latter, Genetical variation would 

produce both inequalities.

In order to determine whether either genetical or environmental 
differences between families alone is sufficient to account for the 
observed residual variation after fitting E^, two simple two-parameter 

models were tested. The simple environmental model (E^B) specifies 

that all variation may be accounted for by environmental differences 

either within or between families. Ve see from Table B27, that this 

model is not adequate since significant residual variation remains 

after fitting it. The simple genetical model (E^D^) specifies 

specific environmental effects, and errors of measurement and also 

additive genetical variation. Other sources of environmental variation 
(e.g. cultural differences) and genetical variation (i.e, all non

additive effects: dominance, epistasis genotype-environment 

interaction, genotype-environment covariation) will lead to failure 
of this simple model. From Table B27, we see that this model yields a 

non-significant chisquare. However, the fit is poor indicating that
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TABLE B 27 : TWO SIMFLE MODELS FOR RADICALISM IN THE TWINS

1. SIMPLE ENVIRONMENTAL MODEL

Parameter Estimate Standard Error Significant Level

E,

B

0.3396

0.4211

0.0198

0.0361

p <0.001 

p< 0.001

m 21.029, p » 0.007
8

2. SIMPLE GENETICA! MODEL

Parameter Estimate Standard Error Significant Level

E

R

0.2536

1.0068

0.0193

0.0764

p <0.001 

p <0.001

^  * 14.276, p = 0.075

Narrow Heritability (h^) = 0.6650 - 0.0284
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there might he an additional source of variation.

The most obvious three parameter model to try is that incorporating 
all three sources of variation described so far i.e. the E,D_.B model.X H
However, when there is genetical variation, interpretation of the B 

parameter changes. This parameter specifies between families 
variation, which may be produced by cultural differences between 
families as specified in the E^B model. A priori, we might expect 

cultural differences to produce variation in Radicalism. However, 
since the E^DRB model includes additive genetical variation, genetical 
variation produced by such factors as dominance may contribute to the 

between families component. Eaves (1972)thas shown that the power of 

the test for detecting dominance, using twins reared together, is 
extremely low and we would be unlikely to pick up its effect. However, 
in this study another effect must be considered.

We know from the adoption study that there is a correlation of 

0.4045 between spouses in their Radicalism scores. Cultural effects 
and assortative mating both contribute to variation between families 

of individuals reared together. If cultural differences are perpetuated 

by cultural transmission (Eaves, 1976b), then the evolutionary 

consequences of cultural transmission and assortative mating are likely 
to be similar in the presence of genetical variation, since both 

increase apparent genetical variation. Cultural transmission does 

this by perpetuating environmentally the consequences of genetical 

segregation in previous generations. Assortative mating does so by 

associating alleles of like effect. So, when we are looking at twins 

reared together, we can only determine whether the effects of the mating 

system and culture are playing a jointly significant role in the 
determination of differences between families.
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■The joint contribution of assortative mating and cultural 

differences is thus summarised by the parameter B in the E.D.B model, 
which is given in Table B28,

The results of fitting this model to the data are given in 
Table B29, This model provides an adequate explanation of the data 
( X  2y - 6,198) and is a significant improvement over the E^DR model 
( 0( 2 " 8,078)o Despite the fact that we have included all three
parameters in this model, each differs significantly from zero and, 
therefore, represents a significant source of variation. The data are 
consistent with the interpretation that specific environmental 

influences and additive genetical effects produce variation in 

Radicalism, These findings are of limited interest since both DR 
and E-̂  are random, non-directional effects which could produce 
variation in a trait that is not biologically or sociologically 
important (although it is possible that such a trait could be under 

stabilisiiy selection)# However, if there is assortative mating, it 
seems likely that the trait may be of some evolutionary consequence.

Both assortative mating and cultural differences show that the 
trait may be sociologically relevant.

We know that either assortative mating or cultural effects or 

both are producing variation between families, but we cannot determine 

their relative contribution using the twin data alone. We can only 

set upper and lower limits for their effects. The total variance is 

given by (£ D^ + + B), Therefore, the parameters account for the
following percentage of the total variations
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TATST.R B ?ft : MODEL FITTED TO BEAN SQUARES FOR RADICALISM

TWIN TYPE MEAN SQUARE EXPECTED MEAN SQUARE

dr E1 B

MZ b 1 1 2m
w 1

HZf b 1 1 2

w - 1 -

DZm b * 1 2

w •i 1 -

DZf b i 1 2

w 1 -

D2mf b * 1 2

w i 1

where b = between pairs mean square 

w = within pairs mean square
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TABLE B 29 s PINAL MODEL FOR RADICALISM IN THE TWINS

Parameter Estimate Standard Error Significance Level

Ei 0.2687 0.0212 p <  0.001

dr 0.5765 0.1589 p <  0.001

B 0.2091 0.0734 p <  0.01

2
*  7 ‘

6.198 , p ■ 0.517
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■̂ Br ■ 37*63%
*= 35.08%

B = 27.30%

If the contribution to B of assortative mating is zero, then cultural 
differences may account for as much as 27.30% of the total variation 
and 37.63% of the variation in Radicalism could be due to genetical 
differences. However, we know from the adoption study that there is 
assortative mating. If we now assume assortative mating such that B 
is entirely genetic in origin, then as much as 64.92% of the variation 

could be due to genetical differences. In other words anything 

between 38 and 65% of the variation could be due to genetical differences.

Since we have data on spouses, we can go further than this and 
resolve the relative contributions of assortative mating and cultural 

effects. We will take the value of the marital correlation, j*.} as 

0.4045 and assume that the only influence of parents on their children 
is genetic. Assortative mating increases the additive genetical 
variance by associating alleles of like effect. Fisher showed that 

under certain conditions the contribution of assortative mating to the 

additive genetical variance is given by ¿(A/(l-A))DR, where A is the 

correlation between the additive genetical deviations of spouses.
pMA" can now be calculated from^tLand the narrow heritability (h ,

2where h ^ is the proportion of the total variation due to additive 

effects and is given by:

2 £ dr + & (A/(l - A)) 3^
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where V,p *» + B

This simplifies to:

2 £ V ( l / ( l  - A))
h N " Vj

Making the usual assumption that assortative mating is based 
on the phenotype, then:

A . A h2r

We have estimates of jx and £ an<* can use ^ase "to obtain
a quadratic in A:

A - 0.4045 x 0.3763 x 1/(1 - A) 
which simplifies to:

A2 - A + 0.1522 = 0

Solutions for A are 0.8127 and 0.1873» Since the first value is greater 
than jx, we take A * 0.1873» Therefore, assortative mating accounts 
for £ Dr (A/(1 A))/Vt ■* 8.67$ of the total variance. The difference 
between this value and the percentage of accounted for by B is 

18.63$, which is variation due to environmental differences between 

families. We can determine the proportion of the total variation due 

to genetical differences by adding the contribution of assortative mating 

to that which would still persist if mating were random. Thus, 

genetical differences account for 46029$ of the total variation.

A summary of our final model for the mechanism producing 

variation in Radicalism is summarised in Table B30. We now wish to 

compare these results with those of previous studies and then to make



391

TABLE B 30 : FINAL ANALYSIS OF RADICALISM SCORES FOR 587 PAIRS OF TWINS

Estimates of the components as a percentage of the total variation

E. 0.351

B

0.376 0.4629

0.087

0.186

N.B. A.M. is the percentage of the total variance due to assortative 
mating.

i.e. A.M. = *Dh (A/(l-A)) /Vt
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predictions about the pattern of variances and covariances expected 

in the adoption study. If the adoption data are consistent with 
these predictions, we may obtain estimates of genetical and 
environmental components of variation using all the data simultaneously.

In summary, the most significant feature of this analysis of 

Radicalism is that the simple models fail0 For many traits the simple 
models fit (see Martin,1977 for many examples). In some cases, lack 
of ability to discriminate between simple environmental and simple 
genetical models indicates that the data are inadequate. However, in 

others the adequacy of the simple models suggests either that many of 
the complex mechanisms hypothesised for human variation do not operate 

in reality or that the traits being studied are not very relevant for 

our understanding of biology or society,
Ve have shown that the genetical effects of the mating system 

and cultural or treatment differences between families are contributing 

significantly to variation in Radicalism. These effects could 
reflect the cultural impact of parents on their children. Thus, 
Radicalism may be a sociologically relevant trait of evolutionary 

significance, where the joint role of cultural differences and heredity 

in the transmission of culture can be studied.



3 COMPONENTS OF VARIATION IN RADICALISM IN THREE STUDIES

The results for Radicalism of three studies of social attitudes 
are presented in Table BJl, where the mean squares and proportion of 

the variation accounted for by the three parameters required to account 
for the variation are given. These studies (Hewitt, 1974? Martin, 
1976; and the present study) are surprisingly consistent, despite 
the fact that the data were collected at different times, using 
different questionnaires and with very different aims in mind,
Hewitt (1974) states in his thesis that he wished to determine whether 
the structure of attitudes had altered since the earlier work summarised 

by Eysenck (1954)» as had been suggested by Eaves and Eysenck (1974a), 
and to examine subjects x items interactions for attitudes using the 
approach of Eaves and Eysenck (1974b). The collection of this data 

was initiated by Eaves who wished to study the relationship between 

personality and social attitudes. Martin's (1976) data were obtained 

as part of a study designed primarily to examine the determination of 
individual differences in sexual attitudes and the relationship of 

these attitudes with other behavioural traits. The data of this twin 

study were obtained in conjunction with data on smoking and drinking 
behaviour, neuroticism and impulsiveness. As a result of the 

consistency of a preliminary analysis of this study by Eaves (personal 

communication) with that of the other twins studies, the data of the 

Adoption Study were obtained in order to test hypotheses formulated on 
the basis of the twin data and to resolve parameters which are 

inevitably confounded in data on individuals reared together.



TABLE B 51 s COMPARISON OF THREE STUDIES OF RADICALISM

BETWEEN PAIRS MEAN SQUARES HEWITT
df MS

MALES 141 10.3111
MONOZYGOTIC

FEMALES 323 8.36411

MALES 36 8.8544
DIZYGOTIC FEMALES 193 9.5146

OPPOSITE-SEX 126 10.1125

WITHIN PAIRS MEAN SQUARES

MALES 142 1.7804
MONOZYGOTIC

FEMALES 324 1.9055

KALES 37 3.2145
DIZYGOTIC FEMALES 194 2.8950

OPPOSITE-SEX 126 3.2892

°fi of Total Variation Accounted For By :
Ex 0.3329

iDr  0.3541
B 0.3150^-AM— 0.156

E2— 0.157

r
0.60



KART IN PRESENT STUDY
df MS df MS
37 356.521 81 1.1377

93 337.97 231 1.1292

15 272.48 50 1.2496
52 365.26 145 1.2184
39 350.61 70 1.2816

39 49.20 83 0.3002

95 61.50 233 0.2495

17 82.38 52 0.4489
54 100.83 147 0.3917
41 129.35 72 0.4911

0.2736

0.4427

0.2736^— A M - 0.2736 
x  E — 0.0000

0.3508

0.3763

0.2730^-AM— 0.087 
X E2— 0.186

0.67 0.4045
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Examination of the between pairs mean squares in Table B31 

reveals no similarity in their relative magnitudes in the five twin 
groups in the three studies. However, in all cases, these mean 
squares were homogeneous and, therefore, the observed patterns in the 

■three studies can be attributed to chance factors. Within pairs mean 
squares conform to the pattern we expect if there are genetical 
differences producing variation in Radicalism. MZ twin mean squares 

are substantially less than EZ twin mean squares. The mean squares 
within opposite-sex EZ pairs are slightly larger than those within 
same-sex BZ pairs, indicating slight but non-significant heterogeneity 

between the sexes.
In all three studies, the most appropriate explanation of the 

observed pattern of mean squares was found in a model incorporating 
specific environmental, cultural (or assortative mating) and additive

genetical differences. These parameters accounted for a substantial 

proportion of the total variation in each case0

We first compare the results of the two largest and most reliable 

studies - Hewitts, based on 824 pairs of twins and the present study 

based on 587 pairs. These only suffer from the usual problems of 

sampling associated with twin studies, whereas the response rate in 

Martin's study was poor (only 30$) because the social attitudes 
questionnaire was sent out with a questionnaire on sexual attitudes. 

Problems will be introduced by the low response rate and the likely 

biases in the type of individual who would return such an anonymous 
questionnaire.

Hewitt's and the present study yield almost identical estimates

proportion of the total variance.
E1 is slightly larger and B slightly smaller in the present study. The
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authors' estimates of the relative contributions of assortative mating

and cultural effects differ somewhat, but this is explained by the
estimates they choose for the value of the marital correlation, Hewitt
employs a value suggested by Insel's (19SI) study, using the Wilson

Conservatism scale, of j l  « 0o60, This yields a solution where
cultural effects and assortative mating make an equal contribution to
the variation. The present analysis uses a lower value of ji. = 0,40,
obtained from the adoption study, and it is found that cultural effects
contribute more than twice as much as assortative mating to the total
between families variation. If a value of jjl » 0,40 is used with

Hewitt's data, rather than the value of 0.60 which he chooses, then

cultural effects account for 23»9i° of the variation and assortative
mating for 7«4f° of the total variation, a result very similar to our
own. Thus, as is expected, the precise contributions of assortative

mating and cultural effects, estimated from the data, depends on the
value of ya used. We believe that Insel's correlation may be rather
high (as are other correlations he reports; see Eaves and Eysenck
(1974)) and that cultural effects may produce more variation in

ARadicalism than assortative mating. If we assume that B is all 

variation produced by assortative mating, we can easily calculate 

the value of yu. that would be found in the population. For Hewitt's 

study j x  - 0.70 and for the present study jn ■ 0,65, This value in 

gewitt's study is higher than any reported before and the value in our 

study is considerably higher than the observed correlation. Therefore, 

although the exact size of their relative contributions is still in 
question, both cultural effects and assortative mating seem to be playing 

a role in determining individual differences in Radicalism.
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because of the sampling procedure and the smaller sample size (246
Apairs)* Here the value of B is about the same as in the other two 

A Astudies, but is larger and is smaller. These estimates are

not significantly different to those from the other studies, and overall

the studies are in good agreement with one another* However, the 
1 Asize of 5 D_ has interesting implications when we look at the ft Adistribution of B between cultural effects and assortative mating. 

Martin uses a value of jx « 0*67, reported by Eysenck (1976) for the 
88 item Public Opinion Inventory used in his study, in order to calculate

Martin's study might, a priori, he expected to he less reliable

the proportion of B which can be accounted for by assortative mating.

He finds that the quadratic in A has no real solution since
jX x 4 Dr/Vt x 4 > 1 and concludes that his data are compatible with
the explanation that all the between families variation can be

accounted for by assortative mating. Assuming again that there is no
Avariation produced by cultural effects and that all B is due to 

assortative mating, we estimate the value of jx. as 0,53» which is 

lower than that used by Martin and explains why no real solution existed 

for the quadratic. This sets a maximum vtlue of yft. *= 0.53 for Martin's 

study (i.e. given that Fishers model is appropriate) and once again 

suggests that Insel's reported correlations are unusually high or that 

an entirely different model need be adopted for the findings (e.g. 

genotype-environment covariance such as that produced by cultural transmission) 

Using J L  - 0#4045 as for the present study, Martin's data yield 
estimates of assortative mating ■ and cultural effects = 13.97S of

the total variation. Thus, depending on which value of u. we use in
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the three studies we can get almost any relative contribution of 

assortative mating and cultural effects to the variation between 
families. However, from the two largest studies, we believe that both are 
presented in some degree.

The overall consistency of the three studies, despite the various 

inadequacies reported by their authors, suggests that our final model 
of Radicalism in some measure approximates to the true answer and gives 

some confidence to our efforts to generalise from the study of twins. It 
now remains to test the generality of this model for other types of 
individual in order to decide whether or not twins are typical of the 

population as a whole with respect to the genetical and environmental 

influences operating on them. We note in passing that so far we have 

found no evidence for one influence which could differentiate twins from 
other types of family for this trait, namely competition or co-operation, 
since the total variances of all twin groups were homogeneous. The 

adoption data will be used to clarify the position with respect to 
cultural effects and assortative mating and to test the applicability 
of the model in the twins to the population as a wholec



4 MODELS OF TOUGHMINDEDUESS IK THE WINS

Using the same approach as that adopted for Radicalism, the 
simple model was first fitted to the data and failed to account for 

the observed variation. The results of then fitting the two parameter 

models are given in Table B32. The simple genetical model does not provide 
an adequate explanation of the data. However the simple environmental 

model appears to fit quite well, with 46.24$ of the variation accounted 
for by specific environmental factors and 53.40^ by between families 
differences. Therefore, formally at least, we need seek no further than 
these simple environmental effects for causes of variation in 

Toughmindedness.
However, as for the previous trait, we fitted the three parameters, 

E^, B and D̂ , to the data. Although all three parameters were 

significant^ -the additional parameter just failed to produce any 

significant improvement in fit over the simple environmental model

( <x21 - 3.7 1, <  p <  10$ .
Thus, formally the E^Eg model is adequate to account for variation 

in the twins. However, addition of the parameter produces a 

substantial although not significant reduction in chisquare and this 

parameter is significantly greater than zero. Therefore, a small genetical 

component of variation may be indicated, which might be detected in a 

larger study of this type or a study with a completely different design 
(e.g. the Adoption Study).

How do these results compare with those of the two previous twin 

studies described earlier? The means squares for the three studies are 

presented together in Table B33 for comparison. Hewitt (1974) found
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TABLE B 32 : TWO SIMPLE MODELS FOR TOUGHMINDEDNESS IN THE TWINS

1. Simple Environmental Model

Parameter Estimate Standard Error Significance Level

Ei 0.03461 0.00202 p <  0.001

E2 0.03997 0.00352 p <  0.001

It03
C\i 10.999 , p = 0.202

Simple Genetical Model

Parameter Estimate Standard Error Significance Level

Ei 0.02875 0.00216 p <  0.001

b r 0.08902 0.00744 p <  0.001

IICO
<\l 18.224, p = 0.020

Narrow Heritability (h^) = 0.6076 - 0.0322



TABLE B 33 : COMPARISON OF THREE STUDIES OF TOUGHKINDEDNESS

BETWEEN PAIRS

MONOZYGOTIC

DIZYGOTIC

WITHIN PAIRS

MONOZYGOTIC

DIZYGOTIC

KEAN SQUARES HEWITT
df MS '

“ma l e s 141 7.8197
-FEMALES 323 10.3697

“ males 36 6.5694
FEMALES 193 7.5213

_OPPOSITE-SEX 126 8.1251

MEAN SQUARES

MALES 142 3.1980

_FEMALES 324 1.8643

"males 37 3.3720
FEMALES 194 2.9982
OPPOSITE-SEX 126 4.3155

✓



MARTIN PRESENT STUDY
df MS df MS
37 391.03 81 0.12431

93 383.21 231 0.12241

15 548.82 50 0.12518
52 248.89 145 0.09500
39 299.19 70 0.11056

39 93.36 83 0.02187

95 79.48: 233 0.03433

17 62.91 52 0.03260
54 125.14 147 0.03913
41 148.63 72 0.03984

401
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that no model with the same effects in both sexes would fit these 

data. The simple genetical model was adequate to explain the variation 
in each sex separately, but the simple environmental model again failed. 
Eaves (personal communication) later devised a model which could be 

fitted to both sexes simultaneously by allowing the parameters to take 
different values in each sex and including a parameter to specify the 
correlation between an effect in males and females. He found, for 

Hewitt’s study, that a model with separate E1 's (E^ and E^,), separate 
Dr *s (Dĵ  and b^) and an interaction parameter (D^^) was adequate 

to explain the variation, but that the fit was poor ( X  5 - 9*5 1:
0.05 <  p <  0.10) (Eaves, 1977)* Addition of a parameter summarising 

cultural differences (or assortative mating) - B - gave a significant 
improvement in fit over the earlier model and suggested that the 
mechanism producing variation in the two sexes was very different.

Eaves concluded that the principal characteristics of Toughmindedness were 

those of a trait whose pattern of determination shows a marked interaction 
with sex. Both sexes seemed to be subject to the effects of the family 

environment (since B was significant). However, there was only 
evidence for genetical variation in females. The genes did not appear 

to be contributing to individual differences in males.

Martin's (1976) study yielded very similar results. Different 

models of variation were required in males and females. He found that of

the two simple two parameter models only the E^Eg model would fit in 

males and only the E^D^ model would fit in females, which was consistent 

with the findings of Eaves for Hewitt’s data. He found that a similar 

model to that of Eaves (allowing the parameters to take separate values 

in the two sexes and allowing for interaction between an effect in males 
and females) gave the best explanation of his data.
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Thus, in both previous studies no simple model would account 

for variation in both sexes, and the determination of attitudes was 
markedly different in the two sexes. There was a heritable component 
of variation in females, but no evidence for genetical variation in 
males. In this study, there was no heterogeneity between the sexes and 

no significant genetical component of variation was found in either 
sex. How can we explain the discrepancy between the two previous 
studies, which agreed with one another well, and the present study?

The most obvious culprit in such cases is biased sampling.
However, this does not seem to be an appropriate reason here, since the 
findings in all three studies for Radicalism were remarkably consistent. 

For our explanation, we must turn, I think, to the questionnaire used, 

since this is the most obvious difference between the previous studies 
and the present study0 Such problems as biased sampling were common to 

all three studies.
Hewitt's and Martin's studies used different questionnaires, but 

both were versions of the Public Opinion Inventory where subjects 
were asked to rate 80 statements from 1 (strongly disagree) to 5 

(strongly agree). The present study used the Wilson-Patterson attitudes 

questionnaire where subjects respond by agreeing or disagreeing with a 

topic represented by a single norm. This questionnaire was developed from 

the Wilson Conservatism Scale (1968), A comparison of the Wilson- 

Conservatism scale and the Wilson-Patterson Attitudes Questionnaire is 

given for interest in Table B34» Wilson and Patterson (1968) state 

about the origin . of the Conservatism scale that: "Development of 
the present scale began with a list of characteristics which might be 

expected in the extreme conservative". Fifty items which were effective
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TABLE B 34 : COMPARISON OF WILSON'S (1968) CONSERVATISM SCALE AND THE 
WILSON-PATTERSON SOCIAL ATTITUDES QUESTIONNAIRE

ITEMS SPECIFIC TO EARLIER 
CONSERVATISM SCALE

ITEMS COMMON TO BOTH 
SCALES

ITEMS SPECIFIC TO SOCIAL 
ATTITUDES SCALE

Chaperones 1. Death Penalty 5. Council Housing
Student Pranks 2. Evolution Theory 8. Women's Lib
Fluoridisation 3. School Uniforms 9. Student Protest
White Lies 4. Striptease Shows 10. Police
Straitjackets 6. Sunday Observance 11. Surtax
Learning Latin 7. Hippies (Beatniks) 13. Foreign Aid

12. Wife Swapping
(Pyjama Parties)

15. Welfare State

14. Pop Music (Jazz) 16. Tradition
18. The Pill 17. Conscription
19. Patriotism 21. United Nations
20. Modern Art 26. Law Reform
22. Self Denial 33. Political Systems
23. Working Mothers 37. Space Research
24. Military Drill •00tf'v Strikes
25. Co-Education 39. Common Market
27. Divine Law 44. Capitalism
28. Socialism 50. Inheritance Tax
29. White Superiority 57. Arab Politics
30. Cousin Marriage 58. Pacificism
31. Moral Training 59. Law and Order
32. Suicide 62. Profit Sharing
34. Legalised Abortion 66. Trade Unions
35. Empire Building 67. Supersonic Airliners
36. Licensing Laws •COIO Liberals
40. Computer Music
41. Chastity
42. Royalty
43« Women Judges
45. Conventional Clothing
46. Teenage Drivers
47. Apartheid
48. Nudist Camps

contd
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TABLE B 34 Contd.

ITEMS SPECIFIC TO EARLIER ITEMS COMMON TO BOTH ITEMS SPECIFIC TO SOCIAL 
CONSERVATISM SCALE SCALES ATTITUDES SCALE

49. Church Authority
51. Astrology (Horoscopes)
52. Disarmament
53. Censorship
54. Birching
55. Mixed Marriage
56. Strict Rules
60. Casual Living
61. Divorce
63. Inborn. Conscience
64. Coloured Immigration
65. Bible Truth
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discriminators on these characteristics, were chosen from a large pool 

of items, so that half the items scored positively on Conservatism and 
half negatively. Examination of the items added to this conservatism 
scale to produce the questionnaire used in the present study does not 
suggest that they were especially chosen to discriminate between Tough 

ahd Tendermindedness. This may be the key to the difference between 

the present study and earlier studies. Hewitt (1974) reports from his 
factor analysis of the 60 item Public Opinion Inventory that the first 
principal component accounted for 14$ of the total variation, the 
second for 10$ and all remaining components for 3$ or less. Other 
studies using similar questionnaires to the 60 item Public Opinion 

Inventory, find that Radicalism and Toughmindedness are two major 
factors approximately equal magnitude. Eysenck does not report the 
proportion of variation accounted for by R and T in his analysis 
of the quota sample described previously. Although the item content and 

the loadings in the two factors in the present study are closely similar 
to those found by Eysenck in the quota sample, we do not find that the 

two factors are of a similar magnitude. The first principal component 

accounts for 10.6$ of the total variation, the second and third for 

4,4$ and 3*6$ and all subsequent components for less than 2$, suggesting 

that either one or three factors might provide the best description of 

the items in this study. The picture that emerges for Radicalism, the 

major factor in this study, agrees remarkably well with that found for 

previous studies, suggesting that the trait being measured is very 

similar in all three studies and that a model including specific 
environmental effects, cultural effects, additive genetical variation and 

assortative mating may be a close approximation to the true causes of 

variation in this trait.
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In the present study, "Toughmindedness" seems to be only a 

minor factor and it seems likely that we are not dealing with the same 
trait as in previous studies» This can be explained by the particular 

items used in the present scale which emphasize the discrimination between 
Radicalism and Conservatism,, The major factors of Toughmindedness 
described by Hewitt and Martin show a marked interaction with sex in 
their determination. Our conclusion is that the trait measured in the 

present study, which resembles Toughmindedness, is only a minor component 
of variation. The causes of variation may be much simpler than those 
for Toughmindedness as measured by conventional types of questionnaires. 
There is little evidence for a heritable component of variation in this 

twin study, and the variation can be accounted for by unreliability of 
measurement, specific environmental influences and environmental 
differences between families. Although the trait is only a minor 

component of the attitudes assessed in the Wilson-Patterson Questionnaire, 

there are differences between families which require explanation, Ve 

shall examine in detail the between families component for both 
"Toughmindedness" and "Radicalism" by now turning to the Adoption

Study
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SECTION 7: FITTING MODELS SIMULTANEOUSLY TO THE TWIN DATA AND THE 

UNBALANCED PEDIGREES OF THE ADOPTION STUDY

1 THE PROBLEM OF UNBALANCED PEDIGREES

The advantages of this study for the resolution of Between 
families effects were discussed in Section 1* Analysis of the twin data 
has given a "broad outline of the major causes of variation in attitudes. 

Significant between families variation was demonstrated, but we were 
unable to discriminate between certain hypotheses of considerable 

interest concerning this variation. For example, the relative 

contribution of variation produced by assortative mating and cultural 
effects could not be determined.

Cultural transmission is of great theoretical interest and, a 

priori, we might expect it to be of some importance in the determination 

of social attitudes. But since all between families components are 

inevitably confounded in studies of related individuals reared together, 
the twin study enabled us to show that cultural differences might 
contribute to the significant between families component but could 

provide no positive evidence for the presence of cultural transmission. 

Many writers have shown that data on adopted individuals provide the most 

direct test for between families environmental effects. The covariation 

of genetical and environmental effects which may be generated by the 

cultural transmission of inherited differences cannot be detected easily 

without adoption data (jinks and Fulker, 1970), Cavalli-Sforza and 
Feldman (1973) comment on the importance of adopted individuals for 

detection of the components of their model of cultural transmission based
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on a single gene. Therefore, in the present study, we hope to use the 
adoption data to estimate the parameters of a cultural transmission 
model for attitudes and compare this model with other simpler models in 
order to determine the likelihood that the non-genetic transfer of 

information from parents to offspring plays a significant role in the 
determination of attitudes.

Unfortunately, the design of our study is far from ideal. We 

have no data on the natural families of adopted children, and information 
on adoptive families is far from complete# Ve have a large number of 
adopted individuals, the adopting parents of a small proportion of these 

and a few natural and adopted siblings. All these individuals yield 

some information on effects of interest to us. Our problem is to make 

use of all this information.
Previously we have considered only balanced pedigrees. The 

structure of the twin data is consistent from family to family, with no 
missing observations. Such data are amenable to the analysis of 

variance. Analysis of such summary statistics as means, correlations 
and variances was presented in Sections 5 and 6. The procedures used 
were quick and convenient. Ve shall show later that using mean squares 

rather than working on the individual observations involves no serious 

loss of information when dealing with such regular pedigrees.

In Section 1 we saw that very few pedigrees of the adoption study 

had a similar structure. Such extremely unbalanced pedigrees present 

problems when attempting to use conventional summary statistics. Family 
sizes differ and the same individual may appear in a variety of relation

ships. Covariances and correlations between relatives are not independent 

and our usual approach is no longer appropriate.
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Data on a large number of individuals with no measured 

relatives cannot contribute to correlations and covariances but 
contains a lot of information about total variances of different 
groups, which would be wasted using the conventional model fitting 
approach,

Ve shall present a method which enables the information provided 
by every individual to be used simultaneously, whatever his position in 
a particular pedigree. Single individuals are considered to be pedigrees 

of size one. Because of the awkward experimental "design'’ of this 
study, we shall abandon attempts to estimate conventional summary 

statistics and return to the raw observations. We could attempt to 

estimate means, variances and covariances between individuals using 
maximum-likelihood.methods and then fit models in the usual way. This 
would involve using an unrealistically large number of parameters and 
prove extremely inefficient. The alternative approach is to formulate 

a model for these statistics and estimate its parameters directly from 
the raw data using a maximum likelihood method. Such procedures have 
been previously described (Elston and Stewart, 1971* Lange, Westlake 

and Spence, 1976). These authors show how to use the full likelihood 

of a set of pedigrees to obtain estimates of a set of parameters from 

the data. We will basically follow their approach, but employ more 

complex models in order to test hypotheses about cultural transmission 

and another numerical method.

We set up a vector of expected values for the means and an 

expected variance - covariance matrix for each family. The latter is 

equivalent to the model specified for the mean squares in Section 6.

Then we choose a given set of parameter values which maximises the log
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likelihood of observing the observed set of pedigrees. Lange, Westlake 
and Spence (1976) give a standard expression for the log likelihood of 
an observed pedigree, given a particular vector of means and an expected 
covariance matrix. Our main problem is to specify an expected covariance 

matrix i.e. a model. Lange, Westlake and Spence (1976) illustrate the 
method using simple models and Spence, Westlake and Lange (1976) have 
fitted the model to data on dermal ridge counts. They use expectations 

for simple situations with random mating and environmental differences 
within families. Additive genetical effects and dominance variation are 

included in the model. More complex models specifying genotype-environ
ment interaction or genotype-environment covariation are not given.

Since we are interested in the latter, we will describe more complex 
models in the following pages and show how the methods of Lange, Westlake 
and Spence (1976) may be used to fit them to our data.
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2 SOLUTION OF THE NUMERICAL PROBLEM

2.1 Specification of the Log Likelihood

We shall follow Lange, Westlake and Spence (1976) in order to 

specify the likelihood function. They consider a pedigree of n people. 
In our case, n is the maximum possible pedigree size. Inspection of the 
data shows that this pedigree has n » 6 and is composed of the following 

members: mother, father, two adopted individuals and two natural

) be a column vector of the expected
siblings.

164 A m (/ i.... A
values of the individuals of the pedigree, where or

*fclldepending on whether the l individual is male or female. Males and 
females thus take separate means, and and these are the first 

two parameters of our model. Other models might be specified for the 

expected values.

Let x « (x. x ; be the observed trait values, n'
Finally, let S L  be a matrix of expectations for the variances andA/

covariances between members of the pedigree, the expectations being 

expressed in terms of K parameters. Thus the total number of parameters 

in our model is (2 + K). The precise expectations for the terms of 

will be specified later.

Where we do not have a complete pedigree of n individuals (i.e. 

in most cases), missing members are ignored and A  and S I  reduced in
/ v  <V

size.

The natural logarithm of the likelihood of the pedigree is then

given by:
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L - -& lnl J2. l-£(x (x -yi),

(Rao, 1973) (where IS2l is the determinant of S I  ).
The problem now is to find an appropriate method for choosing a 

set of values of the (2 + K) parameters which maximises this likelihood 

summed over families. Some version of Newton's method is most 

commonly used. This method requires that the first and second 
derivatives of the likelihood function are specified algebraically, or 

at least extracted numerically. Lange, Westlake and Spence (1976) 
produce an algebraic solution, which is complex even for their simple 
linear model. Since we shall specify far more sophisticated models 
during our investigation, we would prefer a method for maximising the 

likelihood which does not rely on the derivatives, or else uses numerical 

differentiation.
A second problem arises because the likelihood of observing a 

particular pedigree involvesthe inverse of the covariance matrix. Therefore, 

any set of parameter values which would yield a non-positive definite 

(NFD) covariance matrix will lead to failure of the method.

2.2 Maximising the Log Likelihood

Both these problems may be overcome by using a computer library 

routine, called E04HAF, supplied by the Nottingham Algorithms Group 

(NAG) (1977). This routine minimises a function of many independent 

variables, subject to general inequality and/or equality constraint 
functions, and bounds on the variables. Therefore, we use the program to 

minimise minus the log likelihood (i.e. to maximise the log likelihood). 

E04HAF uses iterative methods and requires initial estimates of the
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position of the minim-urn as trial values. It can overcome the problem 

of a non-positive definite covariance matrix, if good trial values for 
a reasonable model are supplied. Otherwise the problem may be overcome 
by constraining the search for a minimum not to enter an area where 
is NPD. One method of doing this which is often effective in practise 
is to use a penalty function technique which devises functions of the 
parameters which tend to zero when certain constraints are satisfied.
The NAG routine uses a penalty function technique due to Lootsma (1972).
A routine is supplied by the user to calculate the values of a number 
of problem functions for any set of values of the variables. To overcome 
our particular problem and ensure that the n x n covariance matrix Is 

positive definite, we supply n functions, specifying that all the 
eigenvalues of the matrix are positive. However, this approach leads to 
a marked increase in computer time and is, therefore, undesirable. The 

necessity to specify such constraints may be overcome in most cases by 

the judicious choice of trial values or rectangular constraints on the 

parameter values.
The HAG routine provides a choice of three methods for the 

minimisation. One method, based on the Powell 64 methodjrelies on the 

function values only. It has no information on where to search for the 

solution in the space available and even with good trial values tries 

widely divergent values for the parameters before coming close to the 

solution. This means that, without the use of constraints, the covariance 

matrix often becomes HPD. The use of this method with constraints is 
extremely time-sonsuming and it's use is impracticable for our application. 

However, we did try it several times in this study for simple cases.
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The second method uses values and first derivatives in a quasi- 
Newton method and the third also uses second derivatives in a Newton- 
type method. It is found, in practise, that the numerical differentiation 
used by these latter methods gives reasonably satisfactory results, 

(although it can be time consuming), as long as the iterative process is 
started with good trial values and a reasonable model is used.

The use of the NAG routine requires that a number of subroutines 

are supplied by the user. The program incorporating the E04HAF 
minimisation routine used in the following analyses was written by 
Dr, L.J. Eaves, Department of Genetics, University of Birmingham and was 
adapted for the particular problems to be described in the following 

pages. Further details of the program and methods will be described 
later when appropriate. All the computations were carried out on a 
CDC 7600 computer at the University of Manchester Regional Computer 

Centre via the SWAN link between Manchester and Birmingham's ICL 1904S 

and 1906a computers.
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3 A SIMPLE APPLICATION OF THE METHOD 

3,1 Comparison of Two Methods

The methods we are about to use are radically different from those 
employed in conventional model-fitting to twins, as described for the 
Georgia Twin Study and the Twin Study of Social Attitudes, Therefore, a 
comparison of the two approaches is highly desirable.

In theory, any discrepancies between the two methods should be due 
to inadequacies of the conventional approach through model-fitting by 
wei^ited least squares. Given normality of the original observations, the 
new approach should provide the maximum-likelihood solution of our 
problem, whereas weighted least squares is only equivalent to a maximum- 
likelihood method given certain assumptions. The most important of 
these from our point of view is normality of the distribution of the 
mean squares. Since we have shown that our data are approximately 
normally distributed and that the mean squares are based on quite large 
numbers, we do not expect greatly different answers from the two 
approaches.

The practical problem is somewhat different. The maximum-likelihood 
method is extremely complex compared with the older method. The NAG 
routine requires the user to specify the required accuracy of the 
solution. This is not easy since if the criterion is too stringent, 
convergence may never be reached. However, relaxing the criterion too 
far may produce biased parameter estimates. If the estimates from the 
weighted least squares and maximum-likelihood methods are closely 
similar, then we can suppose that our convergence criterion is 
adequate.
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In order to compare the two methods, we shall attempt to fit 

the E^Dr and models to the twin data using the new method, "before
attempting to fit models to the twin and adoption data jointly.

3,2 Specification of the Data Structure and of Models

The concepts needed to fit our final complete genetical model 
will he introduced a few at a time, as they are needed to fit the simpler 

models that we shall consider first. The first two ideas we need to 
discuss are the specification of a matrix of relationships and of model 

matrices.
Before we can specify a model for the means, variances and 

covariances between relatives, we must uniquely identify each individual 
type and his relationship with all other members of his family. The 
following system has been devised for this purpose so that a complete 

pedigree can be drawn from a matrix of codes (Eaves, personal 

communication)•
The diagonal terms of the matrix represent the individual members 

of the pedigree in the same order as their scores have been coded and the 

value of the diagonal term provides information about the individual.

The off-diagonal terms contain codes specifying the relationships between 

all possible pairs of individuals. The system of coding to be used 

throughout is given in Table B35» An example of a pedigree illustrating 

the use of these codes is given in Table B36. Family 645 in our study 
demonstrates the use of all the codes, except that for an adopted son. 
From this matrix we can draw out the family pedigree without any further 

information. Eaves (personal communication) has extended this coding 

system so that pedigrees going back several generations can be specified.
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TABLE B 55 : CODES USED IN SPECIFICATION OP PEDIGREES

CODE MEAD M G

1 Kale
Meaning of 2 Female
Diagonal terms 3 Adopted Kale

4 Adopted Female

r*~
20 Spouse of
21 Natural child of
22 Natural parent of

Relationship specified 23 Co-sibling of
by

off-diagonal terms 80 Adopted child of
81 Adopting parent of
82 Adopted sibling of natural 

child or viceversa
83 Adopted sibling of an

— adopted child

\
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TABLE B 36 s EXAMPLE OF A CODED PEDIGREE (FAMILY 645)

ADOPTED
DAUGHTER

MOTHER FATHER NATURAL
SON

NATURAL
DAUGHTER

ADOPTED DAUGHTER 4 80 80 82 82

MOTHER 81 2 20 22 22

FATHER 81 20 1 22 22

NATURAL SON 82 21 21 1 23

21 23NATURAL DAUGHTER 82 21 2
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Prom Table B36» we can see that the upper and lower triangles 

of the matrix yield the same information about the family and we could 
draw the pedigree from either. Thus, when we produce a data file to be 
used by the computer program, only the upper triangle of the relationship 
matrix is specified. The data file will contain the following information 

for each family in turn:

1. The number of individuals in the pedigree

2. The upper triangle of the relationship matrix
3. Scores for each individual (in the same order)

In order to specify a particular model, we now only have to give the 

expectations appropriate for each code. The program then calculates the 

expected covariance matrix for each family in turn using the information 

provided.
In order to generate the expectations for each twin family based 

on the E^Dr  model, as given in part A of Table B37» we simply attach 

values to the codes as shown in part B of this Table. In later Sections 
more complex models will be specified using all the data, but the principle 
for generating the expected covariance matrix for each family in turn 

remains the same.

3.3 Obtaining Maximum-Likelihood Solutions of the Parameters

Having specified the data and model, we now attempted to find the 

set of parameter values which would maximise the log likelihoods, 

summed over pedigrees, using the program incorporating the NAG library 
routine, E04HAF, for minimising a function. We have to provide a trial
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TABLE 37 s EXPECTATIONS FOR THE ^  DR MODEL IN THE TWINS

PART A : Expectations for the Three Types of Twin Family.

VECTOR OF MEANS VARIANCE-COVARIANCE MATRIX

Monozygotic Twins / A

V “
or

r

BAME-SEX 
DIZYGOTIC TWINS / > • r *or

f t

OPPOSITE-SEX 
DIZYGOTIC TWINS ( r * r *or

V * h

K  + E1

^ dh *DR

I K  + h *dr

[ K *dr

*DR

l ^ R ^ R

+ E,

\

+EV
\

+ El /

PART B î Specification for the codes

CODE VARIANCE MEAN
1 *>R + E1 / m

2 *>r  + e i /«
10 *DR
11 *dr -

Other
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estimate of minus the log likelihood which must be less than the final 

minimum achieved. Since this was the first run of the program, we had 
little idea of where the minimum would be. An estimate of -300.0 was 
given. This turned out to be far less than the actual minimum which 

was +311*6, corresponding to a log likelihood of -311*6. Convergence 
takes longer the further the estimate is below the true minimum. However, 
the program fails if the estimate is greater than the actual minimum.
On this first run, a low estimate was used to prevent failure of the 
program, but on all later runs, more realistic estimates of the minimum 
were used in order to save computer time.

Trial values of the parameters must also be provided. These 

were taken from previous analyses of the data and were:

A
A
Ei

d r

0.005

- 0.002

0.250

1.000

Since, we expect these trial values to be close to the final parameter 

estimates, the problem of the search for a minimum entering a region 

where the expected variance-covariance becomes non-positive definite 

should be lessened. Therefore, we tried to obtain a solution using the 

function values only (i.e. the Powell 64 method). The program failed 

with the expected covariance matrix becoming NPD. In order to overcome 

this problem, we reran the program^ constraining and to be positive. 

This time a minimum was quickly reached. The parameter estimates and the 
corresponding likelihood are given in Part A of Table B38.
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TABLE B 58 : COMPARISON OF MODELS FOR RADICALISM OBTAINED BY TWO

DIFFERENT METHODS

PART A S THE E1 Dr MODEL

Estimate , Maximum LikRihood. Solution Weighted, least square solution

Ei 0.2536 0.2536

bh 1.0072 1.0068

m 0.0266 -

f 0.0158 -

L -315.6243 % 2
8

14.276

! B : THE E, B Dd MODEL1 K

Estimate Maximum LiMihood Solution Weighted least squares solution

Ei 0.2689 0.2687
B 0.2093 0.2091

DR 0.5753 0.5765

A 0.0265 -

A 0.0160 —

L -311.6261 y }
7

6.198
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The EjB model, which has been described previously, was 

similarly specified and a minimum was obtained using the function 
values only, by constraining E^, B and to be positive. The following

trial values were used:

A m 0.005

A » '-0.002

Ei 0.270

B - 0.210

d r - 0.580

The parameter estimates and the corresponding maximum likelihood are 

given in Part B of Table B38. This Table also contains the weighted 

least squares solutions for both models0 The estimates obtained by the 
two methods are closely similar, suggesting that reservations expressed 
earlier were ill-founded and that the two methods may be regarded as 

equivalent.
This shows that any problems of accuracy with respect to the 

maximum likelihood method used are minimal, and indicates its use for 

analysing the data of the Adoption Study, The comparison between the two 

methods also serves to provide some evidence concerning several criticisms

that have been levelled at the use of weighted least squares for model 

fitting. One problem is that weighted least squares only provides 

maximum likelihood solutions when the mean squares are normally distributed. 

With data such as ours which are approximately normally distributed, no 
obvious differences are introduced by the use of weighted least squares. 

Another criticism has been that in using data summaries such as the
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analysis of variance, information has "been lost. Again, we find no 

evidence for this from the comparison of the two methods# From a 
practical point of view, both methods are essentially similar apart 
from the time taken to reach a solution and it turns out that the 
maximum likelihood method takes about a hundred times longer than the 
least squares method to reach covergence for these simple cases, where 
good trial values are available. With more complex models, or cases 
where no good trial values are available, time will be an even greater 

problem.
Model fitting by weighted least squares is clearly the most 

appropriate method for regular pedigrees where independent summary 

statistics such as mean squares can be obtained. When we have unbalanced 

pedigrees such as those of the Adoption study, weighted least squares 
cannot be used since we cannot easily obtain independent estimates of 
summary statistics and the equivalent, but more time-consuming method 

must be used. Before we consider twin and adoption data jointly, it is 

necessary to introduce another important concept which will be used 

throughout.

3.A Hypothesis Testing

Weighted Least Squares has another advantage over the Maximum 

Likelihood method since it provides a well-defined and explicit test of 

the model. The residual variation after the model has been fitted 
follows the chisquare distribution. Since the properties of this 
distribution are well-known, we can test whether the residual variation 

differs significantly from that expected by chance. We are unable, at 
present, to make such a test when the maximum likelihood method is used.
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However, it is possible to compare alternative hypotheses

about the observed variation, using the likelihood ratio criterion suggested
by Elston and Stewart (1971). If HQ is one hypothesis about the
data with a maximum log likelihood of LQ and is an alternative,
more complex hypothesis with a corresponding likelihood of L^, then

the statistic, LR - 2(L^ - LQ), provides a test of the null hypothesis
(Hq), since in large samples it follows an approximate chisquare
distribution» The number of degrees of freedom is the difference in

number of independent parameters between HQ and (Rao, 1973; Weiss,
1975)» We can illustrate the use of the LR criterion by considering
the two models we have already fitted. In Section 6, we saw that the

difference between the chisquares for the E1RR and E.jBDr models is
itself a chisquare for one degree of freedom. This chisquare '
( Y  28 - V  “ 8*078) was significant, indicating a
significant reduction in the residual variation when the additional
parameter is included in the model. The E^EDR model provides a

significant improvement in fit over the E^DR model.
Twice the difference between the likelihoods of these two models '

yields a chisquare for one degree of freedom of 7*9984» which is not

substantially different from the chisquare obtained in the weighted

least squares analysis, again indicating that the additional parameter

is accounting for a significant proportion of the observed variation,
2

The difference between the )( ^»s obtained using the two methods is 

less than 0,1 , suggesting that the two methods are equivalent and that 

no serious loss of information occurs in the conventional weighted least 
squares analysis.



4 2 7

The likelihood ratio criterion can be used to compare alternative 

hypotheses about the data. But we would also like a test of the 
"goodness of fit" of particular models. The value of the log likelihood 
depends upon a number of factors other than the residual viriation and 

thus cannot be used directly as a criterion for the adequacy of a model 
(such factors include the number of pedigrees entering into the analysis 
and the scale of measurement).

A likelihood ratio between a particular model and a model 
accounting for all the variation, would yield a chisquare, testing the 
significance of the residual variation after fitting the former model,

The latter model might be specified by fitting a separate parameter for 

each mean, variance, and covariance. This is similar to the approach 

adopted in weighted least squares analysis. However, in practice, many 
problems are encountered which have yet to be overcome, and we have been 

unable to obtain the maximum likelihood solution for all these parameters.
There are two main reaons for this. The first is that the 

expected covariance matrix easily becomes non-positive definite.
Therefore, we have to specify n constraints, where n is the number of 

unique relationships. Time to covergence is greatly increased using 

these constraints. Secondly the number of parameters involved is large 

even when the data structure is simple as in the case of the twin study.

As the number of parameters is increased the time taken increases 

disproportionately. The upper limit on the number of parameters which can 

reasonably be fitted in this way, using constraints, appears to be 

about ten.
When we look at the complex structure of the adoption study, the 

problem is greatly multiplied. However, we made an unsuccessful attempt



4 2 8

to find a solution for the following ten parameter model: ^u^, ji^

one total variance, one correlation for both adopted-adopted and 
adopted-natural pairs of siblings and one correlation for each other 
type of relationship. This model would not account for all the 

variation if there are mean differences other than sex differences or 

differences in total variance between groups. Its maximum log 
likelihood mighty therefore^ be less than that of a model accounting for 
all the observed variation. Thus, the test of significance, given by 
2(L^ - LQ), would in some cases lead us to wrongly accept an 
inadequate model. However even such an imperfect test would be better 
than no test, especially since we have no evidence for significant 

differences means or total variances in our data.
An attempt to find the seb of parameter values for this model

the methods available in E04HAF. The minimum number of constraints 

necessary were always used. Estimates of the parameters obtained from 

previous analyses were used as trial values. Yet despite all this and 

restarting the program several times with new trial values, we did not 

manage to achieve convergence.

Two other approaches for testing the model might prove more 

fruitful. We could attempt to specify our oversimplified model, equivalent 

to the ’E^' model applied to twin data. For example, we might fit one 

mean, one total variance and no covariances. This would give some idea 

of the likely minimum value that the likelihood can take. Then we could 

at least say which of our models are significantly better than this.

(maximising the log likelihood summed

The raw observations to which the model were fitted cannot be 

predicted from the parameter estimates (as we do in weighted least squares
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in order to obtain a chisquare test)« Spence, Westlake and Lange 

(1976) are trying to devise a method similar to the test used in 
weighted least squares. They take large pedigrees, and use the score 
of one individual in the pedigree as a baseline, in order to predict 

the scores of the remaining individuals and obtain a series of 
observed and expected scores for comparison. Even if a satisfactory test 

could be made in this way, it would not be very useful for our study, 
since we have very few pedigrees large enough.

There is an alternative to predicting the observations. We can 
calculate the covariances between the individuals in our study. We 
should also be able to predict these covariances from the parameters of 

our model. Thus it should be possible to devise a suitable test of 

significance.
However, in the following analyses, we have no test of "goodness 

of fit". Although in this thesis we are unable to test the adequacy 

of the models fitted by pedigree analysis, this problem will be returned 

to at a later date, since the method cannot be regarded as satisfactory 

until such a test has been found.
Another inadequancy of the pedigree analyses to be described in 

the following pages is the lack of standard errors for the estimates.

This is not a theoretical problem, such as the specification of a test 

of "goodness of fit" which was described above. In order to obtain 

standard errors, we need to determine the values of the parameters which 

will produce a change of 0.5 in the likelihood. We could do this by 
numerical differentiation and obtain second derivatives. This assumes 
that the shape of the likelihood surface around the minimum is quadratic. 

Alternatively, we could plot the likelihood surface around the minimum.
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In either case, the minimisation would have to be repeated, which 
would be expensive in time and money. The standard errors have not 

been found for the estimates of the parameters obtained in the analyses 
to be reported here. Standard errors for the parameters of a few of 
the more important models will be calculated ab a later date«



431

4 MODELS FOR THE ADOPTION STUDY AND ALL DATA. JOINTLY

Having shown that the method is satisfactory, we now wish to 
fit models to the adoption data and all the data jointly and compare 

these cases with the results from the twin study.
Expectations for all possible code values of the expected 

■variance-covariance matrix are given in Table B39 for the simple 
Ê Dg, model. Solutions for the parameters of the mean vector and 
covariance matrix were found for the adoption study (311 families) 
and then for all the data jointly (898 families), using function 

values only. The covariance matrix was constrained to be positive 

definite. The trial values used for the twins were again given. The 

results of fitting the model to these two data sets are given in Table 
B40, where the results from the twin study are also tabulated for 

comparison.

Firstly, we can make some qualitative comparisons of the 

parameter estimates. These are fairly similar in twin and adoption 
studies, but and are both larger in the adoption study, reflecting 
the greater variance of these data (see Section 5)« However, when we 

look at the genetical variation as a proportion of the total, we see 

that the additive genetical variation is very similar in the two data sets.

Parameter estimates for all the data jointly lie between those 

of the two studies, as expected, but are closer to those of the twin 

study, since there are more twin families (587, compared with 311).
Of the 311 families of the adoption study, a large proportion are single 
individuals who contribute information only about the means and total 

variances, but not about the covariances.
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TABLE B 39 : EXPECTATIONS FOR ALL CODES ON TEE E, D_ MODEL

. _- _______ 1 R

CODE E1 dr

1.2,3,4 1

10 - £

11,21,22,23 - i

20,80,81,82,83
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TABLE B 40 s MODEL FITTING IN ALL DATA JOINTLY. TWIN STUDY AND ADOPTION
STUDY

ALL DATA JOINTLY ADOPTION STUDY TWIN STUDY

r * -0.02287 -0.12906 0.02656

/»f -0.00485 -0.03778 0.01570

Ei 0.25741 0.32999 0.25361

b r 1.09520 1.14270 1.00720

& R 0.54760 0.57135 0.50360
z

hN 0.68024 0.63389 0.66507

L -517.9692 -198.4279 -315.6243
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Now we will quantify our comparison of the two data sets by 

asking whether there is significant heterogeneity between them in respect 
to the parameters estimated. We cannot compare their log likelihoods 
directly since these are influenced by such factors as the number of 
pedigrees involved. We follow Lange, Westlake and Spence (1976) and 
let the parameter vector of the adoption study be -ŷ  and of the twin 

study be y 2» The null hypothesis, HQ, is thaty^ - y 2 and be 
tested against the alternative hypothesis, H^: y^ - y^» using the 

likelihood ratio statistic: LR * 2(L^ - LQ), which is approximately 
distributed as a chisquare with 4 degrees of freedom, is the sum

of the likelihoods for the two studies considered separately and LQ 

is the likelihood for the two studies combined. It turns out that 

LR - ^ ^ 4 " 7.834 (5$ <  P < 10$). Thus, there is little evidence 
for significant heterogeneity between twin and adoption studies, with 
respect to the four parameters estimated. If this model adequately 
explains the observed variation, then we have no evidence to suggest that 

the two data sets are not drawn from the same population, with common 
genetical and environmental causes of variation. The best estimates of 

the parameters are*therefore, those from the analysis of the combined 

data. However, although formally the E^D^ model is adequate to explain 

the observations in the twins, the fit is poor. The addition of a 

between families component of variation produces a significant reduction 

in residual chisquare and the E^ED^ model fits the observations closely.
ASince B is significant in the twins; and the adoption data are more 

variable than the twin data,in order to be confident that the data are 

homogeneous, we need to compare the two studies with respect to the 

parameters of the E^BD^ model®
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5 BETWEEN FAMILIES VARIATION IK THE TWO STUDIES

Adoption data provide a unique opportunity to study components of 
between families variation. Ultimately, we wish to consider the roles 
of assortative mating and cultural differences in producing this variation. 

But in the first instance we will fit a model analagous to the E^BDR model 
in the twins, in order to determine whether the between families component 
is homogeneous over twin and adoption data.

Specification of the between families component presents problems
because we now have intergenerational as well as collateral relationships.
In order to formulate a model, we assume no assortative mating and set

the expectation for the covariance between spouses to zero. We are thus
Aassuming that variation estimated as B in the twin data is produced only 

by environmental differences between families (Eg). This assumption will 
be tested later, when we compare the maximum log liklihoods of models 

with no assortative mating or E2» with either assortative mating or 

E2 only and with both effects.
A number of models for the environmental covariance between 

individuals living together are possible, but we will first consider 

the model most similar to that fitted to the twins (i.e. E^D^B). This 

model assumes that the environmental factors producing variation in the 

children are independent of parental phenotype, that the environmental 

covariance arises anew in each generation and that the environment acts 

to produce variation in the children.. Thus, there is an environmental 

covariance between collaterals raised in the same home, Eg} which is added 
to the expectations for the total variance and all collateral covariances 

to produce the E-jD^B model given in Table B41. This model for the
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TABLE B 41 s EXPECTATIONS FOR A MODEL WITH A COMMON ENVIRONMENT FOR
COLLATERALS

CODE Ei b r E,

1.2,3,4 i £ 1

10 - £ 1

11,23 - i 1

20,80,81 - - mm

21,22 «■» i -

82,83 — 1
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used in the twins, makes no additional assumptions about the structure
of the environment. Therefore, it can be used to determine whether
differences between additive genetical or environmental components in
the twin and adoption data are significant.

A A A
Estimates of E^, and B from the twins were used as trial

V /alo i-S
values. The program was run using the function^and constraining the 
covariance matrix to be positive definite. The solution improved very 

slowly for both the adoption data alone and the combined data). When 
the time limit was reached the program was rerun with the current 
solutions as trial values, using the method based on first derivatives. 

Convergence was quickly reached with the new method. The constraints 

were removed and the program was rerun using the final solutions as trial 
values, so that we could compare constrained and unconstrained solutions. 
The model was also rerun in the twins without constraints.

Convergence was quickly reached for the combined data and the twin data, 

but the covariance matrix quickly became non-positive definite for

environmental variation between families, which is similar to that

the adoption data. Results for constrained and unconstrained solutions 

are given, where possible, in Table B42. These are identical to the 

first six significant figures for the twin study. There is no uncon
strained solution for the adoption study. Constrained and unconstrained

solutions are somewhat different for the combined data. Unconstrained
A  A /\

values of E^ and Eg are somewhat smaller and DR is correspondingly
larger. Since the total variance is the same for both solutions, the

narrow heritability is larger for the unconstrained case. Its maximum

log likelihood is also larger.



TABLE B 42 : COMPARISON OF CONSTRAINED AND UNCONSTRAINED SOLUTIONS OF THE E.D.JL (or E_D_B) MODEL IN THREE DATA SETS
....... "  ' "" .......................- ---- ........ ... - 1  K  d  l a .  ' "" ~  ' - -

ESTIMATE ALL DATA JOINTLY 
CONSTRAINED UNCONSTRAINED

ADOPTION DATA
CONSTRAINED UNCONSTRAINED

TWIN DATA
CONSTRAINED UNCONSTRAINED

j* m -0.0203 -0.0214 -0.1301

A -0.0060 -0.0060 -0.0395

Ei 0.2931 0.2681 0.2288

0.5967 0.6779 1.2422

E2(or B) 0.2225 0.2061 0.0526

L -514.2221 -513.6002 -197.9073

VT 0.8140 0.8132 0.9025

W VT 0.3665 0.3669 0.6882

V tt 0.2733 0.2532 0.0583

V v 0.3601 0.3297 0.2535

0.0265
0.0160

0.2689
0.5753

0.2093
- 311.6261

0.7659
0.3756

0.2733

0.3511

0.0265
0.0160

0.2689

0.5753
0.2093

- 311.6261

0.7659
0.3756

0.2733

CO
CO

0.3511
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Constrained and unconstrained solutions in the twins were closely 

similar and we know from the weighted least squares analysis that the 
E,DCB model is adequate to explain variation in the twins. We have 
no test of the adequacy of the model in the adoption data and

combined data. Problems such as slow convergence, differences between 
constrained and unconstrained solutions or failure to obtain an 
unconstrained solution might be warning us that the model is 

inappropriate and maximum likelihood solutions of its parameters are 
difficult to find. They might equally indicate that we have not 
chosen the most appropriate method for the particular problem. In 
either case, caution must be exercised when interpreting the results.

In particular, unconstrained solutions will be sought whenever possible 

since the constrained solution may be less likely and give different 
parameter estimates.

Comparison of the solutions for the three data sets shows that 

the total variances of the adoption data, twin data and combined data 

differ but are similar to those estimated from the data in Section 5 (i.e. 

y ■ 0.911, 0.761 and 0.803 respectively). Thus, the model cannot be 

completely inappropriate. A brief look at the estimates from the twin 

and adoption studies reveals quite substantial differences. Before 

considering these in detail, we may ask whether there is significant 

heterogeneity between the two studies with respect to the parameter set 

as a whole. Using the likelihood ratio criterion described earlier, 

we find that LR - - 9.3774 (5$ < p  <10$), based on the
likelihoods from the constrained solutions. If we base the likelihood ratio 
on unconstrained solutions for twin data.and combined data and the 

constrained solution for the adoption data, %  ^ «* 8.1336 (10$ <. p <  20$).
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Neither chisquare provides evidence for significant heterogeneity 
between twin and adoption data. This is interesting in the light of crit
icism of the twin method which suggests that twins are special and may be 
subject to different environmental influences than single born 
children. There is no evidence for such differences between twins and 

other individuals in this study*
We may now ask what are the likely causes of differences in 

parameter estimates between twin adoption studies, bearing in mind
that we only have the constrained solution for the adoption data, which

Amight indicate that the model is inappropriate. Estimates of E^ are
Asimilar, although slightly larger in the twins. However, both DR and 

A  AEo (B) differ markedly. D_ is much greater in the adoption study,
2 V it ,A

accounting for 69$ of the total variation, whereas Eg accounts for only
A

&f0. In the twin data, B, which provides a biased estimate of Eg»
Aaccounts for 27$ of the variation, the contribution of DR being 

reduced to 38$ of the total variation.
Comparing estimates from twin and adoption data with those for 

the combined data, we see that estimates for the combined data closely 

resemble those of the twin study, suggesting that the twin study is 

providing most of the information about these parameters. Using the 

present model, information about environmental covariance comes only 

from pairs of collaterals in the adoption study, and there are relatively 

few of these, whereas parent-offspring and sibling pairs, of which there 

are many more, provide information about DR* Thus, we may have a more 
powerful test for DR than Eg in the adoption study. This would be 
discouraging since we hope to partition the between families component 

using the adoption data. However, the present model is unrealistic
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because we have specified no covariance between spouses (either

genetical or environmental) and no environmental covariance between
parents and the children they rear. Since we have data on a substantial
number of spouses, natural parent-offspring and adopting-parent offspring
pairs who would provide information about the family environment on a

nore realistic model, a detailed study of the between families component
of variation may not be precluded.

The discrepancy between the two data sets is most marked when we

consider the between families component. In the twin data, we were 
Aestimating B , which includes both common environmental effects and

additive genetical variation produced by assortative mating. In the
A

adoption data, we estimated only Eg, Therefore, the difference between
A Athe two estimates, one of B and one of Eg, may be due to assortative 

mating. This seems likely because we know there is a marital 
correlation, which we have disregarded in performing this analysis.

Another possible reason for differences between the two data ... 

sets is that we have used the wrong model for the environmental variation. 
This model may be adequate to explain the twin data, but not the 

adoption data where we have intergenerational relationships. We have 

allowed no environment covariance between parents and children reared by 

them.

Another model of the environment will now be considered which may 

be more realistic in light of the known correlations between individuals 

(see Section 5#5)» We assume that environmental covariance arises 

between individuals, just because they are living together in the same 
household. Thus we add an Eg* term to the covariance of all individuals 

of one family. This model is shown in part A of Table B43. There is
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TABLE B 43 : EXPECTATIONS AND SOLUTIONS FOR A MODEL WHERE

SHARE A COMMON ENVIRONMENT

PART A EXPECTATIONS

CODE Ei E2

1,2,3,4 1 £ 1

10 - £ 1

11,23 - 1

20,80,81 - - 1

21,22 - T 1

82,83 - - 1

PART B SOLUTIONS
ALL DATA JOINTLY ADOPTION DATA

A -0.0312 -0.1592

A -0.0042 -0.0436

Ei 0.2679 0.3668

B8 0.7267 0.6831

Eg (or B) 0.1794 0.1911

L -509.8290 -193.8480

0.8107 0.8995

V VT • 0.4482 0.3797

EA 0.2213 0.2125

eA 0.3305 0.4078

TWIN DATA 

0.0265

0.0160

0.2689

0.5753

0.2093 (b )

- 311.6261

0.7659

0.3756

0.2733

0.3511
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now environmental similarity between spouses, parents and children 

in one family and collaterals living together.
This model was fitted using the method based on first derivatives, 

with solutions from the previous model as trial values. Convergence 
was quickly achieved for the combined data and the adoption data, without 
the necessity to supply constraints. Estimates of the parameters and 
the maximum log likelihoods are given in part B of Table B43. The 
solutions for the E^DRB model in the twins are again given for 

comparison.
This model provides a substantially more likely solution than 

previous models, whether we consider the combined data or only the 

adoption data. However, we have no degrees of freedom for testing the 

significance of this improvement. In order to determine the source of the 
improvement, a similar model was fitted in which we specified environ
mental covariances between collaterals and between parents and children, 

but none between spouses (Eg” )* A solution was quickly reached for 
this model, using first derivatives with no constraints and the same 
trial values as before. The solutions for the combined data and 

for the adoption data are given in Table B44. The estimates are fairly 

similar.to those for the previous model given in Table B43» However, 

the likelihoods are substantially lower and are about the same as those 

based on the model with a single E^ for collaterals only. Thus, the 

improvement of the E^D^Eg* model over the E^D^Eg model is undoubtedly 

due to the addition of a covariance between spouses.

Using the likelihood ratio criterion to provide a measure of the 
heterogeneity of twin and adoption data with respect to the parameters 

of the E^DgEg» model, we find that *)( » 8.7098 (10% <. p 20%).
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TABLE B 44 : SOLUTIONS FOUfl MODEL WITH ENVIRONMENTAL COVARIANCE 
BETWEEN COLLATERALS AND PARENT-OFFSPRING PAIRS

ALL DATA JOINTLY ADOPTION DATA

-0.0291 -0.1458

A -0.0052 -0.0401

Ei 0.2664 0.4674

Bs 0.8527 0.6285

E2U 0.1255 0.1185

L -514.3745 -197.1571

0.8083 0.9002

0.5151 0.3492

EA 0.1553 0.1316

V 7t 0.3296 0.5192
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Again the data are homogeneous with respect to this parameter
set» However, the magnitude of the parameters has altered somewhat
and the values for the adoption study are much closer to those of the 

Atwin study. now accounts for only38% of the variation in the 
adoption data, rather than 69%* This is very similar to the narrow
heritability in the twins. accounts for a similar proportion of
the total variation in the two groups but the percentage is somewhat
greater in the adoption data ) than the twin data (35$)• This is

A Abecause Eg’ is still slightly smaller than B in absolute size and
. Aaccounts for only 2256 of the variation whereas B accounts for 27%. 

However, the differences between the parameters are now small compared 

with the previous E^DREg model, suggesting we now have a more appropriate 

model for the environment. However, it is also possible that this 
model is the most likely so far, simply because we have allowed a 
covariance between spouses. Thus, the problem of discrimination between 

cultural or other environmental differences between families and 

assortative mating has still nob been resolved. In order to make this 
resolution and to test for cultural transmission, we must consider 

another method of specifying models. Eaves (1976b) model of 

cultural transmission lets parental phenotype contribute to offspring’s 

environment, leading to cultural differences between families. His 

paper gives all the expectations we need for our covariance matrix, in 

conventional biometrical-genetical terms. However, his model does not 

specify the contribution of assortative mating. The extension of Eaves 

model to include assortative mating is likely to prove a long and 
difficult task and this has led us to explore another way of specifying 

the effects of cultural transmission and assortative mating
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simultaneously, which may prove less algebraically demanding than the 

approach of Eaves and yield simpler expectations« The methods of path 
analysis which provide a visual representation of the relationships 
between the genotypes and environments of different individuals, are 
discussed in the next section*
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SECTION 8: AN ALTERNATIVE APPROACH THROUGH THE USE OF PATH MODELS

1 INTRODUCTION

In previous sections, we have used the analysis of variance 

approach in order to determine the sources of individual differences 
in several traits, "by fitting models to variance components. This 
methodology was initiated by Fisher (1918) and its use for solving 
problems in biometrical genetics extended by Mather and Jinks (see 

Mather and Jinks, 1971)« An alternative approach to the problem was 
taken by Sewall Wright, who treated genetical problems purely as 

regression problems«. The details of his approach are expounded in 
Wright's books, "The Method of Path Coefficients" and "Systems of 
Mating" and also in Li's "Population Genetics". Rao, Morton and Yee 
(1974, 1976) use path models for the analysis of family resemblance 

and their methods are appropriate for human data. Details of the 

methods can be found from any of these sources and only the aspects of 
path analysis necessary for the present study will be discussed as 

the need arises«,

The path model approach suffers from a number of limitations 
which restrict its use especially in experimental organisms. When we 
are dealing with man, path models may be useful and the features of the 
approach which are usually found to be limiting may be put to good use«

The method normally requires two assumptions which we are not 

willing to accept without some test. Most workers use standardised paths 
for their models. This introduces all the problems associated with 
analysing correlation coefficients, which were discussed in Part Ao
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Use of standardised paths assumes that the total variances of the 
groups being studied are homogeneous. If this assumption is not 
justified, biased and misleading estimates of the paths may be 
obtained. However, the bias can often be found, providing some 
information from another source is available (e.g, the correlation of 
parents and natural children not reared by them in the case of genotype- 
environmental covariance). Since we are interested in cultural 
differences and cultural transmission, which may lead to genotype- 
environment covariance, the use of standardised paths is clearly 
inappropriate, since we do not have such additional information. Eaves 
(1967a, b) has shown that two mechanisms producing genotype-environment 
covariance i.e. cultural transmission and sibling effects, both lead to 
expectations for the total variances which are not the same in all 
groups. We will derive expectations for the expected covariance matrix 
using a path model, and, therefore, we will not be using standardised 
paths.

Another problem of path analysis is that it is essentially a 
regression method and, therefore, we are unable to say much about the 
nature of the genes operating. Path models normally assume that all 
genetical variation is additive, since non-additive effects cannot be 
specified using path analysis. In contrast, the biometrical-genetical 
approach provides explicit tests for non-additive effects. Specification 
of such effects as dominance, epistasis and genotype-environment 
interaction is possible, and their effects can, therefore, be estimated, 
given an adequate experimental design.

The chief advantage of path analysis is that, since it is a 
regression technique, specification of effects at a phenotypic level
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is easy. Thus biometrical-genetics is generally superior for analysing 

genetical variation, whereas the use of path models for analysing 
environmental variation may be advantageous. This is why we intend to 
use path models for analysing the between families component of 
variation in these data. The E^BDR model adequately explained variation 
in the twin data, and there was no evidence to suggest genetical non
additivity. Failure to detect non-additivity in the twin data is not 
surprising. Eaves (1972) showed that the power of the test for detecting 
dominance with twin data is very low with the sort of numbers used in 
this study and also that dominance tends to be counter balanced by Eg. 
However, it is possible for dominance to be non-significant in the twins 

but highly significant in family data where the test is more powerful, 

leading us to different conclusions in the two sorts of data. Eaves 
(personal communication) has shown in several instances that inconsistencies 
between twin and family data may be resolved by introduction of a non
additive component into the model even when there was no evidence for 

significant non-additivity in the twins alone. He found that estimates 
of dominance in twin and family data were similar in magnitude, but only 
significant in family data. However, in the present study no evidence 

was found for significant heterogeneity between twin and adoption studies 

and we have no reason to suspect that the genetical system is other than 

simple and additive. Even if there were some non-additive variation 

for social attitudes, we have no reason to suppose that we will be able 

to detect it in these data.
However, we do know that there is significant between families 

variation due to common environmental effects and/or assortative mating.

We shall thus use path analysis to detect and estimate the principal
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additive components of the system empirically. Ve found no evidence 

for genotype-environment interaction in the twin data. Therefore, the 
environment seems to he acting additively at the phenotypic level. 
Assortative mating is assumed to act through the phenotype. The 
association of like phenotypes leads to a covariance between the 

genetical similarity of spouses* Since this produces only additive 
genetical variation, we may specify the effects of assortative mating 
using path models.

Ve have some evidence for cultural differences between families 
and wish to explore the possible role of cultural transmission for 
social attitudes. Eaves' (1976b) model of cultural transmission gives 

expectations for variances and covariances expressed in biometrical- 

genetical terms. However, his model does not include the effects of 
assortative mating. Ve have evidence for assortative mating, since we 

know there are significant marital correlations for both Radicalism and 
Toughmindedness. Therefore, we wish to fit a model including cultural 

transmission and assortative mating simultaneously. The extension of 
Eaves' model to include assortative mating is likely to be a long and 
difficult task, since the formulation of the basic cultural transmission 

model was numerically and algebraically complex. In Eaves (1976b) model, 

the phenotype of the parent contributes to the environment of his 

offspring, producing variation between families. Since this model is 

based on phenotypes, the path approach may prove rewarding and allow 

the formulation of a model for cultural transmission and assortative 

mating simultaneously. Such a model is likely to prove simpler and 

algebraically less demanding than attempts reformulate Eaves' model of 
cultural transmission to include assortative mating.
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2 TWO SIMPLE MODELS

Since the concepts and methods of path analysis have not been 
discussed before, there are many new ideas to be introduced. We shall,

therefore, consider a series of simple and instructive examples, in 

order to describe the methods to be used in later Sections, when we will 
fit a full model including cultural transmission and assortative mating. 
These examples will also be useful in understanding the between families 
variation.

We shall first consider two extremely simple models to show the 
use of variances and correlations to specify models for all the 

elements of the variance-covariance matrices and how we use the maximum 

likelihood method to obtain solutions for the parameters. We do not 
need to introduce the concept of path models at this stage. These 

first two models are unrealistically simple and will, therefore, give 

some idea of the lowest values the maximum log likelihood can take.

In the first model, we assume the absence of genetical variation, 
but introduce an environmental covariance between individuals living in the 
same family. The population variance will be called "Y" in this and 

all subsequent models. The degree of resemblance between individuals 

produced by the environmental covariance is given by a correlation, r, 
which is the same for all possible relationships in a family. The 

diagonal terms of the expected covariance matrix are all V, since the 

total variances for all individual types are expected to be the same.

The covariances may be specified as a product of the variances and the 
correlation since

Cov XjXg
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which gives the covariances as rV for all the off-diagonal terms.
Solutions for the four parameters of this basic model were 

found using the maximum likelihood approach described earlier.
Convergence was quickly reached for both Radicalism and Toughmindedness, 

using the method based on first derivatives, without the necessity to 
use any constraints. Estimates of the parameters and the maximum log 
likelihoods are given in Table B45 for both traits. Estimates of V 
are the same as the total variances for the combined data* calculated 

in Section 5 (i*e* V « 0,803 for Radicalism and V - 0,082 for 
Toughmindedness in Section 5)» For both traits the overall correlation 
between relatives lies between 0,4 and 0,5, We know this model is 

unrealistic because we saw in Section 5 that the monozygotic twin 

correlations ( r ^ »  0,62 for Radicalism and 0,60 for Toughmindedness)
are higher than the DZ correlations (r^ - 0,49 for R and r ^  ■ 0,46 for 
T), suggesting either greater genetical similarity between MZ twins or 
else that they are treated more alike. This model is far less likely 

(L ■ -533*7704) than the model (L * -517*9692), fitted to the data 
earlier, and we know that the E^D^ model is barely adequate to explain 
the observed variation. This model must be approaching the worst 

model possible to explain the observations,

A simple extension to the model allows for the observation that 

MZ twins are more alike than DZ twins, A new parameter, t, is introduced 

which is the correlation between MZ twins introduced if MZ twins are 

treated more alike than other siblings. The only expectation which is 

affected is the covariance for monozygotic twins which is now given by:

Covariance^ - ?(r + t)
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TABLE B 45 :

parameter

/m

V

IMPLS ENVIRONMENTAL MODEL FOR RADICALISM AND TOUGHMINDEDNBSS 

FITTED TO ALL DATA JOINTLY

RADICALISM TOUGHMINDEDNESS

-0.0359 0.0077

-0.0012 0.0054

0.8038 0.0822

0.4837 0.4375

L •533.7704 1292.5851
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We will call "t" the treatment effect, since it affects only the 

MZ twin correlation. However, since twins provide most of the 
information, t could also he expressing the greater genetical similarity 
between MZ twins compared with HZ twins, although we have not given 
sensible expectations based on genetical theory for the other 

relationships.

This model was fitted to the Radicalism and Toughmindedness data 
using the method based on first derivatives. Convergence was quickly 

reached without the use of constraints. The parameter estimates and 
maximum log likelihoods for the two traits are given in Table B46.
The correlation for individuals reared in the same family is now 

reduced to 0,3711 for R and 0,3075 for T, The MZ correlations are 
boosted by the treatment effect to O .6653 and 0.6162 respectively 
(i.e. r + t). The likelihoods for this model are significantly greater 
for both traits than those obtained when we estimated a single 
correlation between relatives.

Thu.two parameter sets just estimated, are purely empirical data 
summaries, since they do not attempt to explain the variation using a 

theoretical framework. The second "model", however, which includes an 

additional correlation between MZ twins which might be predicted as a 

treatment difference^ provides a more adequate summary of the data than 

the first model, indicating that the resemblance between individuals 

cannot be adequately represented by a single correlation. It is also 

somewhat more likely than the model, indicating the inadequacy of 

the latter, theoretical model to explain the observed variation.
The results found for Radicalism so far will now be summarised 

since this is likely to be the most interesting trait, when we fit
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TABLE B 46 : ENVIRONMENTAL MODEL WITH TREATMENT EFFECTS

PARAMETERS RADICALISM TOUGHMINDEDNESS

/** -0.0341 0.0081

/ f -0.0019 0.0063

V 0.8112 0.0823

r 0.3711 0.3075

E 0.2942 0.3087

L -515.8289 1309.0122

r + t 0.6653 0.6162
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models specifying genotype-environment covariance. The models, their 
parameters and corresponding maximum log likelihoods are given in 
Table B47.

The first model is clearly not an adequate representation of the 
data, since it is far less likely than any of the other models. If we 

wanted a four parameter summary of the data, the E ^  model provides a 
more likely explanation, suggesting that the degree of similarity between 

individuals depends on the closeness of their relationship i.e. there 
is a genetical component of variation. However, the model does 

not account for all the variation since the three 5 parameter models are all 
significant improvements over the 4 parameter models. The third model is 
significantly more likely than either of the first two models 

( /X 21 - 35.3950 and /X 21 m 4.9308, respectively). This suggests that 
we need a model including both common environmental effects and a 
greater similarity in MZ than DZ twins. Both model 4 and model 5 are 

of this type and are more likely than any other model considered so far, 
but we cannot test these models against the third model or one another 

since they all have the same number of parameters, although we see by 

inspection that Model 5 is the most likely. However, as predicted from 

the twin study, there is additive genetical and probably common 
environmental variation.

A comparison of models 5 and 6 suggests that covariance between 

spouses is also an important factor, and may well account for a 

substantial proportion of the between families variation.

We wish to investigate the nature of the common environmental 

variation further, in conjunction with assortative mating, and hopefully



TABLE B 47 : SUMMARY OF MODELS FITTED TO RADICALISM USING PEDIGREE ANALYSIS (BUT NOT PATH MODELS>

DESCRIPTION OF MODEL

Simple model with one covariance between 
individuals living together.

Simple additive genetical model.

Simple model with treatment effect.

Simple additive genetical model with environmental 
covariance between collaterals.

Simple additive genetical model with environmental 
covariance between individuals living together.

NUMBER OF
PARAMETERS PARAMETERS L

4 V r -533.7704

4 / " / *  Ei Ea -517.9692

5 ^ m /*£ V r t -515.8289

5 / ■ / *  E1 BH E2 -513.3635

5 / “/ f E l I,E E2 -509.8290

y*"/* *x d e e“

CÎ
-3

Simple additive genetical model with environmental 
covariance between collaterals and parent-child pairs only 5 -514.3745



find a model which is significantly more likely than any of those in 
Table B47. Models may be more likely which allow for environmental 
covariance between spouses and/or covariance between their genetical 
deviations. We shall attempt to specify such models using the 

approach of path analysis«
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3 SIMPLE ENVIRONMENTAL PATH MODELS

We introduced, in the last section, the idea of specifying a 
model for an expected covariance matrix in terms of correlations and 
a variance, so that an off-diagonal covariance term is simply the 
product of the total variance and the correlation between the pair of 
individuals concerned. Such methods were fitted by maximising the Jog 
likelihoods, summed over pedigrees. We now want to use the path approach 

to specify models for the expected covariance matrix in a similar manner 
and fit these models by maximum likelihood. Thus, we shall not 
encounter the problems associated with standardised paths, and we will 

be able to allow the total variances of different groups of individuals 

to differ.
We shall first look at path models based purely on environmental 

effects, to determine whether any of these is more likely than the 

models already considered. This may tell us more about the structure of 
the environmental covariance and will give usabaseline against which to 
compare the likelihood of the genetical path models to be introduced 

later. We wish to consider environmental covariance between relatives 

and assortative mating simultaneously. We can do this, assuming no 

genetical variation, if the assortative mating is based on the phenotype. 

We know that there is a marital correlation. However, we will take this 

opportunity to determine whether inclusion of a marital correlation 

provides a significant improvement over simple environmental models, 

with no marital correlation.
In order to formulate the models, we will make the following 

assumptions:



4 0 0

1. The total variances of all groups are equal

2. There is no genetical similarity between relatives
3. All children are treated similarly by the parents who rear them 

regardless of whether they are natural or adopted, twins or 

single births.
Two basic models, with and without assortative mating, based on the 
assumptions stated above are given in Figure B5« The first model 
implies that similarity between parents and children reared by them is 

produced by the equal environmental impact of the phenotypes of both 
parents, by the path wp". This model is extremely simple and might be 

interpreted in other ways.
The second model includes the direct environmental influence of 

parental phenotype on the offspring through the path "p", but we now 

specify an environment, E^ which is common to all collaterals, but 
independent of the parents. The path from E to offspring phenotype is 

called "e".

Expectations for parent-offspring, sibling and marital correlations 
can now be determined using the conventional rules governing paths 

(Li» 1955). Eor example, in order to determine the correlation between 

the two children in model 2B, we can trace back from C-j_ to E along path 
e and then forward along path e from E to C2 to give us a correlation of
p pe * Tracing paths from to C,, via P^ gives a correlation of p ,

2Similarly another term in p is obtained from the paths from C1 to C2
2via P2« Correlations of p jj, are produced by tracing paths: 1, From

to P̂  ̂to P2 to C2. 2. From C1 to P2 to P̂  ̂to C2* Adding all the
terms, the total correlation becomes:

The total variance, as used earlier, is V. Therefore, the covariance
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FIGURI-: B5>: ENVIRONMENTAL PATH ÏÎODELS
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between siblings iss
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The covariances for all four models were calculated and these 

expectations are given in Table B4S, Solutions for the parameters of 

the four models, which maximised the log likelihood summed over pedigrees 
were found using the methods described earlier. Estimates of 500,0 and 
-1500,0, for Radicalism and Toughmindedness respectively, were given 
for minus the log likelihood. Earlier analyses led us to believe that 
the final minimum minus the log likelihood would not be below these 

values and produce failure of the program. The actual values of male and 

female means, total variances and marital correlations calculated in 
Section 5 were given as the trial values. Values of 0.5 were used as 
trial values for the paths, p and e, since we had no idea about their 
likely magnitude. The covariance matrix was constrained to be positive 

definite because the trial values for the paths were unlikely to be very 
realistic. Solutions for models 1A. and IB were obtained using the 

function values only. The method based on the first derivatives was 

used to obtain the maximum likelihood solution for models and 2B« 

Estimates of the parameters and their corresponding maximum log 

likelihoods are given in Table B49 for Radicalism and Toughmindedness„

Model 1 is clearly inappropriate for these data for both Radicalism 

and Toughmindedness, whether the marital correlation is included or not, 
since the likelihoods are substantially lower than those of any of the 
other models we have considered so far, even the model where only one 

correlation is specified to account for resemblance between individuals 
living together in the same family, it is, therefore, not even a 
useful summary of the data.
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STATISTIC CODES
MODEL IA

Total variance 1,2,3,4 V

Patent-offspring covariance 21,22,80,81 pV

Sibling covariance 10,11,23,82,83 2 p ^

Covariance of spouses 20 0



EXPECTATIONS
MODEL IB MODEL 2A MODEL 2B

V V Y

pV(l+y¿) pV pV(l+y<)

2p2V(l +yU) V(2p2+e2) V(2p2(l-^)+e2)

r 0 r 4 G 3



TABUS B 49 PARAMETER ESTIMATES FOR SIMPLE ENVIRONMENTAL PATH MODELS

PARAMETER
RADICALISM

ESTIMATES

1A IB 2k 2B

m -0.0409 -0.0436 -0.0218 -0.0224

f *
-0.0048 -0.0002 -0.0066 -0.0056

y 0.8100 0.8126 0.8100 0.8167

p 0.4752 0.4175 0.1417 0.1335
e 0.7200 0.7132

t
0.3278 0.3158

L -553.7629 -547.4797 -523.4731 -519.4698

TOUGHMINDEDNESS

1A IB 2A 2B

0.0047 0.0073 0.0090 0.0108

0.0027 0.0047 0.0056 0.0067

0.0824 0.0829 0.0827 0.0828 1

0.4202 0.3564 0.0052 0.0155
0.7302 0.7299 Ci

A*
0.4662 0.4224

!63.5794 1271.9892 1310.6675 1314.7409
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Model 2 is more likely than model 1 for Radicalism, but still 
provides a worse explanation of the data than either the simple 
environmental model with treatment effects or either of the simple 
genet!cal models with common environmental variance. Even Model 2B 
which includes a marital correlation and is, therefore, a six parameter 

model, is less likely than any of the five parameter models. This 
shows that our model is totally inadequate. The problem obviously arises 
because we have not allowed for closer relatives to be more alike, which 
we do in all the five parameter models. This reinforces the findings from 
previous analyses that a genetical component is needed to explain 

variation in Radicalism. '
In the case of Toughmindedness, Model 2A gives a maximum log 

likelihood of 1310,6675* which is slightly larger than that for the 
environmental model with treatment effects (ML ■ 1309.0122, see Table 

3 4 6)* This model is unrealistic because we know there is a correlation 
between spouses. Model 2B, which includes a marital correlation provides 
a significant improvement over the environmental model with treatment 

effects ( X  1 m 11*4574» P ^  0.001). Therefore, for Toughmindedness, 
it seems that we may not need to allow closer relatives to resemble one 

another more closely, which agrees with our finding from the twin study 

that there is little evidence for a genetical component. Model 2B 

is a significant improvement over model 2A. Therefore, the most 

likely model from the evidence we have so far is that resemblance between 
the individuals in our study can be explained in terms of assortative 
mating between spouses, based on their phenotypes, an environment which 
is mediated through the phenotype of the parents and also a common 
environmental component independent of parental phenotype.
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We may now ask what the actual values of the parameters tell 

us. We will consider only the parameters of model 2B, since this is 
the most likely model for both traits. The values of the total variances 
are close to those calculated from the data in Section 5» as we expect. 

However, the marital correlations, ji ■ 0.3148 and jfx. - 0,4224 for 
Radicalism and Toughmindedness respectively are not quite what we expect 
since we found jx - 0.4045 and ji « 0.3824 for these traits in 
Section 5. The discrepancy is greater for Radicalism than Toughmindedness 
and indicates that Model 2B is not accounting for all the variation, 
particularly in the case of Radicalism.

The relative magnitudes of p and e are quite informative. For 

both traits, e is substantially larger than p, suggesting that an 
environmental covariance not dependent upon the parents is of some 
importance. The value of p is quite large for Radicalism (p - 0.134)t 

but is negligible for Toughmindedness (p - 0.015). This suggests that

the common environment producing similarity in Toughmindedness between 
individuals living in one family does not depend upon the parents.
However, for Radicalism, some substantial part of the environment may 

depend upon the parents. The size of e shows that a component 

independent of the parents may also be important. Although e is large 

for both traits, the greater p for Radicalism means that we are more 

likely to find cultural transmission as defined by Eaves (1978a) for 

Radicalism and it is this possibility to which we now turn. The model 

which we define in the next Section, considers only the environment 
depend^on the parent. However, we shall look at the importance of an 
independent environmental component in later Sections.
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4 THE GENETICAL PATH MODEL 

4.1 The Path Diagram

Eaves*(1976b) model shows how the transmission of cultural 

differences mediated through the phenotype of the parents leads to 
genotype-environmental covariance. In order to fit his model to our 

data, we would have to assume no assortative mating. The observed 
significant marital correlation in our data, provides direct evidence 
for assortative mating. Therefore, it is unrealistic to use Eaves’ 
model without reformulating it to include assortative mating. Since 

this would be difficult, the simplest way to examine genotype-environment 

covariation and assortative mating simultaneously is to use the technique 
of specifying effects of interest using the path model approach. The 

full model including cultural transmission and assortative mating will 

be described first. Certain simplifying assumptions to be tested will 
be discussed later as they arise.

The full model yields a very complex path diagram and it has been 

split into two parts for tracing the paths. These parts are given in 

figures B6 and B7« These figures can be recombined as shown in 
Figure B8 to reproduce the original path diagram, Intergenerational 

relationships may be specified using Figure B6 and collateral 

relationships using Figure B7« Occasionally we may have to refer to 

Figure BQ but we shall avoid this as much as possible.



4 G 8

FIGURE Bo: PARENT-OFFSPRING RELATIONSHIPS OF A GENETICAL PATII MODEL
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FIGURE B8: A GENETICAL PATH MODEL



4,2 Notation

The main types of individual are specified:
P - Parent

C - Child
A - Adopted Child

Child may sometimes include adopted child, when it is irrelevant whether
a child is natural or not i.e. when we are considering environmental 
effects. C was used to include all types of children in the last 
section when fitting environmental path models.

Subscripts to P, C and A are used to indicate different individuals, 
where several individuals of the same type occur in one family e.g. 
p^ and p£ for first and second parent (using mother and father 
respectively). A special case occurs when we use twice in order to 

represent a pair of monozygotic twins.

The other capitals have the following meaning:
G is the genotype (an unknown)
E is the environment (an unknown)

Subscripts to G and E indicate the individual to who the G and E refer. 

Paths are always denoted by lower case letters either Roman or

Greek.

Prom Figure B7f°< » f$ and s' are correlations among genotypes and 

environments implied by the relationships in the preceding generation, 
and can be expressed in terms of the paths in Figure B6.

Similarly, considering Figure b6, , $  » 6  and s are implied

correlations between the genes and environments in the parental generation 

which could be resolved by reference to the grand-parental generation.



4 7 2

In the collaterals, the correlation between any genotype and

environment is given by s’. However in the parental generation genotype-
environment correlations are given by s and (S’ , This is because the
collaterals share a common environment provided by their parents and

the correlations between G- and Ep and between G_ and E_ can be
C1 °1 C1 c2

regarded as identical. However in the parental generation, there is no
reason why E_ should be the same as E_ , since the grandparents 

*1 f 2

providing the environment of the parents are different, and, therefore, 
separate correlations are needed for the correlation between an 

individuals own genotype with his environment and the correlation 

between an individuals own genotype and his Rouses environment. The 

correlation £~ arises because each spouse selects the other on the 
basis of the phenotype and thus both genetical and environment 
correlations exist between them. The correlation s arises as a result 

of the transmission of genes and environment from the preceding 
generation, and will be discussed in more depth later.

The implied correlations represent the following: 

s' - correlation between the genes of one sibling and either his own 
environment or that of his siblings 

s - correlation between a parents genotype and environment
£  - correlation between a parent’s genotype and his spouses

environment

oc. - correlation between the genes of natural siblings, which arises 
because they have the same parents

y' - correlation between the genes of spouses, which arises if there 

if assortative mating
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correlation between the environments of siblings (natural or 
adopted). The common environmental covariance is given by

&  - correlation between the environments of spouses which arises if 
there is assortative mating.
The genotype-environment correlation terms can only appear^unless 

we totally redefine the modelj when there is a path from the parents 
phenotype to the offspring’s environment i.e. when there is cultural 
transmission of the type defined by Eaves (1976b)» Eaves (1976a) has 
shown that genotype-environment covariance can also arise when there is 

co-operation or competition between siblings i.e. when there is a phth 

from one siblings phenotype to anothers environment. This possibility 
is not considered in this study and would involve a totally different 
path diagram. It could also be studied using conventional biometrical- 

genetical techniques. Another source of genotype-environment-covariance 

arises when individual's select their own environment. This is not 
amenable to any sort of analysis since the covariance in this case is 
always confounded with the individual's genotype in non-experimental 

populations.
For the purposes of this study, therefore, s, s' and £  cannot 

appear unless there is a path from parental phenotype to offspring's 

environment. This path is called w.

The other paths are:
e - path from the environment to the phenotype 

g - direct path from parent's genotype to offspring's genotype 
h - path from genotype to phenotype 

If gene action is purely additive, we expect that g ■ Therefore,
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if we allow g to be a free parameter in the model, and its value

differs significantly from g - we are forced to conclude that our
model is inappropriate. This may be because of non-additive effects
such as dominance or -epistasis which cannot be specified using path
diagrams, or other inadequacies in the model. The direction of

depends
departure from g - £^on such factors as the sample and will not, in
general* be systematically related to such effects as dominance.

2If there is no genotype-environment covariance, then h is a

direct estimate of the proportion of the total variation due to genetical
2differences. In our full model, h is not an estimate of the heritability 

since correlations between genes and environment have been specified. 

However, this will not be the case when we consider several simplifying 
assumption later.

The model described in this section makes several assumptions.

These are:
i No selective placement of the adopteds
ii No environmental contribution of the true parents to the adopted 

children

iii Random distribution of adopting parents throughout the population 

e.g. they are not concentrated in the higher socio-economic status 

groups
iv Maternal and paternal environmental contributions are equal.

4,3 Defining Expectations for the Variances

The model described in the previous sections specifies the effects 

of cultural transmission based on the phenotype, as described by Eaves 

(1976b). Such cultural transmission leads to genotype-environment
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covariation which is designated s in the parental generation and s' 
in the offspring generation. If the population is in cultural equilibrium, 
we expect that s' - s. However, we have no reason to suppose that such 
an equilibrium has been reached for social attitudes, so s and s’ will 
both be treated as free parameters in our model, in the first instance. 

Later we shall test the hypothesis that the population is in equilibrium 
by comparing the likelihood when the population is not in equilibrium i.e. 

s* \  s with that when we specify that the population is in equilibrium 

by constraining that s' - s.
When s' does not equal s, the total variances of parent's and 

offspring will differ. This means that, for the first time, we shall 

allow the diagonal terms of the expected covariance matrix to differ, 
since V-o \  V_. Cultural transmission also leads to inequality in the total 
variances of natural and adopted children. Eaves (1976b) has shown that 
when his coefficient of cultural transmission, b, is positive the total 

variance of individuals reared by their own parents, Vc, is greater 
than that of individuals reared by adopting parents, V^. When b is 

negative, then V̂ , <  VA . ® ms with the non-equilibrium cultural 

transmission model depicted in Figures B6, B7 and B8, Vp \ ^

i.e, we can have three different expected variances on tne diagonal of 

the expected covariance matrix0
The variance of adopteds, using standard path notation is given

by:

©

O ©

E ■  h rAG + , r AE

2 , 2  2H ■ h + e

Since H - 1, we have:
2 2 ■ h + e1



i.e. the total variance has been standardised to unity* In order to 
work with variances, we multiply this equation by the total variance 
of the adopteds, to obtain:

VA " VA (fa2 + e2)*
This result is a tautology for the case of the adoptdds, since 
2 2h + e «1. However, it proves useful in defining and V_,.C P

We now define the unit variance of children reared by their 
natural parents as:

R " hrCG + erCE

, . R2 » h(h + es') + e(e + s'h)

i.e. R2 - h2 + 2ehs' + e2

Therefore, as the non-standardised total variance we obtain:

Vc - VA (h2 + 2ehs' + e2)

--- >YC - VA (1 + 2ehs')

i.e. we obtain the same result as Eaves (1976b) since when s' is 
positive, VQ y VA and vice versa.

We may similarly define Vp:

Vp - YA(1 + 2ehs)

We can see, therefore, that when the population is in cultural 

equilibrium that Vp » V^ \  VA °

4 ,4  Defining Expectations for the Covariances

In Figure B7» the two individuals marked C-̂ are identical twins, 

since they share a common G. Following the usual rules of path analysis,



(Li, 1955), we can show from this diagram that the covariance of M2 
twins is given by:

C0VMZ " VC (h2 + 2ehs' + *2f  )

Similarly if and are either siblings or dizygotic twins, the 
covariance is given by:

cov^ - C0VSIB - vc (h2<*< + 2ehs' + e2^ )

If we look at the difference between MZ and LZ twins,

C0ÏMZ - C0VI Z -  Tc*1 2 '1 - ^ )  

which is equivalent to in conventional biometrical genetical 
terminology i.e. the variation within families produced by the 
segregation of the genes.

The covariance of the two adopted individuals, and Ag may 
be expressed:

C0VAA ‘ V* >
This differs from the covariance of adopted and natural siblings reared 

together, because the total variance of the two groups differs. This 

is given by:

cota c - (*2 f >

It would be possible to define the marital correlation: 

ji - h2 ^  + 2eh<T + e2£

However, this would mean that we could not resolve 7f , <f , £  an^ s 

in terms of the other parameters and we shall, therefore, estimate the 

marital correlation directly from the data by specifying the covariance
between spouses:
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COT

The expectation for the natural parent-offspring covariance is 
complex. We derive this from figure B6, In order that the reader may 
follow the derivation of this expectation, we will write out the paths 
in full in the order in which they are traced. This gives:

The adopting parent-offspring covariance may be similarly 
traced from Figure B6 and turns out to be:

Thus, we now have expectations for all possible elements of the 
expected covariance matrix. These involve fifteen parameters. We 

could not hope to estimate this many parameters from the data. However, 
these parameters are not all free parameters and we can resolve some of 

them in terms of the others to give us a final model of eight parameters

/m* A *  VA* St h* Wf 8 3nd / *

Thus, from Figure B8, we can show that:

COVpc - J Vp x Vc (hgh + hgse + hg X  h + hg S  e

+ ew + ewh5 h + ewh<5" e + ewe^h + ewee.e) 
which simplifies to:

Vp x Vc (gh2(l+y)+ egh(s+cf)+ ew(l+h2y + 2eh<T+e^. ))

_ 2 2 
C0VpA Vp x VA (ew(l + h y  + 2eh &  + e £  ))

o4 - 2g2(l + )
/S » 2w2 (1 + 2eh<5" + e2£. + h22T ) 

s’ « 2 gw (es + h < f + h  + h2f)

which eliminates three of the original fifteen parameters. Similarly 
from Figure B6, we can show that:
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X - jx (h + es;

cf - jx (hs + e)(h

& - jx (e + hs)2

Also, we know that e ■ 4*
into the expectations for the variances and covariances, we arrive at a 
final non-equilibrium model of 8 parameters. These expectations are 

summarised in Table850* in terms of all the paths and implied correlations. 
The substitutions that can be made in order to simplify the number of
parameters to eight are given below the expectations. These 

substitutions were never made into the expectations by hand, but were 
specified in the computer program.

4*5 Fitting the Full Eight Parameter Path Model

This model, described above, includes genetical and environmental 
effects, genotype-environment covariation produced by cultural 
transmission and assortative mating. In order to fit this model, we 

set up the data files in the usual way, as described in Section 7. The 

model is specified in the program as described earlier. In order to 

specify estimates of minus the maximum log likelihood, we examined 

previous analyses. Since the estimates must be*less than the final 

solutions for minus the log likelihood, based on the present model, we 
chose fairly low values of 500,0 and -1350.0 for Radicalism and 
Toughmindedness respectively.

The only remaining problem is to choose sensible trial values.
The values calculated from the data in Section 5 were given for
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TABLE B 50 : EXPECTATIONS FOR THE TERMS OP TEE COVARIANCE MATRIX

VARIANCE OR COVARIANCE OP : EXPECTATION

ADOPTED CHILDREN (VA ) VA ( h2 + ®2)
NATURAL CHILDREN (VQ) VA < h 2 + 2ehs^ + e2)
PARENTS (V ) P t jl ( h2 + 2ehs + e )

m  TWINS vc( h 2 + 2ehs^ + e2yS )
DZ TWINS OR SIBLINGS vc( ho<+ 2ehs^ + e2/S )
NATURAL AND ADOPTED CHILDREN 1 vc(e2^  )

TWO ADOPTED CHILDREN (e2/3)

NATURAL PARENT CHILD JT»* V (gh2(l+/)+egh(s+ ¿T)+ew 
(l+h2/+2ehi"+e26. ))

ADOPTING PARENT CHILD K 1 V ew (l+hV +2eh<f+e2E))

SPOUSES Vpr

The following substitutions can be made into the above expectations; 
e = J  1-h2

y  (k+©s)2
<T «= yW(hs+e) (h+es)

A
^  ■ JA (e+hs)

«< « 2g2 (i+r)

^  * 2w2 (l+2ehcT +e2<£ +h2

S1 = 2gw (es+h(l+^r, + cf ))
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A ’
g, h, w and s. Convergence took some time, but was achieved using the
method based on first derivatives and no constraints were necessary.
Parameter estimates for Radicalism and Toughmindedness and their
corresponding maximum log likelihoods are presented in Table B51.

Values for the variances, implied correlations and paths which may be
specified in terms of the parameters of the model were calculated and

given in the lower part of Table B51. We will not consider the values
of the parameters of this model in any detail since we want to move on
and compare this model with a similar but simplified model. However,
we shall briefly compare the maximum log likelihoods with those found

for earlier models. For both traits, the maximum log likelihoods based
on this model are greater than those for any of our previous models.
In the case of Radicalism, this model does not provide a significant

improvement in fit over the E^DgEg’ model ( “ 1 .5972, 50$ ^ P  < 70$),
but it does enable us to partition the between families variation into
that due to assortative mating and that due to environmental differences
dependent upon parental phenotype.

This genetical path model provides a significant improvement in

fit over the most likely model we have found for Toughmindedness. Thig

was the environmental path model 2B whose maximum log likelihood was
o1514.7409, Thus, using the likelihood ratio criterion, f)( ^ m 28.8022, 

p 4,0.1$. The main difference between the two models is that in the 

latter model, there is genetical variation and genotype-environmental 
covariance leading to inequality of the total variances of parents, natural 

children and adopted children. In Section 5, we saw differences in 
total variance between these three groups. However, there was no

VA , and u, and trial values of 0.5 were given for the paths
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TABLE B 51 î FULL EIGHT PARAMETER GEHETICAL PATH MODEL

PARAMETER RADICALISM TOUGHKIITDEDNESS

Z*'m -0.0172 0.0093

A -0.0042 0.0065

VA 0.8489 0.1010

g 0.5477 0.5652

h 0.8489 0.8988

w -0.0539 -0.2106

s 0.0156 -0.1103

A
0.3173 0.4692

L -509.0304 1329.1420

e 0.5286 0.4386

y 0.2331 0.3393

(T 0.1474 0.1355

e 0.0932 0.0541

e< 0.7398 0.8557

P
0.0077 0.1234

s1 -0.0697 -0.3040

Vc 0.7958 0.0768

V 0.8608 0.0922
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evidence for any genetical variation in the twin data. 11113 model may 
provide a significant improvement over previous models because it 
predicts differences in the total variances or it may be the first 
indication that we have for genetical variation in Toughmindedness.
We will consider the implications of this possibility and why there 
was no evidence for it in the twin data later,

4.6 A Seven Parameter Genetical Path Model

In the previous model, eight parameters were fitted which included 
g, the path from parental genotype to offspring genotype. The value of

this path should be 0.5 if all the variation is additive. But if g differs 
significantly from 0.5» we may take this as evidence for some form of 
non-additivity in the data. We see that g - 0.5477 for Radicalism and 

g m O .5652 for Toughmindedness. These values are close to 0.5* but we 
need a test of significance to determine whether we can regard them as 
estimates of the genetical path which differ from 0.5 only by sampling 
error. In order to make this test of significance we shall fit a 

simplified model to the data.

This model is similar to that specified in Table B50, but 0.5 

is substituted for g in all the expectations. This yields a 7 parameter 

genetical path model: yum , yuf, VA , h, w, s and yi. In order to obtain

the maximum likelihood solutions for these parameters, we reran the 
computer program using the new expectations (with g - £), the same 

estimates of minus the log likelihood and the solutions for the parameters 

from Table B51 as trial values. The method based on first derivatives 
was used for both traits. Convergence was reasonably quickly reached
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for Radicalism. However, in the case of Toughmindedness the program 
failed after a number of iterations, with the covariance matrix 
becoming non-positive definite. The matrix was constrained to be 
positive definite by specifying that all its eigenvalues must be 

greater than zero and the program was rerun. This time convergence 

was quickly achieved. The parameter estimates and the maximum log 
likelihoods are given in Table B52 for the unconstrained solution for 
Radicalism and the constrained solution for Toughmindedness.

Now we will compare the likelihoods for g - \ and g ̂  -J, Using

the likelihood ratio criterion, the eight parameter model for Radicalism 
does not provide a significant improvement over the seven parameter 

model. ( X  i “ 1.0618, 30$ <  p <  50$)» Therefore, we have no reason 
to suppose that g takes any other value than 0,5 i.e. there is no 
evidence for genetical non-additivity. This is consistent with our 

analysis of the twin study.
However, in the case of Toughmindedness, we find a different 

picture. The likelihood ratio criterion gives us a value of chisquare: 

^  ^  ■ 4.0894» 2$ < p <  596'r which is significant at the five per cent 
level. We can attribute this significant difference between the seven 

and eight parameter models to the fact that g 3̂ This indicates the 
inadequacy of the additive model for these data.

4 , 7 Discussion of Toughmindedness

In Section 6, we found no evidence for any genetical component of 
Toughmindedness, as measured by the Wilson-Patterson Attitudes
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TABLE B 52 s SEVEN PARAMETER MODEL,. CONSTRAINING THAT ALL GENETICAL

VARIATION IS ADDITIVE

PARAMETER RADICALISM TOUGHMINDEDNESS

A -0.0221 0.0104

A -0.0048 0.0069

VA 0.8462 0.0998

h 0.8573 0.8976

w -0.0543 -0.1704

s 0.0655 0.0422

/*■
0.4306 0.5802

L -509.5613 1327.0973

e 0.5000 0.5000

e 0.5148 0.4408

y 0.3419 0.4870

<$■ 0.2191 0.2545

e 0.1404 0.1329

oC 0.6710 0.7435

f
0.0087 0.0941

s1 -0.0745 -0.2695

V 0.7905 0.0785c

Vp
0.8951 0.1031
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Questionnaire and concluded that variation could he explained by 

unreliability of measurement, specific environmental effects and a 
common environmental component. Yet now we find that the genetical path 
model provides a significant improvement over environmental models. It 
is difficult to understand this discrepancy, but two explanations are 

possible.
The first is that the great improvement of this model over 

previous models is purely a result of relaxing the constraint that the 
total variances are equal. In Section 5, we saw that Vp « 0.104 y  
V. - 0.100 y  V_ « 0.075» This model allow the variances to differ in 
this order given appropriate values of s and s'.

If this is not the reason for the genetical path model providing 
the best explanation of the data, then there may be genetical variation 
determining individual differences in Toughmindedness. Why then did we 
not detect genetical variation in the twin data? Perhaps non-additive 

variation and interactions could produce the sort of results we have 

found, if they were confounded with estimates of and in the twins,

path model for Toughmindedness is not appropriate. Non-addivity of 

environmental effects or sex interactions, without a genetical backgroundj 

might provide the most appropriate explanation for our findings. Our 
tentative conclusion is that there may be some genetical variation for 

Toughmindedness of which a large proportion is non-additive, (we recall 

that - 3.71» %  < V  <  10$, when we compared EjBDp and models
in the twins, which approaches significance and that all three parameters 

of the EjBDr  model were significant. Thus, genetical variation was 

not strongly precluded in the twins). However, it is also possible that

but not in the adoption data.
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the variation may be explained by unequal environmental effects in the 

different groups, which lead to inequality of the total variances? non
additive environmental effects, or sex interactions.

A comparison of the means, total variances and marital correlation 
calculated from the data and calculated from the estimates of the seven 

parameter and eight parameter genetical path models is given in Table B53» 
Estimates of the means and total variances are similar in all cases, 
giving us no additional information. Estimates of the marital 
correlation based on the two models are rather high. However, the estimate 
of jp. based on the eight parameter model is closar to the true value than 
that based on the seven parameter model, providing additional evidence 
that the eight parameter model is more appropriate for our data.

In both models w is negative. However, s and s' take the same 
sign in the eight parameter model whereas in the seven parameter model, 

only s' is negative. A mechanism whereby the covariance would differ 

in direction between the generations is hard to visualise, and the eight 
parameter model in which s and s' are both negative again seems more 

reasonable. Considering now only the eight parameter model, the 

genotype-environment correlations are quite large and s* is substantially 

bigger than s. i.e. the negative covariance between genotype and 

environment has increased between the two generations. This suggests 

that the population is not in equilibrium. The concept of cultural 

equilibrium, its algebraic definition and the solution of an equilibrium 

model will be discussed later in reference to Radicalism. However, the 
simplest way to achieve an equilibrium solution for the parameters of 
the path model using the computer program is simply to specify the 

constraint that s - s*. This was done for the seven and eight
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TABLE B 55: COMPARISON OF ESTIMATES FROM THREE SOURCES FOR TOUGHMINDBDNESS

ESTIMATES FROM 
SECTION

ESTIMATESFROM 
SEVEN PARAMETER 

MOREL
ESTIMATES FROM EIGHT 
PARAMETER MODEL

/■» O.OIO 0.010 0.009

0.001 0.007 0.007

VA 0.100 0.100 0.101

VC 0.075 0.079 0.077

VP 0.104 0.103 0.092

M 0.382 0.580 0.46.9
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parameter models. The values of the unconstrained solution were given 
as trial values. Solutions were sought using function values only, 

he m thod using first derivatives and the method using second derivatives. 
In all cases the covariance matrix became non-positive definite and the 
programs failed. They were rerun with the additional constraints needed 
to ensure that the covariance matrix remained positive definite.
These programs ran for some time and were restarted using the current 
solutions as new trial values. However, movement towards convergence 
was very slow and was obviously not going to be reached in a reasonable 
amount of time. Thus solutions for the parameters of the equilibrium 

solution were never found. The great difficulty encountered suggests 

that the equilibrium model may be inappropriate and that the population 
is not in equilibrium. This is reasonable in view of the large 
difference between the covariance terms of the two generations.

Thus, the eight parameter, non-equilibrium genetical path model 
remains our most likely model for Toughmindedness. Values of the 
implied correlations and the paths all seem reasonable and lie within 
the expected range. However, we will defer further discussion of 

Toughmindedness until we have considered the likelihoods of certain 
simplified models.

4,8 Discussion of Radicalism

Since we have considerable genetical variation for Radicalism, 
but have found no evidence to suggest non-additivity, the seven 

parameter genetical path model is more appropriate than the eight 

parameter model. Although this model is not significantly more likely
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than the E^DpEg* model, it provides a more useful parameterisation, 
which enables us to consider certain effects of interest.

A comparison of estimates of the means, variances and marital 
correlation calculated from the data in Section 5 and calculated from 
the two genetical path models is given in Table B54. Estimates of the 

means and total variances are similar and the total variances take the 
same order i.e. Vp > y "V̂ . However, we have no evidence that 
lifting the constraint that the total variances must be equal 
significantly improves the likelihood, when we compare the likelihoods 
based on this model and that based on the E^DpEg' model. Again, 

estimates of the marital correlation differ in the three cases, and the 
estimate from the most likely model is closest to the true value, 
providing further evidence that the seven parameter model is the most 
appropriate.

Estimates of the paths and implied correlations seem reasonable 
and internally consistent. However, we will defer discussion of the 

relative magnitudes of the parameters and their interpretation until we 
have considered the equilibrium solution.

4 .9  Equilibrium Solution for Radicalism

The path from parents phenotype to offsprings genotype is 

negative suggesting that the environmental effect of more radical parents 

is to make their children less radical and vice versa. The effect is only 

small, as judged by the size of w. The genotype-environment correlation 
is also small but differs between the two generations by a small amount.
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TABLE B 54 : COMPARISON OF ESTIMATES FROM THREE SOURCES FOR RADICALISM

ESTIMATES FROM 
SECTION 5

ESTIMATES FROM 
SEVEN PARAMETER 

MODEL
ESTIMATES FROM 
EIGHT PARAMETER 

MODELS

r * 0.005 -0.022 -0.017

r *
-0.002 -0.005 -0.004

\ 0.845 0.846 0.849

vc
0.762 0.791 0.796

V
p

1.011 0.895 0.861

0.405 0.431 0.317
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If the population is in equilibrium we expect that s and s' will be 

equal. We would like to know whether s and s' differ significantly
i.e. whether population is in equilibrium. In order to do this we need 
to fit a model assuming equilibrium and compare the maximum log 
likelihoods of equilibrium and non-equilibrium solutions.

In order to assume equilibrium we let s' - s. In Table B50, we 
saw that s' may be expressed in terms of s, as follows

s' ■ 2gw (es + h(l + y  + £  )

Now at equilibrium s' ■ s. Therefore, substituting and transferring 
terms in s to the left hand side we find:

s(l - 2egw) » 2gwh(l + Y ” + ¿T ) . . . 1

which simplifies to:

s „ 2ghw(i + r  + £  )
1 - 2egw

However, from Table B50, we see that and S  contain terms in s. 
Therefore, substituting in equation 1, we obtain:

2 2s(l-2egw) « 2ghw(l+yih(e+h)+ sp(e+h) + s yue(e+h)) 

which we may express:

2 2s (2eghwp(e+h))+ s^i(e+h) - (l-2egw)) + 2gjiw(l+jih(e+h)) « 0

This quadratic in s may be expressed as : 
oAs + Bs + C - 0, where

A - 2eghwp(e+h)

B - yi(e+h)2 - (l-2egw)

C « 2ghw (l+yih(e+h))
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Therefore, s is given by:

9
Bi  J Ol

2A

This equation has two roots and thus two solutions of s are possible 

which produce an equilibrium. Clearly, in practise only one of these 

solutions is likely to be sensible. However, we have no way of knowing 
which this will be, and it may turn out not to be the same root in 
all situations.

In order to fit the equilibrium path model using our expression 
for s, defined by equation 2, we would have to reformulate the 

expectations in Table B50« Moreover, we would have to set up two 
sets of expectations based on the two possible roots for s, and 
attempt to find solutions for each of these sets of expectations)which 
would be expensive in computer time. It might not even be possible to 

achieve a solution in this way, because oscillation might occur between 
two minima. However, we can easily overcome these problems by 
constructing a penality function, added to L, which tends to zero when 

(s’ - s) * 0, In order to obtain solutions for the equilibrium model 

of the seven and eight parameter genetical models, we used the estimates 
from the non-equilibrium model as trial values. The method based on first 

derivatives was used to obtain the maximum log likelihood solution for 

the parameters of the model. Convergence was rapidly reached without 

the need to constrain the covariance matrix to be positive definite. The 

ease with which a solution was found for Radicalism suggests that 

perhaps the equilibrium model is appropriate, whereas for Toughmindedness 

it was clearly not appropriate and an equilibrium solution could not be

found
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Estimates of the parameters for eight and seven parameter-models 
and their likelihoods are given in Tables B55 and B56 respectively. The 
paths and implied correlations which can be resolved in terms of

these parameters were calculated and are given in the bottom part of 

these tables. Comparison of the maximum log likelihoods of these models ' 
with those of the non-equilibrium models will show whether the non
equilibrium solution is more likely than the equilibrium solution.
Since there is one less free parameter in the equilibrium model, we 
can use the likelihood ratio criterion to make a test of significance.
For the eight parameter model %  ^  - 0,8926, JO$-£ p <  50$, and for the 

seven parameter model X  j " 2,6202, 10$ «C. p <  20$. Whichever model 

we consider, specifying the constraint that s* * s does not produce a 
significant reduction in the likelihood. Thus there is no evidence that

the genotype-environment correlation differs in the two generations being 
considered.

Comparing the eight and seven parameter model using the likelihood
2ratio criterion, we find that %  ^ - 2.6894, 10$ <  p <  20$. Therefore,

we have no reason to suppose that g differs significantly from 0.5.

The most appropriate path model for our data so far 1b the model whose 

solutions are given in Table B56. In this model, there is additive 

genetical variation, assortative mating and cultural transmission as 

defined by Eaves (1976b), with the population in cultural equilibrium.

The value of h is large suggesting that there is a large heritable 

component of variation. Following on from this we see that there is a 
large genetical correlation between siblings, <*< . The assortative 

mating leads to a substantial correlation between the genes of spouses
i.e. - 0,2224* but a much lower correlation between their
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TABLE B 55 ï EQUILIBRIUM SOLUTION FOR FULL EIGHT PARAMETER KODF.T.

PARAMETER RADICALISM

-0.0176

/* -0.0045

\ 0.8315

e 0.5473

h 0.8311

w -0.0234

s -0.0305

r
0.3152

ML -509.4767

e 0.5561

Ï 0.2089

s 0.1362

£ 0.0888

«< 0.7242

?
0.0014

s1 0.0282

7c 0.8532

Vp 0.8080
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TABLE B 56 : EQUILIBRIUM SOLUTION FOR SEVEN PARAMETER MODEL

PARAMETER RADICALISM

A -0.0190

r *
-0.0043

\
0.8302

h 0.8405

V -0.0257

s -0.0290

r 0.3270

ML -510.8214

g 0.5000

e 0.5418

* 0.2224

0.1396

e 0.0875

0.6112

t
0.0017

s 1 -0.0290

To 0.7828

Vp 0.8083
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environments, £  ■ 0.0875» The correlation between the environments of 
siblings provided by their parents is small: ^  - 0.0017, suggesting that 
any common environmental component dependent upon the parents is quite 
small. This is a consequence of the low value of the path, w, from 
parental phenotype to offspring's environment, which suggests that 

cultural transmission may be making only a minimal contribution to the 
total variation. The small genotype-environment correlation which 
arises as a result of cultural transmission is estimated to be small 
suggesting that any effect of cultural transmission is minimal. We, 
therefore, need to test whether the effect of cultural transmission is 
significant by comparing the likelihood of this model with that based 

on a simplified model in which there is no cultural transmission.



4 9 S

5 SIMPLIFIED GENETICAL PATH MODELS

5.1 Introduction

We know from the twin data that there is evidence for a between 
families component produced by either common environmental influences 
or by assortative mating. This was confirmed by fitting biometrical- 
genetical models to all the data jointly using the methods of pedigree 
analysis. However, we were still unable to discriminate properly 

between the two alternative sources of the between families component.
In the last section we considered the possibility that both 

assortative mating and cultural differences mediated through the 

phenotype of the parents were important. We found that the assortative 
mating parameters were substantial, but that the path, w, and the 

genotype-environment covariance were minimal for Radicalism. This 

suggested that there might be no significant variation produced by 
cultural transmission. How then can we interpret the between families 
component? There are two possibilities. All the between families 

component could be due to assortative mating. Alternatively there could 

be a common environmentalreffect independent of the parents. Or, both 
these effects might be contributing.

If we test the first possibility by specifying a path model with 

no cultural transmission, but with assortative mating, we can use this 

model to test the significance of the variation produced by cultural 
transmission, by comparing it with the model discussed at length in 
Section 8.4.
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We can also specify a model with a common environmental component 
and determine whether this gives us a more likely explanation of the 
observed variation in attitudes.

5.2 Simplified Genetical Path Model

A path diagram for a genetical model with assortative mating but 

no common environmental component is given in Figure B9, by the solid lines. 
The model is similar to that used in Section 8.4» except that there is 
now no path from parental phenotype to offspring environment. Since we 

do not have this path, specifying cultural transmission, we no longer 
have any genotype-environment covariation i.e. there are no implied 

correlations s s, and s•. Considering the model given by the solid 
lines, there is no correlation between the environment of siblings i.e. 

there is no common environmental component, E now represents only 
specific variation. A correlation between the genes of siblings is 
produced by the genetic system. Assortative mating gives rise to 
correlations between the genes of spouses and between their environments, 
since it is based on the phenotype. However, there is no longer any 

genotype-environment covariance in the parental generation. In effect, 

we now have an additive genetical model, with assortative mating and 
specific environmental variation.

This model is much simpler than the full model described in Section

8 ,4  and derivation of expectations for the expected covariance matrix 
presents no problems. These expectations, worked out from the solid 

lines in Figure B6 are given in Table B57.
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FIGURE B9: SIMPLIFIED GENETICAL PATH MODEL

e
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VARIANCE OR COVARIANCE

TOTAL VARIANCE 

MZ TWINS

DZ TWINS OR SIBLINGS 

NATURAL AND ADOPTED CHILDREN 

TWO ADOPTED CHILDREN 

NATURAL PARENT-CHILD 

ADOPTING PARENT-CHILD 

SPOUSES

The following substitutes can be

TABLE B 57 : EXPECTATIONS FOR A SIMPLIFIED GBNBTICAL MODEL 

EXPECTATION

V

V h2

V h2e<

0.0

0.0

Vgh2(l + 20

0.0

V

made into the above expectations

as 2g2 (l +30
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We fitted this model to both Radicalism and Toughmindedness in 

order to determine whether it provides a more economical explanation of 
the data than the full genetical path model described in Section 8.4.
The data file for the program was set up in the usual way. Two models 
were specified; one in which g was allowed to take its own value (6 

parameters); the other where g was fixed at 0.5» by substituting 0,5 into 
the expectations given in Table B57 (i.e. 5 parameters). Values of 

500.0 and -1350*0 were again given for the trial minus log likelihoods 
for Radicalism and Toughmindedness respectively. The solutions from

the appropriate full genetical path model were given as trial values.

The program was run using the method based on first derivatives. In 

each case the covariance matrix became non-positive definite and the 
program failed. However, when the program was rerun using the method 
based on second derivatives, convergence was rapidly reached for both 

models for Radicalism and Toughmindedness, The maximum likelihood 
solutions of the parameters and the log likelihoods are given in Tables 
B58 and B59 for the six and five parameter models respectively. Values 
of e and the implied correlations were calculated from the estimated 

parameters and are given below the likelihoods in these tables. We 

will defer discussion of these models until we have looked at a final 

model with a common environment independent of the parents, when we 

will compare the results for all the models fitted and determine which 

is the "best” model for each trait.
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SIMPLIFIED GENETICAL PATH MODEL WITH sr\=j-

PARAMETER RADICALISM TOUGHMINDEDNESS

-0.0247 , 0.0111

A -0.0053 0.0099

V 0.8114 0.0833

e 0.5412 0.5672

h 0.8148 0.7860

A
0.3400 0.4398

L -509.1514 1324.7638

e 0.5845 0.6182

Y 0.2257 0.2717

<= 0.1162 0.1681

°<C 0.7180 0.8183
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TABLE B 59 i SIMPLIFIED GENETICAL PATH MODEL WITH g - 4-

PARAMETER RADICALISM TOUGHMINDEDNESS

-0.0243 0.0116

r *
-0.0049 0.0097

V 0.8106 0.0831

h 0.8228 0.8001

/A 0.3893 0.5022

L -510.0310 1322.7811

e 0.5000 0.5000

e 0.5683 0.5999

y 0.2636 0.3215

£ 0.1257 0.1807

oC 0.6318 0.6608

h2 0.6770 0.6402

2e 0.3230 0.3599
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5.3 Simplified Genetical Path Model with an Independent Common 
Environment

We found some evidence from the environmental path models in 

Section 8.3 that the effect of an environment dependent on the parents 

was relatively small, whereas an environment independent of the parents 
was important in determining individual differences in attitudes. In 

order to test the importance of an independent common environment, we 
shall specify a model including its effect and compare its likelihood 
with that based on the model specified in the previous section. This 

model is given in Figure B9» if we consider both solid and broken lines. 
The model is similar to that described in the previous section, except

that we now introduce a covariance between the environments of siblings 
reared together, which we call fi . This changes our expectations for the 
covariances between collaterals. These expectations may be easily traced 
from the path diagram and are presented in Table b60.

In order to obtain the maximum likelihood solution for this 
model, we respecified the expected covariance matrix as shown in Table 

BÓ0. The same trial values were used as for the previous model and a 

trial value of 0.2 was arbitrarily specified for ̂  , Convergence was 

quickly reached in all cases using the method based on second 

derivatives. Solutions for the situations where g \ ^ and where g . £ are 

given in Tables Bèl and Bé2 for Radicalism and Toughmindedness.

Having the results for all our models we are now in a position to 
determine the most appropriate model for the observed variation in all 
the data for each trait and to discuss the implications of this model.
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TABLE B 60i EXPECTATIONS FOR SIMPLIFIED GENETICAL MODEL WITH COMMON 

ENVIRONMENT INDEPENDENT OF THE PARENTS.

VARIANCE OR COVARIANCE EXPECTATION

TOTAL VARIANCE V

10 TWINS V (h2 + e2jS )

D Z TWINS OR SIBLINGS V (h2<<+ e2yS )

NATURAL AND ADOPTED CHILDREN V e2y?

TWO ADOPTED CHILDREN V e2^

NATURAL PARENT-CHILD V gh2 (l + y)

ADOPTED PARENT CHILD 0.0

SPOUSES V yU.

The following substitutions can be made into the above expectations 

e * J  1 - h2

y * px2
£. » yi e2

c< s 2g2 (l )
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TABLE B 61 : SEVEN PARAMETER MODEL WITH COMMON ENVIRONMENT INDEPENDENT

OF THE PARENTS,

PARAMETER RADICALISM TOUGHMINDEDNESS

y^m -0.0237 0.0104

f' f -0.0055 0.0092

V 0.8117 0.0833

g 0.5527 ’ 0.5642

h 0.7603 0.6911

/•

f

0.3376 0.4295

0.2058 0.2715
i

L -509.0011 1325.7574

e 0.6496 0.7228

X 0.1952 0.2051

6 0.1425 0.2244

0.6783 0.7672
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TABLE B 62

PARAMETER 

/* m

r *

V

h

f
L

e

e

y

£

J SIX PARAMETER MODEL WITH COMMON ENVIRONMENT INDEPENDENT 
OP THE PARENTS, g » 4-

RADICALISM TOUGHKINDEDNESS

-0.0226 0.0106

-0.0055 0.0087

0.8114 0.0830

0.7021 0.6428

0.3462 0.4466

0.3482 0.3717

-509.2089 1324.8996

0.5000 0.5000

0.7121 0.7660

0.1707 0.1845

0.1756 0.2620

0.5854 0.5923



5,4 The Final Model for Radicalism

In order to decide which model of those we have fitted is the 
most appropriate for Radicalism we have prepared a summary of all the 

models fitted, which is given in Table b63, This Table gives the 

parameters of the models and their corresponding maximum log 
likelihoods.

The model with the highest maximum log likelihood is number 17, 
with L * -509.OOII, This model, specifying the effects of genes, 
assortative mating and a common environment independent of the 
parents, will be used as a baseline against which to compare all the 
other models. We see immediately that models based purely on 

environmental variation between individuals (i.e. models 1 , 2, 7, 8,
9, 10) are all significantly less likely than model 17. Therefore, our 
first conclusion, which confirms the results of the twin study, is 

that genetical differences determine differences between individuals 
in their Radicalism scores.

These environmental models, although not the most likely 

explanations of the data do contribute useful information, A comparison 

of the simple correlation models (l and 2) shows that monozygotic twins are 

significantly more alike than dizygotic twins, suggesting either a 

genetical component of variation or that MZ twins are treated more alike. 

The importance of assortative mating is indicated by the comparison of 

model 7 with 8 and of 9 with 10, In both cases, the addition of the 
assortative mating parameter produces a significant difference in the 
likelihood, as measured by the likelihood ratio criterion. Using this 

criterion, we found that models including an environment independent of
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TABLE B 63: SUMMARY OF MODELS FOR RADICALISM

MODEL PARAMETERS LIE0HHOOD

1 yhm Y r -533.7704*
Simple correlation models

2 / “ A V r t -515.8289

3 y m  f t E1 b r -517.9692"

4 y m  y f E1 BR E2 -513.3635 . Biometrical-genetical
5 y m y f E1 -509.8290 models

6 / " / ' f E1 DR E2U -514.3745

7 y m  y*f V P -553.7629'

8 V P /A -547.4797 Environmental path
9 V P *■ -523.4731 models

10 y f V P ^ /- -519.4698_

11 / - A VA g h w s y -509.0304"

12 y m y r VA h w s y -509.5613 Full genetical path 
> models

13* Z ”/ f ya g h w s jx. -509.4767

14* / “/ f VA h W S ylA -510.8214

15 y my f V g h yA -509.1514^  ̂ Simplified genetical
16 y  m y f V h y- -510.0310 path model

17 y « y f V g h y yA -509.0011" Simplified with independent
> common environment

18 y m y f V h A / 1 -509.2089

NOTE
Models marked with a are the equilibrium models.
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the parents produced significantly more likely solutions than models 

without it. The importance of an independent environmental component 
compared with a common environment depending on the parents was confirmed 
"by inspection of the relative magnitudes of the paths p and e.

The most likely Mometrical-genetical model was number five, 

which specifies specific environmental variation, additive genetical 
variation and a covariance between all individuals living together.
The likelihood for this model does not differ significantly from that 
of our baseline model, number 17. Since this model summarises the pattern 
of variation using five parameters and model 17 uses seven parameters, 
we might consider model 5 to be a more satisfactory and parsimonious 
explanation of individual differences in Radicalism. However, the way 

in which the common family covariance has been specified does not allow 
us to achieve a separation between the effects of the common environment 

and assortative mating, since both these would contribute to the Eg' 

term. Therefore, we might prefer one of the path models as a more 
useful way of looking at the data.

The full genetical path models (models 11-14) showed us that the 

data are consistent with additive genetical variation. There was no 

reason to suppose, from comparing the likelihoods of model 11 with 12 and 
15 with 14, that g was significantly different from 0.5 i.e. this path 

represents only additive effects. We also saw that any effect of cultural 

transmission was small and that there was no evidence (from comparing 

models 11 with 13 and 12 with 14) that the population was not in 
equilibrium.

Given that the path, w, and the genotype-environment correlations 
are so small, have we any reason to suppose that they are significantly
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greater that zero i.e. is the effect of cultural transmission producing 
significant variation? We fitted models 15 and 16 with genetical 
variation and no assortative mating to test this possibility. Models 
15 and 16 do not differ significantly, again confirming that g ■ 
and that genetical variation is additive. Thus in order to determine 

whether there is any significant effect of cultural transmission we 
compared models 14 and 16. It turns out the difference in likelihood 
between these models is small and that the maximum log likelihoods of 
the five parameter and more complex eight parameter model do not 
differ significantly. Thus, there is no evidence that variation 
produced by cultural transmission is needed in order to explain 
individual differences in Radicalism.

However, this does not mean that there is no common environmental
component and so we fitted models in which we specified genetical
variation, assortative mating a shared environment not dependent upon

the parents. The likelihoods for these models are given in Table B63

next to models 17 and 18. Again there is no evidence that g differs
from 0.5 and we consider that model 18 is the most appropriate of this

pair. Using the likelihood ratio criterion we tested whether model 18
2is more likely than model 16. It turns out that X  ^ ■ 1.6442, which 

is not significant. Again, we have no evidence for significant between 
families environmental variation.

Thus, in the final analysis we can explain variation between 

individuals in their Radicalism scores in terms of unreliability of the 
scale of measurement, specific individual experiences and additive 

genetical variation. The between families component found using the 

twins can be attributed to the effects of assortative mating in the
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population. The importance of assortative mating is emphasized by 

the magnitude of the marital correlation ( ji ■ 0.3893)» which is close 
to that calculated from the data in Section 5, and by the correlation 
of O .2636 between the genes of the parents.

Estimates of the means and total variance are also similar to

those found previously. Since there is no genotype-environment
covariance, the proportion of the total variation produced by additive

2genetical effects is given by h , Thus additive variation accounts for 
67.7io of the total variation and specific environmental variation for 
only 32,3$. These figures agree closely with those estimated in 
Section 6 from the twin data by assuming that the between families 

component could be explained purely in terms of assortative mating.

We therefore have no evidence for cultural differences between families 
which cannot be explained in terms of their genotypes, and no evidence 

for significant cultural transmission. How the determination of man's 

cultural background affects variation cannot be studied in these data.
We could turn to another trait to study this problem. Alternatively, 
more data collected on a larger sample of adopted individuals, might 

prove informative, since the value of ^  ■ 0.2 is large although not 

significant in this study.

' 5,5 The Final Model for Toughmindedness

The story for Toughmindedness is not so straightforward as that 

for Radicalism as we can see from Table B64, which summarises the models 

we have fitted and their corresponding likelihoods. The most likely 

model, which will act as our baseline model against which to compare
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TABLE B 64: SUMMARY OF MODELS FOR TOUGHMINDEDNESS

MODEL PARAMETERS LIKLIHOOD

1 y m / f  V r 1292.5851
2 / f  V r y i 1309.0122

3 V p 1263.5794
4 y  m /f V p y , 1271.9892

5 / ^ m ^ f  V p 12- 1310.6675
6 V p G- y\ 1314.7409
7 VA g h w s y 1329.1420
8 ^my>f VA h w s y 1327.0973
9 y  m y f  V g h y 1324.7638

10 y m y f  V h y 1322.7811

11 y  m y f  v g h y  y 1325.7574
12 y  m y f  V h y  y 1324.8996
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the adequacy of other models is model 7. In the case of Toughmindedness, 
the full non-equilibrium genetical path model, with g not equal to 0.5, 
is the most likely model with L - 152 9*1420. Model 8, where g - 
is the next most likely model, but using the likelihood ratio criterion we 

see that 0( “ 4*0894* 2$ p 5̂ , indicating that model 8
provides a significantly worse explanation of the data than model 7*
Since the likelihoods of all the other models are lower than that of 
model 8, these too fail to explain the observed variation as well as model 
7. A purely environmental path model cannot account for individual 
differences in Toughmindedness when we consider all the data jointly.

Yet in the twin data, a simple environmental model adequately explained 

the observed variation. How can we account for this? In Section 8.4*7 

we discussed how model 7 might be more likely than other models because 
it does not constrain equality of the total variances in parents, natural 
children and adopted children. This seems possible since the total 

variances are heterogeneous (Xa2=19*97)•

Another possibility is that variation is really all environmental, 
but we have specified the wrong model for the environment. Further 
work is needed to devise more sophisticated environmental models and 

test these. However, for the present we must conclude that this genetical 
model is the most appropriate for our data despite the fact that we 

detected no genetical variation in the twins. This model breaks the 

constraint that g - £ f if genetical variation is additive. This may 

indicate non-additive effects and complex interactions in the data which 

were not detected in the twins. This seems feasible since detection of 

non-addivity using twin data is notoriously difficult (Eaves, 1972).

It has also been shown in several cases (Eaves, 1977) that significant
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non-addivity may be detected using family data which was not apparent 

for 4-w»n data0 Thus on our present evidence the most likely model 
for Toughmindedness seems to be one in which there is genetical variation, 
additive and non-additive variation, assortative mating, and a 
substantial environmental component dependent on the parents, which 

suggests the possibility of cultural transmission. However, these are 
only tentative conclusions and cannot be taken seriously until further 
evidence has been collected. Environmental non-additivity, sex 
interactions or differences in environmental components between groups 
might provide as likely an explanation if we fitted a model including 

their effects.
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SECTION 9î DISCUSSION

Our overall conclusion from this study of social attitudes 

confirms earlier results in that a simple picture emerges for 

Radicalism which is consistent with previous work, where«Toughmindedness 

presents something of an enigma. There was no evidence for genetical 

variation or complex sex effects on the variances in the twin data for 

Toughmindedness and this led us to suggest that the trait assessed as 

Toughmindedness by the Wilson-Patterson Attitudes Questionnaire was not 

the same as that analysed by previous workers (Eaves and Eysenck, 1974; 

Hewitt 1974» Martin 1976; Eaves, 1977)* whose results were fairly 

similar. Some evidence was found for this by examining the structure 

of the questionnaire used in the present study. Our trait of 

"Toughmindedness” clearly has a different mechanism producing differences 

between individuals than that of the earlier workers. A picture 

consistent over twin and adoption studies for the genetical and 

environmental determinants of this trait has not emerged. The twin 

data shows the importance of a between families environmental component 

but provides no evidence for significant genetical variation. The 

importance of the common environmental component is confirmed for all 

the data jointly and can be resolved in terms of a model of cultural 

transmission, since there is evidence for genetical variation when we 

consider the combined data. Clearly a lot more work needs to be done on 

Toughmindedness before we can be at all sure of the causes of 

variation. The trait needs to be defined more precisely, so that we 

can ascertain the differences between our trait and "Toughmindedness" 

as measured by previous workers. More family and adoption data is clearly 

needed in order to provide information on relationships about which we
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know little at the moment.Then we can attempt to specify more realistic 

environmental models for comparison with those we have already tried.
We can also explore further the suggestion we had from this study of 
non-additivity or complex interactions. We know, for example, that 
there were sex interactions with age which do not appear to be 
influencing our model fitting but which we would like to study in more 
detail. We could fit the model of Eaves (1977) which allows for the 
correlation between relatives to decline with age, following a simple 
decay curve. This might provide some leverage on the problem of sex 
interactions in Toughmindedness. It would also be interesting to fit 

dominance to family data, although dominance could not be detected in 

the twins. Its effects, or sex interactions might explain the non
additivity we have found. The analysis of Toughmindedness has thus 
left us with many questions and our main conclusion is that we have an 
interesting trait on which more work needs to be done.

Radicalism has provided far more clear cut results, which agree
closely with those of previous workers. Estimates of specific environmental
variation, additive genetical variation and a between families component,
/\B, are very similar to those obtained in older studies (see Eaves and 
Eysenck, 1974; Hewitt, 1974; Martin, 1976 and Eaves, 1977).

Analagous models to the EjDrB model in twins were fitted to the adoption 

data and the combined data and it was found that twin and adoption studies 

were homogeneous as far as the E.^ DR and different E2 parameters weaie 

concerned. Results for Radicalism are thus consistent over different 
questionnaires at different times and using different family groupings.

Pitting genetical path models to the data showed that the between 

families component, B, could be interpreted purely as a result of
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assortative mating. There was no convincing evidence for environmental 

differences between families dependent upon the phenotype of the parents, 
and therefore, no cultural transmission, as defined by Eaves (1976b) 
or Cavalli-Sforza and Feldman (1975)» was found. There was a suggestion 
that a common environment independent of the parents might be relevant, 
but its effect was not significant.

Once again, further work needs the collection of more data. In
order to provide a more powerful test for a common environment

independent of parental phenotype, more adopting parent-child, adopted-
adopted child, adopted-natural child and natural sibling pairs are

needed. However, other work on this data set would still be desirable

despite its deficiencies. Having shown that there is no cultural
Atransmission and that the between families component, B, can be 

interpreted in terms of assortative mating, it would be interesting to fit 
Fisher's model of assortative mating to the data. It would also be 
useful to fit a genetical path model with no assortative mating to the 
data. It would also be useful to fit a genetical path model with no 
assortative mating but with an environmental covariance, although the 

results from Section 7» suggest that this would be less likely than the 

genetical model with assortative mating only. Again it would be 

relevant to look for non-additive effects such as dominance or age effects 

in view of the recent work of Eaves (personal communication). Another 

desirable addition to the present work would be to extend Eaves (1976b) 

model of cultural transmission to include the effects of assortative 
mating, which was unfortunately not within the scope of this study.

This study has also proved fruitful in extending the methodology 

for analysing human variation. The)(usual combination of maximum likelihood
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estimation and pedigree analysis with path model techniques has proved 
a useful tool in analysing these data. The problems of unbalanced 
pedigrees discussed in Section 7 have been successfully overcome and 
maximum likelihood estimates of the parameters of complex models have 
been obtained, without losing any information by having to omit some 
types of pairs of individuals from the analysis because there were so 

few of them. However, the pedigree analysis approach still needs further 
work. Its chief disadvantage is in its lack of any test of the 

"goodness-of-fit" of the model. It is useful to be able to pick out 
the most likely of a series of models. But ultimately we want to be 

able to determine whether any given model gives an adequate account of the 
observed variation. Otherwise we may never know about certain important 
components of variation in our data. Suggestions for ways in which a 
test of significance might be devised were given in Section 7.

When satisfactory tests of significance have been formulated for 
the pedigree analysis approach, it should prove the ideal tool for 

analysing human variation. The need for balanced family structures will 
disappear and advances in the genetics of human behaviour will no longer 

have to rely on "nature * s experiments", such as twins, which may turn out 

to be special cases and mislead us about the causes of variation in the 

population as a whole. The use of pedigree analysis will allow data to 

be usefully collected on families as they naturally occur, no matter 

what their structure. Thus random sampling of the variation in any 

population will be easier and collection of large bodies of data will be 
practicable and cheaper since we will no longer be looking for rare 
individuals. Thus, we will be able to make powerful tests of many

hypotheses for a variety of different traits and arrive at unequivocal 
answers about the causes of human variation.



PART C
A STUDY OP POWER AND BIASES 
IN HUMAN BEHAVIOUR GENETICS
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INTRODUCTION

There are several reasons why the work to be discussed in the 
final part of this thesis was undertaken. Problems which arose during 

the analysis of the twins studies, particularly the Georgia Twin Study, 

suggested that it would be useful to know, before embarking on a long 
and expensive programme of data collection, the optimal experimental 

design and the number of individuals needed to detect effects of interest
CkboO t

and to discriminate between alternative hypotheses^ causes of variation 
in the population. Where the optimal experimental design cannot be 

used, because of time, expense or the rarity of the individuals required 

or when analysing data collected by others, then effects of interest 
may be confounded, may not be statistically significant or may, if we 
wrongly accept an inappropriate model, be biased by other components of 
variation than those included in the wrong model. In such cases, it 
would be desirable to know precisely the biases which may occur.

These problems have not, until recently received widespread 
attention, but have been considered by members of my own department in 

experimental organisms (Kearsey, 1970; Mather, 1974) and in man 

(Eaves, 1969, 1970, 1972, 1977? Martin, 1976).

This work continues that above by considering the power of the 

test for detecting certain effects and discriminating between alternative 

hypotheses and the precise estimation of biases introduced where an 
inappropriate model is accepted.

In the Georgia Twin Study, effective discrimination between the 

simple genetical and simple environmental models could not be made for 

several measures of ability and it was suggested that the sample size
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was too small to make rejection of the simple environmental model 
possible given the heritabilities of these particular tests. The 
genetical model was preferred for other tests, also purporting to 
measure ability, because an environmental model was unable to explain 
variation. This raises the problem of how big a sample must be in 

order to reject a false model at a particular level of probability with 
a given a given degree of confidence. The power of the test for 
rejecting false models is discussed by Martin (1976), Eaves (1977) and 

Eaves, Last, Martin and Jinks (1977)# in relation to the classical twin 
study of monozygotic and dizygotic twins reared together. Martin 
(1976) assumed various proportions of each type of twin, and generated 

four statistics (the between and within pairs mean square for MZ and 

DZ twins), for a series of "populations" with different causes of 
variation. He considered populations with different combinations and 

amounts of the following parameters: E-̂ , Eg, D^, M (additive variance 
produced by assortative mating) and Then, by fitting false
models to these populations he obtained the non-centrality parameter 

of the non-central chisquare distribution of the observed deviations, 

and from this was able to calculate the number of pairs of twins needed 

to reject these false models, at the %  level in 95$ of cases, using 

the chisquare criterion.

Two of his calculations were relevant in the context of the 

Georgia Twin Study. When he generated mean squares assuming that

E, - E« « 0,5 (using a total variance of 1.0) and fitted the E,D_.* ^ 1 R
model to these "data", he found that 430 pairs of twins (i.e. 215 pairs 
each of MZ and DZ twins) were needed before the E ^  model would be 

rejected at the 5$ level in 95$ of cases. Conversely, when the E-jEg
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model was fitted to data assuming that £dr - E1 - 0.5, he found that 

64O pairs were needed for rejection of the false model. The Georgia 
Twin Study contained 364 pairs of twins. Therefore, it could have been 
predicted that discrimination between the two simple models would be 
difficult if the heritability of any of the tests was approximately 

0.5. Indeed, for those tests where both the and E^Dp models fitted 
the data, the narrow heritability obtained by fitting the E,D_ model 

was about 0,5. Thus, since one of the main aims of the Georgia Twin 
Study was to detect and compare genetical variation in Blacks and 
Whites, more data should have been collected.

Obviously then, before embarking on any major study, it would 

be useful to know the results of power calculations, such as those 

performed by Martin, so that data on an adequate number of individuals 
could be collected to be reasonably certain of discriminating between 

the hypotheses that the study is designed to test. Collection of data 
on fewer individuals that those indicated by the power calculations 
would clearly be a waste of time and resources.

An allied problem to that of discriminating between alternative 
hypotheses, concerns the power of the test for detecting particular 

effects. Given that a particular effect produces variation in a 

population, the question arises as to how many individuals would be 

needed for that effect to be significant at the 5<f0 level in 95^ of cases 

in any given experimental design. Kearsey (1970) calculated the 

sample size needed for the detection of dominance with four different 
crossing schemes that may be used in experimental organisms, in order 
to determine the most efficient, design. Similar work by Eaves (1972) 

compared the power of the test for detecting dominance in man in three
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different data sets which in theory allow the separation of additive 
and non-additive components of variation. He showed that sample 

sizes needed for the detection of dominance variation in human data, 
using second degree statistics are considerably larger than those 
normally employed.

Problems of power in a study of MZ and DZ twins reared together, 
in which the zygosity was not known, were considered by Eaves and Jinks 
(1972). In this study, the intraclass correlations were determined 
using the opposite-sex pairs (to provide an estimate of DZ twin 
correlation)and the known proportion of the two types of twin. They 
showed that about three times as many pairs of twins would be needed 

to obtain the same power as in a sample where the zygosity was determined 

directly using genetic markers or a questionnaire. The methods used by 
them to determine the power of the test for a genetical component, 
based on the difference between transformed correlations of MZ and DZ 

twins, were used in the Georgia Twin Study to determine the number of 

pairs needed to reject the null hypothesis that there is no genetical 
component of variation at the 5$ level in 95$ of cases, given different 

levels of broad heritability and in the presence and absence of 

assortative mating. This number was greater than the sample size of 

the Georgia Twin Study (364 pairs) unless the broad heritability was 0.8 
or higher, no matter what the mating system, This showed that the 

failure to detect significant genetical variation for several measures 
of ability could not be taken as proof of its absence since the power 

of the test was too low for those tests whose MZ intraclass twin correlations 

were below 0.8.
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In more recent work, Klein (1974) presented Tables of the 

power for estimates of heritability and "genetic correlation” obtained 
from four relationships: offspring-mid-parent, offspring-single parent, 
full sibs and half sibs. He also showed that large samples are 

required for the comparison of heritabilities between populations, 

estimated from each of these relationships.
The problems of the power for rejecting false hypotheses and 

for detecting genetical and environmental components of variation 
will be discussed in the following pages. However, the main purpose 
of the analyses, was to consider the biases that will be introduced into 
parameter estimates when a false model is wrongly accepted as an 

adequate explanation of variation. This is likely to happen when the 

power of the test for detecting certain effects present in a population 

is too low.
Eaves (1970) considered this problem for the case of dominance, 

since his power calculations showed that the detection of dominance is 
likely to be difficult, unless sample sizes are large. Given that 

diminance is present in a population, he asked how dominance will bias 

the estimates obtained from fitting false models, which may be adequate 

to account for the observed variation. He showed, for example, that 

in studies of twins reared together, when the E^EgD^ model is fitted to 
a population in which Eg and H^ are both present, then

k  - \  +
and Eg - E2 “ it ̂

In studies of twins reared together, it is not possible to separate 

the contributions of Eg and dominance. Thus, fitting an E^D^H^ model, 

when ^ a n d % are present, tnen:
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Dr - \  + Eg

and
A
Bg - %  - 8E2.

Thus, E2 and tend to balance one another and If both are present in 
a population negative estimates of E2 or may be obtained depending
on their relative magnitude. Such studies of biases can obviously 
prove useful in interpreting the possible causes of biologically 

meaningless results.

Mather (1974) derived expectations for the components of variation 
in terms of three types of epistasis and showed how epistatic interactions 

will affect estimates of and when allele frequencies are not equal. 

The work of Eaves and Mather emphasises how two different sources 
of non-additive variation can bias estimates of genetical and 

environmental effects. Here, the biases introduced by genotype-environment 
interaction (GXE) and genotype-environment covariation (CovGE) will be 

specified. There is a substantial literature claiming the intractability 
of GXE and CovGE (e.g. Block and Bworkin, 1974a, b; Layzer, 1974}

Linn, 1974; Moran, 1973)» However, the specification of these 
effects, their analysis and their biological significance is still the 

subject of much confusion. The theory and analysis of GXE in species 

other than man has been the subject of much research (e.g. Haldane,

1946; Mather and Jones, 1958; Bu.cio-Alanis et al, 1969; Jinks and 

Perkins, 1970; Jinks and Connolly, 1975; Mather and Caligari, 1975) 

and attempts have been made to specify empirically CovGE in man (e.g, 

Cattell, I960; Loehlin, 1965). Jinks and Fulker (1970) systematically 

treat the principles underlying the detection and analysis of GXE and 

CovGE in man. More recent work by Eaves (1976a,b) has provided a 
satisfactory theoretical formulation of different sources of CovGE.
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However, a number of authors suggest that GXE and CovGE preclude 
any worthwhile analysis of individual differences in human populations 

(e.g. Moran, 1973» Layzer, 1974; Lewontin, 1974; Feldman and 
Lewontin, 1975). They express the view that GXE and CovGE are important 
in determining individual differences in behaviour, but cannot be 

detected and separated from other components of variation. Thus, attempts 
to estimate and interpret other population parameters may be seriously 
in error. It is suggested that the biases introduced generally lead to 
inflation of heritability estimates. The problems of detecting and 

estimating genotype-envirohment interaction and genotype environment 
covariation have been adequately answered in the work mentioned above. 

Whether GXE and CovGE are widespread and produce a substantial amount of 

variation in behaviour in human populations can only be determined by 
practical investigation of a number of traits using the methods already 

available. In many cases, the presence of GXE and CovGE will lead to 

failure of simple models. However, the amount of systematic GXE and CovGE 
which might remain undetected and the biases this would introduce into 
parameter estimates can be investigated theoretically,

Plomin et al (1977) make some attempt to assess how GXE and CovGE 

may bias estimates of genetical and environmental components of 

variation in twin data, but not in adoption data. However, CovGE 

produces biases in both types of data. The weakness of their study is 

that they only suggest what biases may occur. They make little attempt 

to quantify the biases or deal with the problem in a systematic way.
In order to satisfy criticisms that GXE and CovGE seriously bias 

parameter estimates and lead to overestimation of the heritability, we 

will attempt a systematic treatment of the problems discussed by Plomin 

et al. We will determine under what conditions GXE and CovGE will remain
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undetected by performing a series of power calculations and also calculate 
precisely how different parameters will be biased in a variety of 
situations. Similar analyses will be performed for variation produced 
by additive effects and dominance in order to confirm and extend earlier 
work (Eaves, 1969, 1970, 1972? Martin, 1976).

The results of this study, which are presented in a series of 
reference Tables in Appendix G, are too extensive to be presented in detail. 
The reader may extract from the Tables the information most pertinent 
to his particular problem or interest. However, those findings that are 
relevant to the arguments about whether GXE and CovGE preclude worthwhile 
analysis of individual differences in human populations will be discussed.

Part of this work is included in a paper which discusses in 

detail problems of non-additivity and genotype-environment covariance and 
attempts to provide a comprehensive framework of theory and method in 
which these and other contributions to individual differences can be 

critically assessed. This paper (Eaves, Last, Martin and Jinks, 1977) 
is included as Appendix P.
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SECTION 1: THE "DATA" SETS

1 THE EXPERIMENTAL DESIGN

In order to determine the power for detecting genetical and 

environmental effects, the power for rejecting false hypotheses and the 
biases produced by fitting the "wrong" model to particular hypothetical 
populations, we will consider only one experimental design. In practice 
a variety of designs are used and ideally we would like to repeat the 
work to be described here for a variety of the most commonly used designs.

The experimental design adopted here is rather more demanding than 

those usually employed in studies of human behaviour. It has the 

disadvantage that it requires certain rare types of individual e.g. 
monozygotic twins reared apart, and is, therefore, unlikely to be used 

in practice. However, it is extremely useful in our context because it 
allows us to separate all effects of interest and, to make powerful tests 

for them.
The mean squares from the ideal study to which we shall fit 

models are derived from the following individuals:
Monozygotic twins reared together;

Dizygotic twins (full-sibs) reared together;

Monozygotic twins reared apart;

Dizygotic twins (full-sibs) reared apart;
Unrelated individuals reared together; and

Singletons, reared by their natural parents.

Eleven mean squares can be derived from this study i.e. a between and 

within pairs mean square for each of the twin types and the total variance 

of singletons. We could, therefore, fit models including up to ten
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parameters and still have one degree of freedom left for testing the 

adequacy of the model. Thus the complexity of the model we can fit 
will not be limiting and, in fact, the most complicated models fitted 
were those involving five parameters. In the classical twin study 
considered by Martin (1976), only three parameters can be fitted and 

components of variation such as dominance and the common environmental 
effect cannot be separated.

In order to specify certain models, it is necessary to have 
information about the rearing conditions of those related individuals 
who have been reared apart. For the purposes of this investigation, we 
will assume that such individuals have been reared as singletons in 

randomly chosen foster homes. Eaves et al (1977) discuss the effect of 
placement on family resemblance.



2 GENERATING THE "TATA"

2.1 The Populations

The analyses will be performed for a series of populations with 
different sources of environmental and genetical variation. There are 
five main areas of interest: additive effects, dominance, genotype- 
environment interaction, genotype-environment covariation produced by 
cultural transmission (Eaves, 1976b) and sibling effects (Eaves, 1976a). 
Each of these effects will be considered in combination with other 

sources of variation. The total of fourteen populations is given in 

Key B in Appendix G. Within each of the five main areas, the causes of 
variation are of increasing complexity.

2.2 General Considerations for Generating the Populations

Each population type may vary considerably in the proportion 
of the total variation accounted for by each of its parameters. We 

will consider a series of possibilities for each population, in order 

to demonstrate how power changes depending upon the relative magnitudes 
of different components of variation.

The expected values of the second degree statistics obtained from 

the study described above will be produced for a variety of systems of 

causation, which may be represented by various combinations of nine 
parameters. The contributions of these parameters to the mean squares 
are given in Table Cl.
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TABLE Cl: CONTRIBUTION OF POPULATION PARAMETERS TO ELEVEN MEAN SQUARES

MEAN SQUARES

Between MZT

*1

1
Within MZT 1
Between DZT 1
Within DZT 1
Between MZA 1
Within MZA 1
Between DZA 1
Within DZA 1
Between UT 1
Within UT 1
Singletons 1

EXPECTATIONS

E2 dr M

2 1 1 4
• • • •
2 l 1 5/l6

• l • 3/l6
1 1 1 4
1 • • •
1 l 1 5/l6
1 l • 5/l6
2 4 1 4
• 4 4 4
1 4 4 4

i C V V

l 2 1 2
• • • •

4 2 4
4 • 4 -4
4 • • •

4 • • •

4 • • •

4 • • •

4 4 l
4 • 4 -l
4 1
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In order to produce numerical expectations for the eleven

mean squares in any population, we must specify values for its parameters.
These are arbitrary, but some sets of values are more consistent with
the the existing body of information about the causes of variation in
human populations. In all cases, we will start with a value of 225

2for the total variance ( cf T). Certain effects will lead to a change
2in (T T when we fix the population values (e.g. CovGE produced by 

sibling effects). We will consider two general levels of broad 

heritability of 0.5 and 0.9* which roughly correspond to values found 
for personality traits and social attitudes on the one hand and 

measures of ability on the other. Thus the total environmental 
variation (E) will be either

E « i  x 225 - H2.5 

or ® * 10 x ^ 5  “ 22fS

Even in cases where genotype-environment covariance leads to a change 
oin O' rp* these values for E will be used. The contributions of and 

E2 to E are determined empirically for any real set of data. However, 
we will assume that E^ - Eg throughout so that the only possible values

for Ep and Eg are: •
Ep » 112,5 or Ex - Eg - 56.25

and El " 22-$ or ®1 “ ^2 * 11*25

The particular values taken by the other population parameters, 

vary depending on the particular combination of causes of variation, and 
will be described for each population in turn. The values of the 

parameters are summarised in the Tables in Appendix G.
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2.3 Population 1:

In the simplest, random mating population, there is specific 
environmental variation and additive genetical variation. Two cases only 

will be considered, according to the general criteria given above.

These are:
a - E1 « 112,5

b &Dr - 9E1 - 202.5 i.e. E1 - 22.5

2.4 Population 2: E^EgE^

In this population, there is additive gene action and environmental
2variation within and between families. When h R ■ 0.5, we have

o
•£dr  ■ 112.5 and E^ « Eg « 56.25. In the second case, h R - 0.9 and 

we have - 202.5 and E^ - Eg - 1 1.25.

2.5 Population 3‘* E^L^M

There is specific environmental variation and additive genetical 

variation as in Population 1, but now there is also additive variation 

produced by assortative mating. As in population 1, we will consider 

two cases where

a. £dr  * - 112.5

and b. ¿DR • 9E^ “ 20205

Assortative mating leads to an increase in additive genetical variance 

until at equilibrium, the contribution of the additional variation is
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given by £(a /(1-A))Dr , where A is the correlation between the additive 
genetical deviations of spouses. By analogy with DR, we will define M 
as (a/(1-A))dr, s o  that the contribution of assortative mating to

cr 2t £«•
Assuming Fisher's model of assortative mating (Fisher, 1918),
2A ■ jxh. R, where jx is the correlation between the phenotypes of 

spouses. In order, to generate the populations, we will assume values 
for A which are likely to represent values found for measures of 

ability (Vandenberg, 1972) and lie within the range of values found for 
other behavioural traits.

The values of A chosen were 0.25 and 0,45 for the two cases.

From these values of A, M was found as (A/(1-A))DR which was 75.0 when

■JDr  /  cr T “ El5 and 351,4 when % \ /  cr T This procedure
enables reasonable values of M to be calculated for given D_.,E, and A,

2remembering that A - h ̂  jx at equilibrium. We may calculate equilibrium 
2 2 2values of h N ,ya and cr T. We can find cr T » Ex+ E2+ £dr+ - 262.5

2for case 1 and or ^ » 390.7 for case 2.
Thus assortative mating can lead to a substantial increase in variation.

2 2We calculate h R *■ Jdr + -̂ M/ cT which gives usj

a. h2N - 0.57

b. h2N - 0.94
oThe marital correlation can now be estimated as jx ■ A/h N to gives

a. jx m 0.44

b. yi » 0.48

The final parameters for these populations are summarised in Table C2.
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TABLE C2: PARAMETERS OF SIMPLE POPULATIONS WITH ASSORTATIVE MATING

PARAMETER P O P U L A T I O N

3a 3b 4a 4b

*1 112.5 22.5 56.25 11.25

E2 - - 56.25 11.25

dr 225.0 405.0 225.00 405.00

M 75.0 331.4 75.00 331.36
2

O' ip 262.5 390.7 262.50 390.68

h\ 0.57 0.94 0.57 0.94

A 0.25 0.45 0.25 0.45

A 0.44 0.48 0.44 0.48



2.6 Population 4: E^ Eg D^M

This is similar to the previous population, but we now have two
sources of environmental variation. Since M is defined purely in terms

of IL and A, the only parameters which differ between this population K
2and the previous population are and Eg« The two cases where h 0,57 

2and h „ ■ 0.94 are summarised in Table C2.
N

2.7 Population 5s * 2

This population contains specific environmental variation and 

additive genetical variance, as in all previous populations, but now 
contains dominance. Ve will consider two levels of herliability and two
levels of dominance to provide four combinations. As before when
o 2h B - 0.5» E^ - 112.5 and when h B - 0.9, E1 - 22.5.

Ve will consider the cases where dominance is complete i.e.

where the ratio,  ̂ ^r/^r (i.e. dominance ratio when allele frequencies
are equal) is 1 and where dominance is intermediate. For 
intermediate dominance, a dominance ratio of 0.5 is used.

In order to perform the calculations, we let J r * d^/h r  , 

Therefore, is given by:

V R
2The total genetical variance, cr G « £ dr + J HR. This may be partitioned

into components due to additive genetical and dominance variation:
2
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For h j ■ 0.5» given equal allele frequencies, a dominance ratio of 1 

will give DR - HR - 150 and a dominance ratio 0.5 gives DR - 200 and 
Hp ■ 50. In each case the contribution of DR and HR to the total 
variation, given by &DR + \ HR, is 112,5, Similarly, when 

h2R . * 0,9, we find DR - HR *» 270 for a dominance ratio of 1 and 
Dr - 56O with Hjj * 90 for a dominance ratio of 0,5,

2,8 Population 6: E^ Eg

2

This is similar to the previous population, but there is now

between families environmental variation. The calculations involved in

obtaining DR and for the two levels of heritability and dominance ratio
are identical to those in 2,7* yielding the same values as before. The

2only difference is that now when h R » 0.5, E1 - Eg - 56.25 and when
h2B - 0,9, \  - E2 - 11.25,

2.9 Population 7s e id r^r m

In this population both dominance and assortative mating are 

present. The values for DR and HR are calculated as in 2.7, and are, 

identical to those given for the population for the four cases.
Variation produced by assortative mating is added to the total 

variation as in 2.5. Calculating M as before, we find four different
values for M:
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a. M ** 30,00 when E^ * 112.5 and. R « 1

b. M « 115*71 when E-̂  » 22.5 and. R ■ 1
c. M » 57*14 when E^ - 112.5 and R « \
d. M m 240.00 when E^ » 22.5 and R ■ £

(using A ■ 0.156, 0.239» 0.197, 0.261, respectively),
2This gives new values of tr ^ of 240,00, 282.86, 253.57 and 345. 

The true narrow and hroad heritabilities are, therefore:

h\ h2h B

a. 0.375 0.531

b. 0.682 0.920

c. 0.507 0.556

d. 0.870 0.935
The values of the marital correlation in the four populations 

respectively are: 0.416, 0,350» 0,389» and 0,300).

2.10 Population 8: ^  E2 dr  M

This population has identical values for D^, and M as the 

previous population. However, at the lower and higher levels of 

heritability, E^ = Eg « 11.25 and E-̂  - Eg » 56.25 respectively.

2,11 Population 9: E^ Eg I

This population and the two that follow contain genotype- 
environment interaction, which is specified using the parameter "I",



540

This population is randomly mating and there is additive gene action 
and environmental variation within and between families. Environmental 
differences between families are independent of genetical differences, 
but the two sources of variation interact, producing variation due to the 
interactions of DR and Eg# The contribution of GXE to the total 

variance is £ I. Interactions involving E1 are not included since these 
are inevitably confounded with estimates of E^.

We will consider the two cases where - Eg » 56,25 and 

■ Eg - 11.25, The remaining 50 per cent of the variation in the former 
case and 90 per cent in the latter case will be assigned to the additive 

effects of genes and their interaction with environmental differences 

between families i*e. + £l - 112,5 and 202.5 respectively. Two 
levels of interaction will be used. In experimental organisms, it is 
seldom found that more than 20 per cent of the variation can be 

attributed to GXE. Therefore, values of 20 per cent and 10 per cent of 

the total variation will be used for GXE in order to examine its effect 

in extreme and less extreme cases. Ten per cent of the total variation
is 22.5 and twenty per cent is 45. Therefore, values of 45 and 90

were given to I. DR , which is given by 2 x (225 - (E^ + Eg)--’’¿I),

takes the values 180 and 360 when ¿ 1 accounts for 10 per cent of the
2 2 ¿Dp + £  Ivariation and h ^ - 0,5 or 0.9 where h „ ■ __Kn B 2

When ¿1 accounts for 20 per cent of the variation, takes the values 
135 and 515 respectively.

2.12 Population 10: E^Eg DR I M

Both GXE and assortative mating are found in this population. The
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four sets of parameter values involving E ^  Eg, DR and I which were 

calculated in the last section are again U3ed, Then variation produced 
by assortative mating is calculated and added to the total variance as 
described in 2.5.

Values of A of 0.2, 1,15» 0*4 and 0,55 are used. We can, therefore,
calculate M as (A/(l - A)) DR, which gives values of 45.00, 25,82,
40,00 and 169,62. Therefore, the total variances become: 247,5,

2256,91» 345 and 309«81o The values for h ̂  in this population are 
calculated as:

h* 2N -  + W  cr  2t

This gives values of: 0,45» 0.54» 0.87 and 0.78. If we define the 
broad heritability as:

2 + i I + i H

we obtain values: 0.55* 0.53» 0.93 and O.93. The marital correlations 
2given as ji ■ A/h ^become: 0,89» 0.88, 0.92 and 0,90.

2.13 Population 11: Eg I

In this population we may vary the broad heritability, the

dominance ratio and the amount of GXE interaction. Using h2 - 0 5 or
2 ® h B - 0.9, dominance ratios of 1 and £  and GXE accounting for 10 or

20 per cent of the total variation yields eight possible situations.
These are given in Table 9B of Appendix G.

In order to generate the population values the following steps
were taken:
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Values of and Eg were fixed at either » Eg - 56.25 or

E1 “ E2 “ 1 1 ,25* 71x18 leaves 112 .5 or 202.5 to be assigned to the 
remaining sources of variation.

2. Either 10 per cent or 20 per cent of the remaining variation was 
assigned to £ l t to produce values of I of 45 and 90 respectively. 

Subtracting these from the remaining variation leaves 90 for E^ - Eg

56.25 when £l » 22.5 and 67«5 when ¿T «■ 455 and 180 for E^ • Eg ■
11.25 when £ l * 22.5 and 157.5 when -J-I - 45»

5. The remaining variation is partitioned between and for the

two dominance ratios as described in 2.7. This produces eight pairs 
of values for and H^s 120, 120; 160, 40; 90, 90} 120, JO;

240, 240; 320, 80; 210, 210; 280, 70; where the dominance ratio
changes fastest, then the amount of GXE and then finally the broad 
heritability. This is made clear in Table 9B of Appendix G.

2.14 Population 12: E^ Eg C

This population contains environmental variation within and 

between families, additive genetical variation and CovGE arising as a 

result of the cultural impact of parents on their offspring. Earlier 

work (Cattell, i960; Loehlin, 1965) made no attempt to specify a 

theoretical basis for the causes of CovGE, merely demonstrating the 

contributions of the empirical parameters, Eg and CovGE, to the total 

variation. Eaves (1976a, b) has described several mechanisms by which 
CovGE may arise. One mechanism is cultural transmission (Eaves, 1976b) 

whereby phenotypic variation in the parents is perpetuated culturally as 

well as genetically in the offspring generation. The parameters Eg 
and CovGE can thus be reformulated:
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Eg - ( 2b2 ^ (») 4 e e  + ei[  l-2b2 J
and

2 CovGE «* 2b
1-b (i Dr) for 1* <  *'

where h is the regression o£ offspring family environment on parental 

phenotype. The symbol "C" is used to denote 2CovGE throughout. Ve 
consider only the simplest population where E,, Eot D- and C are 

present. Thus, common environmental effects not dependent upon the 
parents are excluded in these analyses, but could occur in principle.

Two possibilities are considered for the values of Dp and E^.
Ve let £ dr  « 2E1 « 112 .5 or else ^Dr  « 2E^ » 202.5, corresponding to 

narrow heritabilities of 0,67 and 0.95» in the absence of cultural 

transmission. If we now assume that cultural transmission is entirely 
responsible for common environmental effects, values for Eg and CovGE 

can be calculated if the magnitude of b is fixed, Ve chose to consider 
values of b which were low (b * 0.1) and intermediate (b » 0,25).

For b • 0.1, we get Eg - 61.61 and C * 150.00 when &)R - 2E^ ■ 112.50 
and Eg - 98.04 and C « 270.00 when £dr  - 2EX - 202.50. Similarly we 

find Eg ■ 6.76 and C * 50.00 when -£dr ■ 2E^ ** 112.50 and Eg ■ 10.33 
and C “ 90.00 when £ dr  ■ 251 ** 202.50.

2.15 Population 13: E1 DR DR ,f DR *

Populations 13 and 14 both consider another source of genotype- 
environment covariance, namely sibling effects. (Eaves, 1976a). The 

genotype-environment covariance in this instance arises because the 

phenotypes of siblings form a part of the environment of their co-siblings
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D 1 ’

In population 15, we consider a simple system in which all gene effects

are additive and all the between families environmental component is due
to the genetical covariance between members of a sibling pair. The
total variance of singletons is thus: CT g - &Dr + E1, since

there is no variation due to sibling effects in individuals reared alone.
The total variance of singletons is 225 and we will consider two

2levels of heritability. When h « 0,5, ■ 112,5 and DR - 225,0,
2For h N « 0,9, * 22,5 and DR » 405*0, Variation produced by sibling

effects must now be specified. Eaves (1976a) uses two parameters to 
summarise this variation. These ares

- the variation produced by the contribution of the additive 

genetical deviations of siblings to the environment of their 

co-siblings (the "genetic environmental” variance due to 
sibling effects) and

- the covariance between genotype and environment produced

by the contribution of siblings phenotypes to the environments 
of their co-siblings.

Table Cl shows the contribution of DR '1 and DR * to the mean squares for

the hypothetical experiment described earlier, which depend upon the

degree of relationship between members of the pair contributing to a

particular statistic. We may contrast this with the situation when Eg
and CovGE are specified empirically.

For each level of heritability, we will consider both D ' • « DR R
and Dr "  - £ Dp* Tke specification of is more difficult. For the

V

R
purpose of these simulations, we will define

/  ge v  / J v  •;
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Since D *  is in effect a measure of association between the directII
effects of genes on an individuals phenotype and their indirect effect, 
mediated through the environment, on the phenotype of a sibling.
p  is the proportion of loci having both direct effects on the / §®
phenotype and indirect effects on the phenotype of siblings, under

certain conditions stated by Eaves et al (1977)* Values of P  m l.o
/ g®

and P  - 0.5 were used in this study. We now have two variables for / 2each heritability level. When h R * 0.5. - 225.0 and DR ”  takes

either the value 225,0 or 112,5# For each of these possibilities

V may take two values depending on y3 ge

a. “r - V “ V  - 225
b. « 225; DR * - 159.1 f

c. » 21^» - 225

d. \ - z\ " - 225? dr ' - 79.55 r
e. » 3)r * - 405

► /)
f. bh - 2V - 202.5; Dp» - 286.38 t
g. - 2Dr »- 405 -

h. - 405; Dr * - 143.19 r

h N -0.5

N 0.9
- i

These values assume that the CovGE is positive i.e. that there is 
co-operation and the high performance of one sib produces an 

environmental effect enhancing performance of a co-sib. The converse 

situation of competition is also possible in which the CovGE is negative 

and the high performance of one sib is achieved at the cost of another. 
In this case, the same absolute values for E ^ , ^ »  * are DR » are used, 
but DR » is now negative. This gives a total of sixteen possible 

situations for a population in which E^DR, DR *» and DR » are present 
(see Table 11B).
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2.16 Population 14: Eg J)R DR M  DR '

This population is similar to the previous one, except that we 
have now introduced environmental variation between families. The 

values of DR, DR '' and DR ' are identical to those used previously,

but now E - E^ is replaced by ̂ E - E^ ■ Eg. Thus Ê, ■ Eg ■ 56.25 when
? 2 h »»0,5 and E^ « Eg « 11.25 when h R » 0,9. The parameters of these

populations are given in Table B12 in Appendix G.

2.17 Generating the Mean Squares from the Populations

In order to proceed, we must now generate the eleven mean
squares which could be derived in our hypothetical experiment for each
situation for each population type. This involves a considerable number

of sets of mean squares, but the procedure followed is the same in each
case. We will illustrate this by reference to the simplest population 

2(Er V *  when h N - 0.5.
The vector of parameters used to generate the statistics is in 

this case:

The expected values of the statistics which can be derived from this 

population in our experiment ora, obtained by post multiplying the model 

matrix which can be derived from the appropriate columns of Table Cl by 
this vector of population parameters:
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For example, this produces the first expected mean square for MZT as:

MS.bMZT E1 + DR 

112.5 + 112.5 
225

and the within pairs mean square for MZT as:

MSwMZT E1 + (0 x Dr) 

112.5
The mean squares for the wide variety of situations considered in this 

study are not given, hut can easily he derived for any situation of 

interest hy the procedure used above, using the appropriate veotor of 

population parameters which can he found from Tables IB to 12B in 

Appendix G and the model matrix derived from the appropriate columns of 

Table Cl»
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SECTION 2: THE ANALYSES

1. FITTING MODELS

The procedures to he described in this Section are general and 

will he applied to each of the wdata sets" generated in turn*
Population 1 will he used to illustrate the analyses. The case
where * £dr - 112.5 will he considered.

The three types of calculation to he performed have a common 

starting point. A model is fitted to the mean squares from a simulated 
population hy an iterative weighted least squares procedure, in which 
the expected values generated hy fitting the model are used to produce 

new weights for each iteration. The principles and methods of weighted 
least squares are described in some detail in Section 3 of Part A and 

Appendix E.
Estimates of the parameters of the model are given hy (A'WA)“1A'Wx.

/v / u V  „ „rj
where x is the vector of mean squaresA/

A is a model matrixv
W is a diagonal matrix of weights

. The weights are given hy:
n.

wJ
2V.

( i - 1# H )

where V± is the value of the ith mean square for the first iteration, 

hut is evaluated from the parameter estimates in subsequent iterations. 
ni is the degrees of freedom for the ith mean square,

Ve have described the structure of a hypothetical experiment which 

produces eleven mean squares hut have not yet fixed its size. For the
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purposes of these calculations, there are 200 pairs of each twin type and 

one hundred singletons. The used in calculating the weights were each 
taken to be 100. This is an approximation since the degrees of freedom 
between pairs should be one less than those within pairs. This 

simplification facilitates repetition of the calculations, and has only 

a trivial effect on the results, since the degrees of freedom are large. 
Standard errors of the estimates (CT^ ) be obtained from the 

covariance matrix of the estimates, which is given by:

Z - (A'WA)“1/V /V VA/

Dividing the estimates ( Q  ) by their standard errors ( ) yields

a vector of normal deviates (c), which are the expected values of 
Q  ./ ¿j- for samples of this size and are used to test the significance1' P ^
of the estimates in real data. In our case, the expected values of the 
normal deviate will be used to assess the power of the test for 
detecting particular effects.

The significance of the residuals after a model has been fitted 
to real data is given by

0(2N-k-

where N is the number of statistics 

k is the number of parameters 

0^ are the observed mean squares

E^ are the mean squares predicted from the parameter estimates 

is the weights matrix evaluated from the estimates which 
minimise the value of ^
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Normally when fitting models to real data £  X  2N_k - N-k when the 

model fits because the mean squares are estimated with error from the 
population. However, when fitting a "fa e" model, the mean squares 
from the hypothetical populations are known exactly and £  %  ^ ^N-k+A^
whore ̂  is the non-centrality parameter of a non-central chisquare with 

N-k degrees of freedom. It turns out that the weighted residual sum 
of squares which we calculate by fitting "wrong” models to expected mean 
squares is approximately equal to the non-centrality parameter and can 
be used to calculate the power of the test of goodness of fit of false 
hypotheses.

The'final calculations we make will estimate the biases 

introduced into parameter estimates, when the model fitted is not the 
true model of variation.
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2 THE POWER OF THE TEST FOR DETECTING EFFECTS

Two models were fitted to the meansquares derived from the 
population to he used as an example throughout. These are the E^Eg 

and E^Dr models. A number of other models were also fitted to the mean 
squares from the remaining populations. The full set of models is given 
in Key C of Appendix G. The most complex model fitted to any set of 
mean squares was one with the same number of parameters as the causes 
of variation in the population from which the mean squares were derived. 
In most cases, more complex models would contain the true causes of 
variation as a subset of their parameters and it would not make Bense 
to fit them since no residual variation will remain after all the true 

causes of variation have been fitted because the mean squares from our 
populations are known without error. In real data fitting a model which 

is too complex should produce non-significant residuals.

The E,D_ model is the "true" model for the causes of variation
J .  I t

in our example population and a «true model" will be fitted to each 
population in turn. A series of false models will also be fitted as 

exemplified by the E^Eg model for our example. For more complex 

populations a whole series of false models are possible and were fitted 

to the mean squares. These models can be found for each population type 

in the tables in Appendix G.

When the E^DR model was fitted to the mean squares, the variance- 
covariance matrix was obtained:

Z - (A'WA)“1<v <V /y
where W was an 11 x 11 diagonal matrix of weights. The off-diagnonalA/
terms are zero because the mean squares are independent.
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The covariance matrix is:

E1 D.R
Ei 103.6688

D -170.2078

- 170.2078

671.7273

Thus, the estimates and their standard errors are:

Ei /112.50

DR \225.00

10.18'

25.%

Dividing each estimate by its standard error we obtain a vector of 
expected normal deviates:

c 11.05

8.68

These are the values of c expected for samples of 1100 in an experiment 
of this design, where individual differences are determined equally by 

by specific environmental variation and additive genetical variation. 

Normally a two-tailed test of significance is performed, although the 

components of variation are expected to be positive if the model is 

appropriate, because, in practise, we may fit inappropriate models and 

significant negative estimates would indicate that the model was wrong. 

Thus, we may determine whether a model provides an adequate explanation of 

the data by looking at the significance of the residuals, or by deciding 
whether parameter estimates are consistent with biological theory. As 

from the Tables in Appendix G, negative estimates are oftencan be seen
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obtained when inappropriate models are fitted and in these circumstances 
it is impossible to mislead ourselves about the true causes of 
variation.

The expected values of c show that we would have no difficulty

in detecting both E1 and DR as effects significantly different from zero

in a sample of this size and structure. However, this sample is larger
than those frequently used in practise and we may ask how many

individuals would be required for these parameters to be significant at
the 5 per cent level in, for example, 95 per cent of cases. The method
used is outlined in Eaves' (1972) paper.

The expected value of c for any parameter is a function of the

square root of the total sample size. Thus, the value of c, cx , for

a sample of size x can be calculated, given the expected value of c and©
the sample size in this experiment:

Ve want a value of x, such that the null hypothesis that B 

is not greater than zero will be rejected at the 5 level in 95% of

given that Q 7  0. For this probability to be 0.95, we require 

sample sizes which would produce an expected value of 1.96 + 1.65 *

or x may be calculated
2

x x 1100 1

cases. Thus, the power of the test is the probability that $ ?  1,96

3.61 for 0 / <5q Ve may substitute for c in equation 1:

12*222x x 1100
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For we have cx ■ 11.05 and for DR cx - 8,68. Therefore, we can
calculate x as 117 for E1 and 190 for ER.

Thus the sample sizes needed to detect E^ and 1^, in a
population where these are the true causes of variation are fcy no means

2prohibitive. Corresponding sample sizes when h R - 0.9, are 141 for
and 41 for DR , so that DR can be detected with very few individuals.

This will not be the case for some of the effects present in particular
populations, as we shall see in the discussion, where we confirm, for
example the work of Eaves (1972) and show that extremely large numbers

of individuals are needed for the detection of dominance in four different
population types, where dominance is present in association with a
variety of other sources of variation (Tables B5 to B8).

Following the procedure outlined above, we also fitted the false
E1E2 model to the population in which E^ and IR were the true causes of 

2variation (and h R « 0.5), producing the following estimates ( Q R),
standard errors ( G~« ) and values for the normal deviate (e.,)j

F F

Otfp CFA/ * "

The number of individuals needed for these "false" estimates to be 

significant in a two tailed test at the 5 per cent level in 95$ of 

cases was calculated in the same way as for the "true" estimates. We 

found that 84 and 728 individuals for E^ and Eg respectively would be 

needed when h2R - 0.5 and 90 and 205, when h2N - 0.9. Thus, we can 

obtain "sensible" and significant estimates for a source of variation
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which does not exist in a population, with a reasonably small number 

of individuals. The number of individuals needed to detect biased 
estimates in other more complex situations will be discussed later.
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3 THE POWER OF THHFC TEST FOR REJECTING- FALSE HYPOTHESES

Ve have discussed two criteria for determining whether a model 
is a satisfactory explanation of variation in a population. If any 

estimate of a variance component is significantly negative, the model 
is deemed inappropriate immediately, although as we shall see later, 

when certain estimates are negative, alternative more suitable hypotheses 
are suggested by this fact. A well known example is that of dominance and 
common environmental variance. A negative value for estimates of one of 
these effects in twin studies is strongly indicative that the other is 
present (Eaves, 1970)»

A second criterion often used in determining whether a model is 

adequate is the significance of its parameters. We are suspicious of 
models in which certain estimates are not significant even if we have 

no reason to suppose that the residuals are other than zero. In such cases, 

we may have a misleading parameterisation of the causes of variation.
We shall see that the sample sizes needed to detect sources of variation 
which are not present in a population are usually so high as to make it 
unlikely that they will be significant at the 5 per cent level in any 

experiment of the scale normally adopted. However, as we have seen, in 

certain cases significant estimates of "non-existent" sources of variation 

may be obtained. In such cases, our usual criterion of the significance 

of the residuals in a chisquare test is the only one we have. This 

brings us to the question of the power of this test for rejecting false 

models. We have already seen that this is particularly relevant for 

studies of fairly typical sample sizes where discrimination between simple 
models of variation (i.e. E^E2 and E^DR) is not possible (see part A, 
the Georgia Twin Study and Martin, 1976). Martin (1976) has already



5 37

considered the "Power of the Classical Twin Study", for populations 

in which the causes of variation are fairly simple. We shall repeat his 
calculations, for our experimental design and also consider the more 
complex populations which were specified earlier.

The approach of Martin (1976) is based on the non-central chisquare 
distribution and was suggested by Lewontin's power calculations for the 
rejection of the null hypothesis of Haray-Weinberg equilibrium (Lewontin and 
Cockerham, 1959)» He gives the following proof supplied by Dr. Paul 
Davies which is based on a paper by Mitra (1958).

Given a set of observed statistics, CL, their expected values 

calculated on the basis of a "true" model of variation, E^, and the 

expected values calculated on the basis of a false model, F^, we wish 
for each i, to test the null hypothesis:

H : 0. - E
o i 1

against the alternative hypothesis

i * Ei + / J T 7
where ji^ is a deviation from the expected value E^, 6  is the degrees

of freedom and ja.̂  » ̂  8  i ( - Ei ). If <£ ^ is large and HQ is true,
2

then: 0^ a / N(E^, 2EL / £  ^) while if : is true, then:

0i a / N(Pi, 2 7 ^ / 6  t) A/ approx. N(Pi, 2E±2/(f ¿(1 + £  { 6  

where o ( S  j"^) denotes a term of the order <$

is non-i-central chi-square with non-centrality parameter: /\ » *
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In general, to test Ho: 0, ■ Ej against H^j 

0 - P » E + ( u , /<$".)
A /  A /  ) 1 1

ve use
n-k 2 E.

2
with limiting power function being non central X  , with non centrality 

V -  i(Fi “ Ei>paramster \ — — —— — — #
¿ _  2Ei‘i

The larger the degrees of freedom, £  if the larger the deviations,^, 

may be from Ei before the distribution departs from non central 

chisquare.
The non centrality parameter, X*, can be obtained when we fit

a "false" model to a set of statistics derived from one of our hypothetical

populations. The procedure is the same as that used to obtain chi-square,
when we fit models to real data. We defined X  2n_k - (O^-E^Wj, 

c 2and since - o ^/2E^ » ancl our mean squares for the hypothetical 

populations are known without error, then X  ^n_k ■ X  ’•
We can use the value of \  * ito conjunction with tables of non

central chisquare to determine the sample sizes necessary reject a

"false" hypothesis at a certain level of probability with a given degree 

of confidence. The procedure is best illustrated by reference to the 

simple example population containing and DR.

When the false E-jEg model was fitted to this population, we 

obtained - X* (with 9df) " 46.3611. In order to be 95 per cent
certain of rejecting the "false" model at the 5 per cent level, we must 

ensure that X -  23.589» which is the value of X  (0,05, 0.95 9)
tabulated by Pearson and Hartley (1972). The number of individuals required

is given by N - X  / X  ' for xulit sample size* since our "experiment 
was based on 1100 individuals, N becomes»
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H T7 11100 23.589
46.3611 x 1100

562
When the calculations were repeated for the population in which

h „ ■ 0.9» we found N » 147. Thus, although as we saw earlier very N
few individuals are required for the estimate of Eg to be significant at
the 5 per cent level, the false hypothesis may be rejected with only a

2modest experiment when h ^ ■ 0.9. However, even with the optimal 
experimental design used here, as many as 562 individuals are required 
to discriminate between simple environmental and simple genetical 

hypotheses when h ^ ■ 0.5» This may be a more realistic level of 
heritability to consider particularly for personality and social 

attitudes. Thus it seems that if we are to learn anything useful about 
the causes of individual differences for many behavioural traits we 
must be prepared to embark on extensive data collection programmes.
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4 CALCULATION OF BIASES WHEN FALSE MODELS ARE FITTED

We have considered three ways in which "false" models may he 
rejected:
1. Negative estimates of variance components

2. Parameters not significant
3. Residuals significant in a chi-square test

We have also described a method for determining the number of individuals 
needed to detect particular effects when they are present in a 
population and we fit the correct model. From the Tables in Appendix 

G, we see that this number is unrealistically high in several cases 

(e.g. dominance, genotype-environment interaction). This provides some 
evidence for the claims of several authors, mentioned earlier, that 
such effects as genotype-environment interaction and genotype-environment 
covariation may remain undetected even in the most extensive studies of 
human variation. We may now ask what basis there is for the accompanying 
claim that such undetected effects seriously bias our estimates.

The calculations needed in order to estimate the biases which occur 

when a "false" model is fitted are easily performed. When we fitted the 

model to the mean squares derived from a population in which 

£Dr  ■ - 112.5, the parameter estimates were obtained as (A,WA)"^'A,Wx.

If B is the "true" model for the mean squares from the populations, then 

we may obtain the contribution of the "true" parameters to these estimates 

by substituting B in the above expression i,e. from the rows of 
(A'WA)"1A»WB. For our example, we obtain

/ V  A / / V  A /  rjN
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The algebraic specification of these biases does not depend directly 
upon the magnitude of the "true" population parameters, but only on the 

sources of variation present, the experimental design and the weights. 
Obviously the numerical value of the biases does depend on the 

parameter values. However, there is only one set of biases for each 

model for each of the fourteen population types described earlier.

These are present for all the possibilities we considered in the "AT 
tables of Appendix G,



SECTION 3: THE RESULTS

1 GENERAL COMMENTS

The analyses described in the previous section performed on the 

different "data sets" derived from the fourteen hypothetical populations 
have produced results which are far too extensive to discuss in all 
their details. These results are summarised in the tables in Appendix G 
and largely speak for themselves, so that the reader can draw his own 

conclusions from the particular tables most relevant to the problem he 
is likely to encounter when planning experiments designed to detect and 
estimate certain effects. In this discussion we shall confine ourselves 

to making points which illustrate the general usefulness of the Tables 
and to considering particular effects which have been the subject of 

much controversey in recent years i.e. genotype-environment interaction 
and genotype-environment covariation (e.g, Moran, 1973; Block and 

Dworkin, 1974a» 1974b; Layzer, 1974} Lewontin, 1974} Linn, 1974;
Feldman and Lewontin, 1975} Plomin et al, 1977)» We will attempt to 
answer critics who claim that the complexity of the causes of variation in 

human behaviour makes any experiments designed to elucidate these causes 

not only worthless, but also misleading. We will do this by integrating 
information from the different analyses described earlier in order to 

determine the likelihood of seriously misleading ourselves in a variety 

of different circumstances. We will also consider claims that the biases 
that occur usually lead to the overestimation of heritabilities.
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2 POPULATIONS WITH ADDITIVE VARIATION

We considered four population types in which variation was only 
produced by additive effects:

1 , ExDr 2 . 3 . EjDgM 4 . ei E2I)rM

These populations contain various combinations of the contributions of 
specific environmental variation, between families environmental variation, 
additive genetical variation and additional variation produced by assortative 

mating*
For the very simplest population (containing E^ and DR), 

rejection of the null hypothesis of no genetical variation should not 

prove difficult unless the heritable component accounts for less than 
50 per cent of the variation, when over 600 individuals will be required.
If we were to mistakenly accept the E^Eg model as an adequate explanation 

of our data, and Eg would be equally biased by £ dr, The contribution

of Dr  to Ê  ̂and Eg is always £, when we omit to fit DR when it is a source 
of variation in a population.

Detection of DR is generally not too difficult, but experimental 

sizes of about 600 are required to detect Eg when it accounts for 2%  

of the variation and over 1000 are needed when its contribution falls to 
5<f0. Thus, we might fail to detect Eg as significant in a modest

experiment and in such an experiment we would be unlikely to reject 

the EjDr  model because oyer a thousand individuals are needed to reject 

this model when the true population contains E^EgDR and Eg accounts for 

25<f0 of the total variation. Similarly, quite large numbers are needed to 

reject the E1UR and EjDgM models when the true causes of variation are 
E EgDpMo From Tables 1A and 2A we see that failure to fit Eg when it is



S G 4

in fact present leads to biases of all the other parameters we might 

fit. If we fail to detect significant Eg, we are most likely to take 
E,D_ as the true explanation for variation. In this case, the 
contribution of Eg to £ dr is slightly greater than that to E^, thus 
leading to over-estimation of the narrow heritability in this 

experimental design.
The number of individuals required to detect assortative mating,

A
when h « 0,9 is quite small (i.e. about 300), but when the heritability 
drops to 0.5, over 5000 individuals are required. Obviously we may 
fail to detect significant assortative mating when it is present. Both 
Eg and M contribute to the same statistics in studies of twins reared 

together and it is possible in such cases that estimates of their Joint 
effect may be significant when fairly small experimental sizes are

used.
For the E^D^M population, we might easily accept E ^  as an

adequate explanation of the data since the number of individuals needed

to reject this false hypothesis is over a thousand for h R «0.9 and
over 12000 for h2^ - 0.5. For the EjEgD^M population either

E-IL, or E,E0D_ might be accepted depending upon the sample size. The 1 H ± c. H

contribution of M to E, and E? is very small and £ d is estimated 

approximately as £dr + {jM, However, the direction of the bias although 
small is such that in the case of the E^DR model, the true narrow 

heritability (h R » £dr  + $$/ T) is overestimated by the narrow 

heritability based on the false E^DR model. Vhen the E^EgDR model is 

accepted for the E^Egl^M model, estimates of narrow heritability are

not biased.
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In these simple situations, narrow heritabilities may thus be 

overestimated, providing some support for the claims of critics. 
However, these same critics express the opinion that the causes of 
individual differences in human behaviour are not simple and so the 
situation for more complex populations must be examined.
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3 POPULATIONS WITH DOMINANCE

The results for four populations are presented in Appendix G: 
E^EgUjjH^, E^D-pH^M, E^U^E^I. We will discuss mainly the 

simplest of these.
Eaves (1972) showed that the detection of dominance using several 

experimental designs involved prohibitive sample sizes. We amply confirm 
his findings in each of the four types of population considered here.
The smallest sample in which dominance could he detected in any of the 
populations was 4^43 in the E^D^H^M population, when the broad heritability 
was 0*93 and the dominance ratio was 0.5. In most other cases the 

numbers required were much higher. Thus detection of dominance seems 
to be virtually impossible even with this "ideal" experimental twin 
design. In practice, in more restricted data sets, we will be extremely 
unlikely to detect dominance, so that the collection of twin data is 

likely to prove of little use for the study of genetic architecture 
(Mather, 1943) in human populations. Inbreeding studies or data ow other 
types of relationships (e.g. half siblings, grandparents, etc.) are 

needed if we wish to detect dominance (see Jinks and Fulker, 1970),

When Ej, DR and are the true causes of variation in the 

population, the "false" E^D^ model is most easily rejected when 

h2^ * 0.90 and the dominance ratio is 1.0, Even in this case 16042 

individuals are required before rejection at the 5 per cent level will 

occur in 95$ of cases, and the false EjI>r model will be accepted as 
representing the true causes of variation.

From Table 3A, we find that:
AE]_ - Eĵ  + 0,02 Hjj 
£E . Bg + 0.47 Hg
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In other words, estimates of E^ are not seriously biased and Hg, 

contributes to the estimate of additive genetical variation. Estimates 
of the narrow heritability obtained by fitting the model include 
both additive and dominance variation and give us the broad heritability 

for the trait.
If we now consider an additional source of environmental variation,

so that the true population contains E1, E2, DR and H^, we find that the
number of individuals required to reject the E^DR model drops

2 2considerably to about 1100, when h R - 0.9 and 2100, when h R « 0.5.

This number is still fairly large and in many typical experiments, we 
would accept the EjDr  model as the true explanation of the observed 

variation.
If we did this, we would estimate:
A
E  ̂ ■ E^ + 0 o 4^ Eg + 0 .0 1  Hjj

-  1.05 Eg + Dr + 0,49 Hjj

A  A  Aagain only contributes to DR , but our estimates of E^ and are 
biased by the Eg component which we have also failed to detect.
Estimates of h N are thus inflated by the Eg component, as we saw in the 

last section.
If we had performed an experiment of well over 2500 individuals, we 

would probably reject the E^DR model. In this case we would then fit 

a series of three parameter models: E^Egl^, E^iy^, E^^I. From 

Table 4B.1, we can see that the E^D^H^ model would almost certainly be 

rejected but that either the E-jEgD^ or E^D^M models would probably be

retained as possible models for variation.

The contribution of the two parameters to the estimates for the

E1E2DR model iSi
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A

\  m \  + °»01 %
Eg » Eg - 0.01 Bjj

\  + °-» ~~~~ 2 ▼g ,

A

A

%

where Yr is all the genetic variation.

For the E-.D.JÎ model it is:

E  ̂ « E  ̂ + 0.51 Eg
A
Djj -  Djj + 0.55 E2 + 0.67 ^

M - 1.38 Eg - 0.16 Hjj

Thus, the EjEgD^ model would lead us to estimate the narrow 

heritability as the proportion of variation produced by all genetical 

effects i.e. the broad heritability and we would not underestimate the 
importance of environmental effects.

In the case of the E^D^M model, the narrow heritability will 

be inflated, but the importance of the environmental components will be 

overestimated.
Our conclusion then is that in populations in which either E^, DR

not overestimate the importance of genetical effects except when we are 

unable to reject the EjB^ model for the EjEgD^H^ population because the 

power of the test for Eg is not high enough. Samples of over a thousand

Similar conclusions emerge when we consider additional variation 
produced by assortative mating, when DR, ^  and M are the true 

causes of variation, it is difficult to reject the E ^  model and we may

pwill be needed to reject this model when h ^ti-0.5 and of over two
A

thousand when h jj- 0.9.

estimate:
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A
Ex - Ei + 0.01 - 0.05M

- Dr  + 0.48 Hjj + 1.18 M -£=• 2Vg
AAgain, all genetical effects are estimated largely with and estimates

of narrow heritahility reflect all variation produced by genetical
differences between individuals.

In the population where E-jEgH^I^ and M produce variation over
1000 individuals are needed for rejection of the E.|I)R model. If we
fail to reject this model, parameter estimates will be biased by Eg

and the proportion of variation attributable to environmental effects will
A Abe underestimated. If Eg is fitted, then Ei and Eg are virtually 

A
unbiased and contains all the genetical variation produced by 

Dr , \  and M.
In the last two sections we have seen that failure to detect

fr does not introduce biases of the sort that lead us to underestimate R
the importance of environmental factors. Failure to detect Eg is also 

likely with typical sample sizes, and this may lead to overestimation 
of the importance of genetical factors.



4 GENOTYTE-EflVIRONMENT INTERACTION

We have generated four populations in which there is variation 
produced by genotype-environment interaction, where additive genetical 
effects interact with the common family environmental component:

!. ^ 1
2. K j E ^ I  M
3.

From Tables JB to 10B, we can see that the number of individuals needed
to detect I as significant at the 5 per cent level in 95 per cent of
similar experiments is prohibitive. The number needed to detect the

E2 component is also large. The population where we are most likely to

detect GXE is one in which the true causes of variation are E^, Eg,
2and I and h » 0,9 and GXE accounts for twenty per cent of the total 

variation. Even in this case 2958 individuals are needed. Thus, GXE 

which is not systematically related to genetical or environmental 
deviations, and is, therefore, not detectable by other methods, is 
unlikely to be detected by fitting linear models to mean squares unless 
the contribution of GXE to the total variation is much larger than 20 

per cent. Work in other organisms suggests that GXE is not likely to be 

much larger than this. There is thus some evidence that GXE may remain 

undetected in man, as claimed by several authors. We may now ask whether 

this: will lead to serious biases of parameter estimates from models found 

adequate to account for variation using the chi-square criterion.

The number of individuals needed to reject the E-jBr model is moderate 

in this instance:
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h2B I N

0.5 10$ 802

0.5 20$ 636

0.9 10$ 689

0.9 20$ 479
When the heritability is high and GXE accounts for 20 per cent of the 
variation, only a relatively small experiment is required. But when the 
heritability is lower and GXE accounts less than 10$ of the variation, 
then approaching 1000 individuals may be needed. If our experimental 

size is such that we mistakenly accept the EjBr  model, then we estimates
AE, E1 + 0.45 E2 + 0.25 I

BR « Bp + 1*07 E, + 0.25 I
The GXE contributes equally to E1 and DR, which means that it biases
the contribution of to the total variation twice as much as that of
Dr , since the contribution of Bp to the total variation is only ■£. This

2would lead to the underestimation of h R but for the fact that we have 

failed to fit E9 and as before this leads to the over-estimation of h2
If we have a reasonable experimental size, we are likely to reject 

the EjBr  model. We would then fit three 3 parameter models: EjE2Br , 

EjBpM and E1BrHr0 Rejection of the E^BpHp model would be immediate, 
not only because few individuals are required, but also because estimates 

of Hp would be non-significant and negative. However, both the 

E1E2DR and the V r1* model would fi-t the data, leading to estimates:
A

1. e iE2Dr  model ” E^ + 0.07 I
e2 - e2 + 0.25 I

Dr  - BR + 0.43 I



2. E^D^M model Ej_ + 0.51 E2 + 0.25 IA
*1
A

DR
AM

\  -  0.53 \  + °*5° 1 
1.36 E0

In the latter case, all estimates are biased and our failure to fit
Eg leads to overestimate of the narrow heritability.

AWhen we fit EjEgB^ to the "data", E^ is virtually unbiased,
A  AHowever, both Eg and Dp are quite strongly biased by the GXE, when 

its effect is ignored in fitting the model. Since the contributions of 
additive genetical variation and cultural effects to the total variation 
are and E^, these effects are almost equally biased by I,

We find that estimates of the narrow heritability calculated on 

the assumption of no GXE are inflated, and that we are likely to 

overestimate the true contribution of additive genetical variance, when 
the estimate is based on the relatives in our experimental design.

This provides some justification for the criticisms of certain 

authors (e.g. Moran, 1973» Layzer, 1974? Feldman and Lewontin, 1975) 
that unsystematic GXE, if it is an important source of variation in 
human populations may remain undetected and inflate heritability estimates. 

However, this will not be the case for all experimental designs. GXE 

could lead to the underestimation of in transgenerational data (e.g. 
parent-offspring covariances).

We may be interested in analysing variation in human behaviour 

for two main reasons. The first is a desire to discover the biologically 

important sources of variation in human behaviour and the second a desire 
for environmental intervention to enhance the phenotypes of those whose 

genetic predisposition is for a lower phenotype of some particularly 

desirable attribute. In either case, we should not exaggerate the
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significance of our findings about the difficulties that face those 

who attempt to detect non-systematic GXE. The existence of GXE system
atically related to genetical or environmental deviations is likely to 
be far more meaningful biologically and could suggest suitable medical 
or educational strategies for the enhancement of particular phenotypes. 

Several tests have been proposed for the detection of such systematic 
GXE (jinks and Fulker, 1970) and these are discussed in earlier parts 

of this thesis.

I
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5 GMOHyPE-ENVIROMENT COVARIANCE

5.1 Cultural Transmission

In this population, genotype-environment covariation arises as 
a result of the cultural impact of parents on their offspring. The 
specification of this population was described in Section 1.2,13, Since 
only one new parameter, b, was involved in the specification of 
and Cov g^e2, we could have estimated E ^  3^ and b by the more powerful 
approach of non-linear weighted least squares (Eaves, 1975), However 
the approach described in Section 2 was continued and four parameters 

were estimated: E ^  DR , C, where C is the genotype-environment 
covariance produced by cultural transmission. The constraint upon the 
values of E2 and Cov ^  implied by the cultural transmission model 
was, therefore, not enforced, but since real data may not exactly 
follow our model, this may be a more useful approach.

From Table 10B.2, we can see that the detection of variation 

produced by cultural transmission is not likely to be so difficult as 

for some of the effects considered previously. When b - 0.25, the number 

of individuals required to detect C was 631 and 461, for the two levels 

of heritability. Detection of was also feasible (635 and 249 

individuals). When b * 0.1, larger (but not unreasonable) samples are 

required for C (2000 and 1231) although the detection of Eg was not 

so likely (25332 and 1521). Sample sizes, of course, increase as the 
heritability increases and there is a corresponding . decrease in the 

size of Eg and C.
Another heartening feature of Tables 10B.1 and 10B.2 is that the 

number of individuals needed to reject false models is generally lower
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than that seen in previous Tables. This suggests that we will be 

less likely to mislead ourselves about the true causes of variation when 
cultural transmission is present.

We can obtain the linear combination of the observed statistics 

which yields the weighted least squares estimate of 2 Coy ggSg, The 
coefficients of the eleven statistics in the estimator of 2 Cov g^e^ 
for the case when b * 0.25 and » 2E^ ■> 112.5 aret

Mean square Coefficient

Between MZT 0.1616

Within MZT 0.4507
Between DZT 0.1974
Within DZT -O.IO48

Between MZA -O.I209

Within MZA -O.2304

Between DZA -0.1395

Within DZA -O.I964

Between UT -O.I564

Within UT -0.1433
Singletons 0.2821

This shows that the test for Cov g2e2 depends largely upon a comparison 

of the total variances of individuals reared by their natural parents 

with that of individuals reared by foster parents. It does not matter 

whether the individuals are twins or not, or even whether they are 

reared in pairs. Thus, information about genotype-environment 
covariance produced as a result of cultural transmission would be best 

sought in adoption studies, as suggested by Jinks and Fulker, (1970) 

and Cavall-Sforza and Feldman (1973). The use of such adoption studies
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for the detection and estimation of the parameters of cultural 
transmission was discussed extensively in Part B: A Twin Study of 

social attitudes.
There has been discussion in the literature about the contribution 

of dominance and genotype-environment covariation to variation in 

intelligence. We fitted several models incorporating dominance to the 
four data sets generated from the population where E^, Eg» DR and C 
were contributing to variation:

1. El B A
s. Ejiyyi
3. EjEjDjjKj

In all cases, estimates of dominance were small and negative. The 

E1E2DRHR P°Pula^ion is mO0"fc similar to the "true population" 
containing E^Eg^C. Even in the situation most favourable for the 

detection of the false effect, 1417 individuals were needed for HR 
to be significant in this experimental design. When b - 0.25, fairly 
small sample sizes only are required for the false E^EgDRHR model to 

be rejected at the 5 per cent level in 95 per cent of cases, although

rather more were needed when b ■ 0.1,

The likely failure of the E j E g D ^  model and the negative values 

obtained for dominance variation suggests that we would not accept the 

E ^ E g D ^  model, but would seek an alternative explanation for the 

pattern of variation. It may, however, be possible to mistake negative 

genotype-environmental covariance with dominance in borderline cases, 

because some of the consequences of negative CovGE may reproduce
certain of the effects of dominance. This may be true for Cov GE 

produced both by cultural transmission and also by sibling effects
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(in the case of competition). We have specified populations in 

which competition is operating (see Section 1.2.15 and 1,2.16) and 
so we can study the likelihood of being mislead about the true causes 
of variation in such cases.

5.2 Sibling Effects

A second source of genotype-environment covariation was defined 
by Eaves (1976a) in which the Cov GE arises because the phenotype of a 
sibling produces an environmental effect on the phenotype of his 
co-sibling. An advantageous phenotype in one sibling may enhance the 

environment necessary for a co-sibling to develop high levels of the 

advantageous trait (i.e. cooperation), or an advantageous phenotype may 
develop in one sibling at the expense of a co-sibling (competition).
These lead to positive and negative genotype-environment covariance

respectively.
Power calculations and estimation of biases were carried out for

two populations: and *DR ' and the results are

presented in Tables 11A.1 to 125.15. The discussion will be confined

mainly to a consideration of the first population type, of which we

considered sixteen different cases with the relative contributions of the
2parameters varying according to h N , the direction of the covariance, 

the relative magnitude of DR '' compared with DR and the value of

The correct E ^ i y y model was fitted to each set and
the number of individuals needed to detect the four sources of variation 

was determined as described earlier. From Table 11B.6, it can be seen



experiment of this design and no more than J27 are needed to detect D .
R

The numbers needed to detect DR’' and DR» vary considerably depending
on the values of the population parameters. If we average the numbers
required over values of P  and relative magnitudes of D '» compared

2
tieh DR *, then when h R « 0.5,1969 individuals are required to detect

2DR '' and only 513 f°r DR '. When h R - 0.9, the numbers are 989 and 
244.

Thus generally we notice that it is easier to detect and

Dr ’* as the heritability increases. It is considerably easier when the
environmental effect of the alleles equals their direct effect upon
the genotype i.e. when DR ’' » DR ’. If the proportion of loci

contributing to both DR and DR * is one, the likelihood of detecting
D * is considerably increased at the expense of the power of the test K
for detecting DR ". The power of the test for detecting sibling effects
is greater when these covary with the direct effects of genetical

differences (i.e, when ^  ^  is positive). The fact that far fewer
individuals are needed to detect DR* than DR M  arises because the test

of D0 "  depends merely on a comparison between the total variances of

individuals reared as pairs and singletons, whereas the significance of

D ' depends upon a very precise pattern of expectations which involve the R
individual mean squares as well as the total variances.

It seems that the detection of both competition and cooperation 
should be relatively easy in the majority of non-extreme situations 

which we have considered. In order to emphasize this further we may 

list the other models which rnî it be fitted to mean squares derived 

from populations in which E-̂ , DR, DR * and DR M  are the true causes of 
variation and show why we might reject those in most cases.

that no more than 142 individuals are needed to detect in an



57 0

1. e xe2

2 . EA

A- significant residuals (and estimates of Eg non

significant or negative when Dr * negative)

- residuals significant in most situations
A3 , E^E2Dr  - significant residuals or negative estimates of Eg or

Anon-significant estimates of Eg
A AA. E , - significant residuals, estimates of D0 or Hn negative 7 1 K R K ft

and non-significant, depending on whether^  is

positive or negative

5, - significant residuals or M sometimes non significant (or

negative wheny^ negative)

6, EjEgEpHR - significant residuals and negative or non-significant

estimates of Dr  or Hr or Eg depending on the particular 

situation.
A A

Ei W -  n e g a tiv e  e s tim a te s  o f

A  A

Ei W -  e s tim a te s  o f  Eg and M

r e s id u a ls  s i g n i f i c a n t
A A A

Ei W -  Dr  o r  M n e g a t iv e .  Dr ,

Residuals often significant

In all these cases, if we fitted a "false" model to the "data”, we 

would find some reason for rejecting the false model in this experimental 

design. Thus, it is not easy to be mislead about the true causes of 

variation in a population when these are E, DR, Dr 1' and Dr '.

The cases of the E^DrHr  and E^EgD^R models are particularly

pertinent in view of the discussion of the roles of dominance and 

Cov GE in the determination of I.Q. We suspected that it might be 

possible to confuse these two effects when Cov GE is negative. However 

from the information provided in Tables 11B.4 and 11B.7* it seems that



this would he unlikely. Overall, we have every reason to be optimistic 
about our chances of detecting Cov GE produced by sibling effects 
and rejecting alternative false models.



SECTION k : DISCUSSION

In this work, we have attempted to provide precise statements 
about the power of tests for detecting components of variation and for 
rejecting false models. Biases in estimated parameters can be calculated 
mathematically given that we simulate a series of possible populations, 
from which mean squares can be derived for a particular experimental 
design. Thus, we have quantified many of the arguments which are 
discussed, without evidence, in the field of human behaviour genetics*
We have done this for two main reasons:

1, In order to provide a rational basis for the discussion of 

criticisms of the analysis of individual differences in human behaviour.

2. In order to provide a quantitative framework for the planning of 
future research.

We have shown that in some cases the critics may have a case, 
although they had no evidence for this themselves. Consider, for 

example, the case of GXE, where we have shown that its effects may 

remain undetected even in extensive twin studies and can bias estimates 
of the components of variation, leading to an overestimate of the 

importance of genetical differences between individuals. This provides 

some support for authors such as Moran, (1973)» Layzer (1974a) and 

Feldman and Lewontin (1975)» However, it does not support the claim 

that GXE precludes any worthwhile analysis of individual differences 

in human populations. Non-systematic genotype-environment interaction 
may be detected with more appropriate experimental designs, and in 

any case systematic GXE is likely to be more biologically and socially 

relevant. This source of variation can be detected using several 
scaling tests (jinks and Fulker, 1970).



r *“* oU O ¿j

In contrast to this, we have found that the detection of 

Cov GE produced by either cultural transmission or sibling effects 

should prove relatively easy. Much of the misunderstanding and controversy 
surrounding non-additive effects such as GXE and Cov GE arises because 
previously the specification of these effects was purely empirical.

However, the work of Eaves (1976a, 1976b) has provided a theoretical 
framework from which a knowledge of the consequences of Cov GE in 

particular populations can be developed through simulation and practical 

studies.
These simulations have provided a wealth of information 

about the sorts of experiments that should be conducted in order to 

test certain hypotheses about the causes of individual differences, 

mainly in terms of the sample sizes required and the biases that may 
be introduced when false models of variation are retained because 

of an inadequate experimental design.

The disadvantage of such simulations is that while they may tell 

us a lot about what we may expect given one particular constellation 

of relatives, they cannot be generalised to other experimental designs. 
Other types of relatives or studies may detect effects which cannot 

be detected in this study. The precise nature of the biases and the 

powers of particular tests needs to be determined for each specific 

situation.
This leads us to suggest a future development of the present 

work. A simulation package of computer programs should be developed 

for use by psychogeneticists. This package would produce any desired 
population type, and calculate the mean squares derived from this 

population for specified experimental designs, and then perform the



calculations we have described in Section 2, Thus before embarking 

on a study designed to test a specific hypothesis, a worker could 
determine the optimal experimental design within his resources and 
would know beforehand -the probability of detecting particular 

effects and the biases he could expect. In this way many fruitless 
research programmes would not be started, and hopefully the 
concentration of resources on a few efficient experiments would do 
much to increase our understanding of the nature of individual 
differences in human behaviour,.
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GENERAL SUMMARY AND DISCUSSION

This discussion will be brief since each part of the thesis 
is largely self-contained and has already been discussed in some detail.

The general significance of the findings and their implications for 
future research will be considered.

Human behaviour genetics uses the methods of modem genetics to 

study traits which were once considered solely as the interest of psychology 
and shows the importance of the biological basis of behaviour for 
understanding the evolution of culture and a social system in man. The

relationship between biology and behaviour can only be understood by 

studying the evolution of behavioural traits through their contribution to 
fitness and the dependence of an organism on and its sensitivity to 
the environment. The determination of genetic architecture and 

understanding of genotype-environment interaction ahd the non-genetic, 

as well as the genetic, transfer of information from generation to 

generation are essential. The analysis of a few twin correlations 
and unrealiable estimation heritabilities are clearly inadequate for 

this purpose, although in the past most studies were confined to 

these simple aims. The limitations of this approach, suggested 

by Jinks and Fulker (1970), were illustrated using the data from 

the Georgia Twin Study and the advantages of the analysis of variance 

components was shown. Whites were more variable than Blacks, a fact which 

would have remained undiscovered in an analysis of correlations, leading 

to biased estimates of genetical and environmental effects and probable 
errors of inference about the causes of individual differences in 

ability. The greater variability of Whites could be partly attributed 

to greater between families differences, due to cultural differences



Some of this heterogeneity could "be attributed to differences in mean 
performance between Whites from different regions. The roles of the 
mating system and culture in maintaining differences between sub-populations 
and Whites in the United States could provide a constructive area for 
future investigation.

Although the analysis of variance components represents an advance 
over the analysis of correlations, the test battery and the size and design 
of the experiment proved limiting factors in the Georgia Twin Study,
High levels of test specific variation were found for certain Spatial 

tests, and produced many ambiguities during the analyses. This suggests 

that great care should be taken at the initiation of an enquiry in 

choosing reliable, standardised tests. More work is obviously needed 
to determine the tests most suitable for use with White and Black 

populations.
The unreliability of certain tests, leads to inflated within 

families variation in MZ twins and reduced MZ twin correlations. This 
made discrimination between simple genetical and simple environmental 

models difficult with the sample sizes used here. Power calculations 

showed that the number of twins required to reject one of these 

hypotheses at the %  level in 95$ of cases is greater than the number in 

this study, when the MZ twin correlation is about 0.5 - 0.6. A larger 

twin study of Blacks and Whites in the US using a more carefully chosen 

test battery would enable the causes of variation in ability, particularly 
Spatial ability, to be determined more satisfactorily.

The twin study of social attitudes was large enough to test the 

genotype-environmental models that can be specified for twins. Estimates

within populations or the greater genetical heterogeneity of Whites,
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of additive genetical variation, specific environmental variation and a 
"between families component were remarkably consistent with those from 
two previous studies. However, the resolution of the between families 
component into variation produced by cultural differences and the mating 
system is not possible with data only on twins reared together. Twin 

studies can be useful in the early stages of an investigation for 
providing powerful tests of certain simple hypotheses, but do not permit 
the detailed investigation of sources of variation. Thus, there is a 
general trend towards the collection of other types of data, and 

particularly data on whole families. In Birmingham and London, a study 
of ability, personality and attitudes is attempting to combine the 
features of twin and family data. Mothers and fathers are being tested, 

as well as the twins themselves in an extensive programme. Thus, many 
additional hypotheses can be tested concerning, for example, the causes 
of variation in adults compared with children and sex-linkage, Nance and 
Corey (1976) and Eaves (personal communication) have suggested an 

improved design which allows the detection and estimation of most effects 
of interest. This includes measurements on pairs of adult identical 

and non-identical twins, their spouses and offspring and thus provides 

covariances between twins, spouses and parents and offspring. Relationships 

among the children of a pair of MZ twins provide the equivalent of half 

sibling and sibling covariances. Similarly the offspring of DZ twins 

provide sibling and cousin covariances. However, for the resolution of 

cultural differences, adoption data provide powerful tests (although 

the equivalent of covariances between parent and offspring (not reared 

by him) is provided by an MZ twin and the offspring of his co-twin). 

Adoption data were used to investigate the role of cultural transmission 

for social attitudes.
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Both twin and adoption data are open to the criticism that the 

individuals may be atypical of the population as a whole The collection 
of data on a random sample of families as they naturally occur in the 
population would provide sufficient numbers of most types of relationships 
if large enough samples were employed and would overcome the problem of 

individuals being atypical. However, the unbalanced pedigrees obtained 
could make analysis difficult and wasteful of information. The method 
of maximum likelihood estimation by pedigree analysis, used for analysing 

the adoption data of the social attitudes study shows how this problem 
may be overcome. In this case there were too few individuals of some 
types e.g. natural-adopted sibling pairs, which meant that tests of 

hypotheses of particular interest were not adequate. There wa3 no 

evidence for the significant effect of cultural transmission and the 
between families component could apparently be explained by reference 
to the mating system in these data. However, the power. of the

test was probably low.
In Part C, methods were introduced for estimating the power of 

the test for detecting particular effects, the power for rejecting 

false hypotheses and for calculating biases when false models are fitted. 

It was shown that large samples are needed for the detection of genotype- 

environment interaction, but not for genotype-environment covariance.
The exclusion of CovGE from models of variation leads to failure of 

alternative models with relatively small sample sizes, and is unlikely 

to lead to overestimation of the genetical component. This is not true 
when GXE is mistakenly omitted from analyses, but the biases are not 

necessarily large.

The limitation of all such simulations is their specificity to
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particular experimental designs, populations and actual models fitted. 

However, the methods may be generalised and used to estimate biases 
and determine probable errors of inference in other situations. One 
aim of future work should, therefore, be to construct a general 

simulation package which enables the possibilities for any experimental 
design, population and model to be tested, This would be 
useful in determining the errors of inference that might have occurred 
when interpreting results. However, its main value would be in the 

optimisation of experimental designs for the detection and estimation 
of effects of interest before a study is undertaken. This should 
prevent waste of time and resources on inefficient studies which in the 

end cannot make powerful tests of the hypotheses they were designed to

test.
Many of the problems of power and unreliability in the Georgia 

Twin Study were overcome by extracting and analysing a "general factor" 

of ability. A factor analysis of the data showed that the tests could be 
regarded as belonging either to a Verbal Arithmetic factor or to a 

Spatial factor. In order to consolidate the conclusions from this study, 

scores of the two factors should be obtained and analysed. An alternative 

approach would be to analyse the structure of the variance and covariance 
between-tests into its genetical and environment components, using 

method already available (joreskog, 1973; Martin and Eaves, 1977),

However, the main development of the work in this thesis should 

be in the analysis of the environment. An analysis of "genotype-
M

environment interaction showed that»for ability, many apparent 

interactions between genotypic and environmental differences may be 

regarded simply as a property of the scale of measurement rather than the



530

individuals sensitivity to his environment. Little evidence for 
"GXE interactions” could be found for social attitudes. Thus, the 
analysis of cultural differences and cultural transmission is our main 
problem in relating the environment to the phenotype of an organism.
Vhen the environment is provided by the phenotype of the parents, cultural 

transmission may arise. The work in this thesis suggests further study 
of the effects of culture in the evolution of man's behaviour using 
studies appropriately designed with the aid of computer simulations. 
Simulation studies could also be used to study the consequences of 
cultural transmission and assortative mating for the pattern of variation. 
Alternatively, family data could be collected and analysed using the 

methods of pedigree analysis. In this thesis the problem of the joint 

role of assortative mating and cultural differences has been resolved 
in terms of path models. Future work should include the development of 
Fisher's (1918) model of assortative mating to include cultural 

transmission as specified by Eave's (1976b) model. This would enable 

further advances to be made in understanding one of the most interesting 
current problems in human behavioural genetics - the evolution of the 

behaviour leading to cultural differencee and cultural change and the 

development of society.
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APPENDIX A: FINAL DETERMINATION OF ZYGOSITY FOR ELEVEN PAIRS OF TWINS 
OF UNCERTAIN ZYGOSITY

Twin Pair No. 235 - These 16 year old white girls were called MZ by the 
discriminant analysis program and DZ by AID. The girls were exactly the 
same height but different by in weight. Differences in head length
and breadth were also significant. One sister was right-handed; the other 
ambidextrous. The twins reported they were rarely misidentified. They 
believe they are DZ.Twin A says, "There is no resemblance. Everything 
is unlike." Final classification, DZ.

Twin Pair No.277 “ In terms of biometric measurements, these 1*t year old 
Negro girls appear to be identical. They are the same height. Head 

length and head breadth are also the same. There are only slight differences 
in the other physical measurements. However, Twin A is right-handed;
Twin B is not. The test for colour blindness probably convinced the 
investigator. Final classification, DZ.

Twin Pair No.282 - These Ik year old Negro boys were classified MZ by AID 
and DZ by the discriminant analysis program. Weight difference was 6$; 
face length difference, &%. Twin A was colour blind; Twin B, not.
A is left-handed; B is right-handed. Final classification, DZ.

Twin Pair No.2&f - These 15 year old Negro girlB were not classified the 

same way by the computer programs. Examination of their files convinced 
the investigator they were DZ. The twins say they are fraternal. A is 

left-handed; B i s  right. Both say they don’t look alike. Both twins say 

that Twin A is darker skinned and heavier. But also both say that their 

nose, mouth and eyes look alike. Teachers, parents, and friends sometimes 
mistake one for the other. Differences in head length and breadth both are 

significant at the .01 level from Verschuer tables. Final classification,

DZ.
Twin Pair No.309 - This pair of 17 year old white girls was classified DZ
by AID and MZ by discriminant analysis. The girls differ by &% in height
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and 27# in weight. Twin A is right-handed; B is left-handed. The 
attending physician said they were DZ and the girls believe they are 

fraternal. Final classification DZ.
Twin Pair No.317 - These are 1if year old white girls. A says she knows 
she is an MZ twin; B is just as confident she is DZ because the attending 
physician said they were DZ. In the questionnaire B said their noses were 
not alike. This, in fact, is the case since their noses differ in length 

by 9#. Height difference is weight 13%» A is right-handed; B is 

2_gft—handed. Final classification, DZ.
Twin Pair No.3tf7 - This pair of year old white girls says their 
attending physician said they are identical. However, Twin B says, "We 
look nothing alike." A's hair is brown; B's auburn. They never, or only 
rarely, are mistaken by teachers and parents. Differences in nose length, 

face length, head length, and height all support final diagnosis of DZ.

Twin Pair No.362 - These 13 year old Negro boys "know they are identical." 
But Twin A says that B»s hair grows faster than his. They are only 
occasionally mistaken by teachers, friends and parents. Differences in 
five biometric measurements, height, weight, head breadth, nose length and 

face length convinced the investigator of the final DZ classification, 
rpwin Pair No. 373 - These 13 year old Negro girls know they are fraternal.
A is right-handed; B is left-handed. They are rarely mistaken by friends, 

teachers or parents. A’s hair is lighter and thinner than B's. Both 
twins report their face, legs, and head to be different. The AID program 
called them DZ; the discriminant analysis MZ. Final classification DZ.

»rw-in Pair No. 373 - These 17 year old white girls say they are identical 

but rarely misidentified. They indicate their nose, fingers, hands, stomach 
and bust to be similar. The discriminant analysis program classifies 
the girls as DZ, the AID program as MZ. Rorhrer's Index of Body Structure 

and Kaup's Index both support the diagnosis of DZ. Differences in nose 

length and face length confirm the final DZ classification.



Twin Pair No«379 - These 16 year old Negro boys say they look alike 
and know they are identical because their attending Physician said they 

were. They are seldom misidentified. Face length difference is the only 
biometric measure that supports a DZ diagnosis. Other measurements 
are within MZ limits. Final classification MZ.
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appendix b ; PSYCHOLOGICAL TESTS

CALENDAR TEST (Calendar)

On the Calendar Tost ,  developed by Remondino (196?.), the examinee i ; asked

to check  the exactness of 50 sentences pertaining to the relationship of the days of

the w eek. In a factor an a lysis , Remondino found that this tes t  loaded on the Number

factor. Following are examples of the type of questions asked:

If today is Sunday then tomorrow will be Monday. T F
If yesterday was Wednesday then today is  Saturday. T F

CUBE COMPARISONS TEST (Cubes)

The Cube Comparisons Test was developed from Thurslotiq's C ubes. Each 

item presents two drawings of a cube, such as shown below. Assuming no cube 

can have two faces  a lik e , the subject has to decide whether the two drawings can 

represent the same cube or must represent different cu b es . The instructions in d i

ca te  that the task can be performed (1) by mentally turning ono o f  the-cubes so  that 

the fa ce  of one cube is  oriented in the same way as  the like face  of the second cube 

and then compaung the sides one by one or (2) by noting whether two fa ce s  which 

are side by side have the same letters or numbers in the same position relative to 

one another. The process of obtaining the answers by the second method co n s is t  s 

largely of verbal reasoning although it does require a "s ta t ic "  aw areness of th re e -  

dimensional relations ns opposed to a more "dynamic" moving around of the b lo c k s -

In sp a c e .
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SIMPLE ARITHMETIC TEST (Arithmetic)

The Simple Arithmetic Tejjt,  taken from an unpublished study by Mukherjie 

(19G3), contains seven parts, each consisting of a number or simple arithmetical 

problems. Part 1 contains 15 problems; part 2 ,  20 problems; and parts 3 through 

7 each conta ins '25 problems. Speed is  an important factor in this tost s ince  the 

examinee is allowed only two minutes per t e s t .  This is  a multiple-choice te s t  with 

five alternatives for each problem. The complexity of the problems d ecreases  from 

part 1 to part 7 .  Examples contained in each part are given below:

Part 1 4(77+39-
7

4) =  60 68 74 64 84

Part 2 5(69+10- 3) =  420 400 410 415 425
Part 3 69+25-9 =  85 95 90 89 80
Part 4 640 -4 5 «  120 120 88 136 126
Part 5 8 x 9 1  = 738 728 732 739 73 7
Part 6 19 -  7 = 12 13 14 15 16
Part 7 83 + 17 == 90 110 100 109 101

WIDE RANGE VOCABULARY TEST (Vocabulary)

The Wide Range Vocabulary T est, which was adapted from a Cooperative Vo

cabulary Test (ETS; French, Ekstrom, & Price, 1963) is  a five-cho ice  synonym t e s t  

having items ranging from very easy  to very difficult. Samples of the items follow-

JOVIAL: 1. refreshing 2 .  scare 3 .  th ickset 4 .  w ise  5 j 0 l lv
DULLARD: 1. peon 2 .  duck 3 .  braggart 4 .  thief 5 .  dunce Y

THE MAZES TEST (Mazes)

The Mazes Test was taken from a laboratory manual by McKinnon and Henle 

The ta s k ,  typical of earlier Maze problems, is  to draw a line from one end to the 

other of the maze without crossing any line or entering blind a lley s . Although th is  

t e s t  does not require the holding of a 3-dimensional or even of a 2-dim ensional f ig 

ure in mind, it is  possible that solution of the task will be facilitated by th e  ab il i ty



5 a ö

to remember briefly sections of the correct path before one draws a line. A sample 

maze i s  shown below.

SURFACE DEVELOPMENT TEST (Surface development)

The Surface  Development Test is  adapted from Thurstono. In this to s t  the sub

je c t  has to imagine or v isualize  how a piece of paper can be folded 1o form som e kind

of o b je c t .  Each item con sis ts  of a drawing of u piece of paper which can bo folded 

on the dotted lines to form the ob ject drawn at the right. (See sample below .) 'The 

sub ject is  to imagine the folding, to figure out which of the lettered edges on the 

ob jec t  are the same as the numbered edges on the piece of paper a t  the le f t ,  and to

identify the letters of the answers in the numbered spaces at the far r ig h t.  He is 

told that the side of the flat piece marked with the X will always be the same an 

the side of the ob ject marked with the X . It appears that this task does require men

tal movement of the parts of the pattern and it is  not'l ikely  that the sub ject c a n  per

form th is  task by verbal reasoning only.

?:■

* c
5:

FORM BOARD TEST (Form board)

Each item of the Form Board Test presents five shaded drawings of p ieces

some or all o f  which can be put together to form a figure presented in outline form
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'Die ta s k ,is  to indicate which of the pieces when fitted together will form the o u t-

line. An example follows:

SELF-JUDGING VOCABULARY TEST (Heim)

The Self-Judging Vo bularv T est, developed by Ileim et al (1965) , conta ins  

two parts. The first part contains 120*words each of which the examinee marks with 

an A, B , or C (A. =  I know this word and could explain it to someone unfamiliar with 

i t ,  B =  I am doubtful as to what this word means, C = I have never seen th is  word 

before and have no idea what it means.) The second part of the test  c o n s is ts  of the 

first 80 words of the 120 word list presented as a multiple-choice tes t  with s ix  

alternatives. The second part of the tes t  combines the advantages of the mulliplu- 

choice and creative answer techniques by allowing the examinee who thinks he knows 

the word but dislikes the s ix  alternatives offered to write h is  answer in h is  own words 

below the six  c h o ice s .  In this study only the second part of the test  is  u se d . Ex

amples of tes t  items are given below:

AUTHENTIC: 1. writer 2 .  to allow 3 . respectful 4 .  a bargain
5 . antique 6. genuine

VERSATILE: 1. of varied activities 2 .  pouring out 3 .  form of
poetry 4 .  having masculine vigor 5 . intense
6. kind of turnstile

PAPER FOLDING TEST (Paper foldinC)

The Paper Folding Test was suggested by Thurstonc’s Punched H o le s . For 

each item, successive  drawings illustrate two or three folds made in a square sheet 

of paper. A drawing of the folded paper shows where a hole is  punched in i t .  The

i

r
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sub ject se le c ts  one of five drawings to show how the sheet would appear completely 

unfolded. While it is  probable that the problems can be solved more quickly if one 

can e a s i ly  imagine the folding and unfolding, one can a lso  solve these problems by 

verbal reasoning. Such verbal reasoning, however, Is more likely to lend to Incor

rect answ ers. A sample appears below.

.A B C D E

OBJECT APERTURE TEST (Object aperture)

This te s t  of spatial v isualization, developed by Philip II .  DuBols and Goldina 

C .  G le se r ,  c o n s is ts  of a number of Items similar to the sample below . A th ree -d i

mensional ob ject is  shown at the le f t ,  followed by outlines of five apertures or 

openings. The subject is to imagine how the ob ject looks from a ll  directions; then 

to s e le c t  from the five apertures outlined the opening through which the solid ob

j e c t  would pass directly i f  the proper side were inserted f irs t .  This usually  requires 

the sub ject to mentally turn the ob ject into other positions.

IDENTICAL PICTURES TEST (Id en tica l p ictures)

The Identical Pictures Test c o n s is ts  of items similar to the one shown below . 

The sub ject is  to se le c t  from the five figures or pictures on the right the one which 

is  identical to the figure at the left of the row. This is  a tes t  of perceptual speed.

CD □  e h  □  □
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NEWCASTLE SPATIAL TEST (Sp atia l a b il i ty )

The Newcastle Spatial T e s t , developed by I. McFarlane Smith end J .  S. Lawes 

for the National Foundation for Educational Research in England and W a le s ,  c o n 

s is ts  of s ix  different su b -tests  ranging in difficulty from simple recognition of s e 

lections of regular solids to the more complex problems of surface development.

Test 1 con sis ts  of ten sets  of drawings in v/hich the end views and middle s e c 

tion of a solid ob ject (in the order end, middle, end) are shown. The sub ject i s  to 

determine .which one of 12 solid ob jects  on the opposite page fits each s e t  of draw

ings. (See sample below.) It appears that this te s t  does not require a very strongly 

developed spatial ability beyond some idea of perspective drawing.

Imagine them placed like th is : and you see they ferm thi

END MIDDLE EN D

[

A sample of test 2 is  shown below. This tes t  requires the su b ject  to Indicate 

which one of four choices is a view from above of the solid model shown at the left 

of the row. This test  a lso  seems to ca ll  for only a modest amount o f  spatia l v is u a l i 

zation .

MODEL  A B C D
Test 3 con s is ts  of items similar to the sample below. In each item the s u b 

je c t  is given three sides of a cube in a flat pattern and a drawing of a solid  c u b e ,  

part of which is shaded. The subject is to draw linos on the pattern to indicate 

where he would cut to remove the parts shown shaded on the solid model. One would
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probably use spatial visualization to solve this problem although it  seem s possib le

to perform the task by verbal reasoning.

c /
A A
SHAPE

C < ^ 3

A

MODEL

In te s t  4 each Item shows a block, of wood. The sub ject is-to  imagine a cut 

made where shown by the dotted lines and to indicate which of the three drawings 

on the right shows the shape of the cut fa c e .  A sample is shown below. It a p 

pears that for th is  task no highly developed ability to visualize 3 -dim ensional ob

je c t s  is  needed.

In each item on test 5 there is  a drawing of a solid o b jec t ,  called  Shape, and 

a place to copy i t ,  called  Framework. The subject is  to put c ir c le s  around the 

c ro sse s  in the Framework which could be joined to make the Shape. An example 

is  shown below. It appears that it is  not necessary  to visualize the shape in three 

dimensions in order to copy i t .  In fac t ,  the task may be easier  i f  one regards the 

shape a s  a fla t pattern and merely counts units of d istan ce.

FRAMEWORK. F
IX 2X JX 4X SX 
IX 2X SX 4X SX 
tX 2X JX 4X sX 
IX 2X sX 4X 5X 
IX 2X 3X 4X SX

SHAPE £
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Each item in test 6 (see example below) shows a model built from the shapes 

shown next to i t .  The subject is  required to indicate the number of tim es each 

shape v/as used to mähe the model. Although one could rely largely on verbal 

reasoning to solve these problems, visualization would probably allow him to work 

much faster .  .

SPELLING ACHIEVEMENT TEST (Sp ellin g)

The Spelling Achievement Test was taken from the Metropolitan Achievement 

Test (Allen et a l ,  1946). In this tes t  each word was pronounced by the examiner, 

used In  a sentence , and then pronounced again. The student v : s  then instructed to 

write the word. The te s t ,  consisting of 60 words, was administered to small groups 

of sub jects  by trained examiners in accordance with standard procedures. Examples 
are given below:

garage I keep my car in a garage. garage
instructor One who teaches is  an instructor. instructor
tuberculosis Tuberculosis is  a serious lung d ise a se  tuberculosis
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APPENDIX C: THE CONCEPT AND THEORY OF FACTOR ANALYSIS

In psychological and biological studies, many measurements are often 
made on each individual in the sample. Usually the observed measurements 

will be correlated. Within the correlation or covariance matrices, the cbserved 
variables will tend to fall into groups or variables which are highly 
correlated among themselves, but only weakly correlated with variables 

belonging to other groups. This is the "factor structure" of the data. The 
purpose of factor analysis is to discover the number of common factors 

underlying the variables and give the covariance between them. The variables 
with significant specific variation and the proportion of variance accounted 
for by the specific variation are established. Finally factor analysis shows 
which factors contribute to variation in which variables allowing inferences 
about the common causal relationships between the variables.

Factor analysis analyses the original p correlated variables into a 
small number (m) of uncorrelated variables called common factors, with an 
uncorrelated residual or specific component remaining for each variable 
which is also uncorrelated with any of the other variables.

Thus, only a proportion of the variances in the diagonal of the 

correlation or covariance matrix are assumed to be due to the common factor.

This is one advantage of Factor Analysis over Principal Components analysis, 

which is sometimes used as an approximation to Factor Analysis, in the study 

of behavioural traits. Principal Components Analysis is superficially 

similar to Factor analysis, but makes certain assumptions that are untenable 

in the behavioural context. For example, Principal Components Analysis 
(PCA) does not allow for some of the variance being specific to certain 
variables.

The decomposition of the variables into factors does not have a unique 
solution unless certain restrictions are imposed and the problem of which 
decomposition to choose is known as the problem of rotation. The clustering 
of variables into groups or common factors may be considered to occur in



a multidimensional space in which, the common factors extracted are the axes. 
Simple transformations of the factors or, as it is otherwise known,rotation 
of the axes, will produce an infinite number of solutions from which we have 

to choose the most appropriate. PCA assumes a unique solution to the 
problem of rotation such that the orthogonal axes of the principal components 
solution are the axes of greatest variance. However, the axes of greatest 
variance are not necessarily the easiest to interpret psychologically. In 
lector Analysis, the axes of the common factors are rotated to new orthogonal 
or oblique axes so that they are clearly interpretable in terms of theoretical 
ideas about the underlying structure of the traits. This is another advantage 
of Factor Analysis over Principal Components Analysis as far as determining 
the underlying structure of psychological variables is concerned.

We must now turn to a more precise formulation of the factor analytic 

model and a more rigorous discussion of the problems of rotation.

Formulation of the Model
The theory of Factor Analysis has been described by many authors 

(Joereskog, 1963; Seal, 1964; Herman, 1967; Morrison, 1967; Hope, 1968;

Lord and Novick, 1968). We shall follow the notation of Seal in describing 

the factor analytic model.
F i r s t l y ,  l e t  p = number of o b served  v a r ia b le s  e.g. th e fo u r te e n  t e s t s  o f  th e

Georgia Twin Study

m = the number of underlying factors (i.e. latent variables)

Now, we may define X as a p x 1 row vector of p observed variables, 

having finite variances, which is N (n,2). The purpose of the factor analysis 

is to explain the correlational structure of the observed variables in terms 
of a number of common factors, the residual variance of each variable

being specific. Therefore, let f be a row vector of m common factors with 

m < P» Both X and * are def*ned some fixed population of persons.
Now let T be a p x m matrix of weights relating X to f. These weights 

known as factor loadings. If we also specify that each column of T hasare



at least two non-zero elements then each element of f must be a common 
factor, since this implies that each such element is common to at least two 
of the observed variables. The p x 1 vector, n which is N (0, A  ) and 
independent of f, contains specific factors corresponding to the elements 
of X. These are the residuals after the common factors have been extracted. 
The p x p variance - covariance matrix of p, is called A  . This is a diagonal 
matrix with non-negative elements. This implies that A  really contains spec

ific variances since the elements of A  are uncorrelated. The matrix TT 
must be of rank m < p.

Now the linear factor analytic model may be written:

X = * i + T f + u .........(T)
(pxl) (pxl) (pxm)(mxl) (pxl)

We can decompose the variance-covariance matrix of X, E,into two parts.

2 = £ (Cx - p)(x - u)1)
* £ ((Tf + u)(Tf + a ) 1)
= £ (Tf(Tf)1 + Tfu1 + ,u,(Tf)1 + UcJ)

= 6 (TffV) + £(ua1)

Now since Bil = 0 and £f = 0 and u. and f are independent,
2 = T £ (ff1) T 1 + A  .............. ,.,(2)

This equation is the'basis of factor analysis. Many solutions have 

been proposed which are mostly approximate and not independent of scale change. 

Kendall (1957) criticises such approximations because the factors and 

residuals estimated by these methods have unknown distributions and valid 

tests of significance cannot be made.

We will discuss two commonly used solutions of this equation. However, 

first there are two points worth making. It has been assumed throughout 

that the sample of multivariate observations has been drawn from the multi
variate Normal distribution and the methods described here should only be 

applied to data which conforms to this assumption.
If A  are the specific variances, then
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Tg (ff1) I1 = £ . A

will have diagonal terms which correspond to the common variances. The

commonalities of the observed variables, X, are defined as the diagonal ele
ments of the matrix, D-1 T $ (ff1) T'1 p'1 where D-1 . diag z _ ^

communality of a variable corresponds to the squared multiple correlation 
coefficient between the variable and the set of common factors.
The Principal Factor Solution

The values of T and A  must be estimated from the sample of obser
vations, which presents problems since we have two unknowns!

S = T (6 ff1) T1 + A

The A  obviously cannot be known until the T has been estimated. Therefore 
an iterative solution has to be used starting from assumed values of A  , or

else, likely values of A  can be inserted according to known properties 
of the data« Therefore, we can write!

A  A

L - A  = T (£ ff1) T ‘

We can estimate the T from a Principal Components Analysis working with the 
matrix of 2 - A  . Any matrix of the form BB1 is symmetric and all its 
eigen-values are non-negative. So, if there are negative values among the 

largest si eigen values of 2 - A  then either A  is an inappropriate esti
mate or 2 - A  cannot be written as T g (ff1) T1. Therefore, we write

I Av A
l ( E -  A  ) - |( i | - o

and proceed to calculate the m largest roots. Next, we calculate

-A - diag (2 = T (Sf f1) T1) and use this as a second estimate of A

The estimation of T is repeated using new values of A  until two successive
estimates of T change only by a certain specified amount. After completion 
of the iterations,

diag (T £(ff1) T1 + A  ) = diag 2

but,

non-diag, T (iff1) T1 * non-diag 2

Therefore, we can test the "correctness- of m by asking whether the last
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(p-m) roots of the final iteration are sufficiently close to zero for the 
differences between 2 and T t '+ A  to be explained by sampling variation.

The use of Principal Factoring to obtain estimates of T may be 
criticised because different results are produced when X is re-scaled.

Canonical Factor Analysis

A solution which does not vary according to the scale of X is given by 
Canonical Factoring. This solves the equation:

• I (2 - A )  A “* - vl | = o  

The solution of this equation gives the maximum likelihood solution of 
Lawley (1940, 1942). An iterative solution was proposed by Maxwell 

(1961, 1964) using the principal components of the data as the first 
approximation. The Principal Factoring method has been used in all Factor 
Analysis carried out in this study.
Rotation of the Factors

The problem of rotation has been briefly described in the introduction 
to this Appendix. We have pointed out that the decomposition of the p 
variables into m factors does not have a unique solution. Let T be an 
orthogonal non-singular matrix of order m, then:

T»T = I = TT*

and (5 T) (5 T)1 ss T TT’ff'V  ( V  v  v
= 5 5»

Therefore, 2 = 5 T* + a , irrespective of T. Therefore if a factor analytic 
solution exists for some value of m, it follows that there are an infinite 

number of solutions. Going from one solution to another is known as rotation 

The number of possible solutions may be reduced by introducing certain 
restraints. One such restraint commonly applied is to require that the 5 

common factors are orthogonal and not oblique. This reduces the number of 

solutions considerably, but does not solve the problem since this restraint 
will not produce a unique solution. Also, it is often not a very useful



6 0 G

restraint since oblique factors are often found to make more sense, 

psychologically, than orthogonal factors. Thur stone (1945) has produced 

a number of criteria which must be satisfied in order to produce "simple 
structure” of the pxm 5 matrix of rotated factor loadings. These criteria 
ensure that variables fall into mutually exclusive groups, having high loadings 
on one factor, possibly intermediate loadings on a few other factors and 

virtually no loading on the remaining factors. Thus, Thurstones criteria 
allow for either orthogonal, or oblique solution of the rotation problem.

Originally, an approximation to simple structure was sought graphically 
by pair-wise rotation of the factor axes. Morrison (1967) illustrates 
graphical rotation by means of several examples. When the angle of rotation 
has been determined, new loadings on the rotated factors may be obtained 

approximately as the projections of the variables on the rotated axes, or may 

be determined directlyby post-multiplying the factor loadings on the old 
axes by the transformation matrix:

T - ( cos sin )
\-sin cos /

However, graphical rotation is very tedious and time-consuming, 
especially as the number of factors and variables increases. Therefore, 

later workers have proposed several analytical solutions for orthogonal or 

oblique rotation, using various criteria in an attempt to approximate simple 

structure. Ferguson (1954) and Nehaus and Wrigley (1954) independently produced 
solutions for orthogonal rotation based on what is now known as the quartiraax 

criterion for rotation. Quartimax rotation attempts to maximise the fourth 

powers of the factor loadings. Carroll (1953) also used the quartimax 

criterion for achieving simple structure, but his formulation permitted 
oblique as well as orthogonal solutions.

Kaiser (1958) proposed a different criterion for producing simple



structure, known as the varimax criterion, which attempts to maximise 
the squared loadings in each column of the factor matrix, Harman 
(1967) has made a comparison of the loadings obtained through quartimax 
and varimax rotation, and shown that the varimax criterion produces 
solutions which more nearly approximate simple structure than the 

quartimax criterion, Hendrickson and White (1964) have proposed an 
alternative method of oblique rotation to simple structure known as 
the Promax* method.
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APPENDIX D; MULTIPLE REGRESSION ANALYSIS

The most general form of multiple regression analysis will be 

discussed here, where q error free measurements are used to explain p 

interconnected variates. A full discussion of multiple regression analysis 

may be found in Seal (1968), and we follow Seal in writing the full model as:

Xij ' S  r  A + A 3 A; 'S \  e ' J

*2j = A  Z- . t A  z.j 2O : Oj , J t  23 ^ 3 ) + * e, ZJ
x . = PJ ftp O ^  + A p t + P p z . 4 A »  A/ +■ • P n z f j + ù p]

where are the p-variates.

P  . are the pj regression coefficients for the p variates and the q PJ
measurements.

. is the number of units on which the measurements are made - usually D
the number of individuals.

e . are the error terms.PJ

N.B. The first term on the right hand sides (i.e. 2 is the mean valueJ
and the following terms up to z  ̂ represent the explanatory variables. 

The p component vectors of x measurements are:

' xn  ‘ X2 = X21 ... x =P x . P1
x 12 X22

X „  
P2

Î23
•

x ,  ;p3
•

•

•

x„ •
L 13 ,

•

x _ .L 2 J I--
--

--
--

--
-

►d* CJ. i—
—
--

--
-

Let X = Ex-] x 2 ..... x ]

-fhe same notation is used for e,j,e2 and E
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Now Z = z~. z_„ .. -,
01 02 *• Oj
Z11 Z12 - .... Z1J
Z21
•

•

Z22 *• 
•

•

.... Z2j
•

,*q1
•

z 0 ..q2 .... ^  .

and ^  = ^10 » o

II

I---JB,

^11 /21 /pi
/l2

•
¿22

•
/p2

•

i

• •

/ k .
•

/  pq

Therefore, following the previous notation

B =

The full model may now be re-written as follows:
I

X = 7- B + E
(jxp) (jxq) (qxp) (jxp)

Now premultiplying by Z and replacing B by B its least squares estimate 
(NB Z(E) =0 and Z(E’E) = E, where 0 is a jxp matrix of zeros and

011 *12 *'•
°21» <*22 • • • •

• • • • 'V

°pi v  - pp

i.e

the variance - covariance matrix), we now obtain: 
Z X = Z Z» b

from whence

B * (ZZ»)"1 Z X
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This full model is designated and assumes that all q measurements 

axe affecting the p-vaxiates. The next stage is to eliminate s rows of 
the B_n_ and write the reduced models designated by W as:

X - Z' B + E
(¿*P) (jx(q-s)) ((q-s)x p) (jXp)

The s rows which are eliminated depend on the design of the experiment and
the effects we are interested in. When the W model has been written we

proceed to test the validity of the reduced model by comparing the two sets
of residuals from SL and W respectively. We calculated (N-q) £  and

A  d i -
(N-S)Z. whereW

fZ - X'X - B» ZZ« B (See Seal) 

and B and Z refer to either JL or W provided f is adjusted appropriately. 
The ratio of the determinants is written Up,q-s,f and the variate - 

£f-i(p-q s + 1)J In Up,q-s,f is distributed approximately as chisquare 
with p(q-s) degrees of freedom. If the chisquare is significant, then 
the significance of the p(q-s) values of B omitted from the model axe 
considered to be significant.

This technique is often useful in psychological studies when different 
psychological variables can be partly explained in terms of age, sooio- 

economio status and other similar oauses. It enables a correction to be 

made to the data for the predictor variables so that variation in the 

variable due to other causes can be estimated without being biased by the 
effects of the criterion variables.
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APPENDIX E: MAXIMUM-LIKELIHOOD ESTIMATION AND WEIGHTED
LEAST SQUARES.

MAXIMUM-LIKELIHOOD ESTIMATION

A problem exists when we wish to estimate population parameters from 

a sample and several estimators exist. The criteria used to determine the 

'•best" estimator are based on the distributions of estimates produced by 

the estimators. Four properties of estimators are important in 

discriminating between them and in choosing the "best" estimator.

CONSISTENCY

Consistency is a limiting property, affecting the behaviour of 

estimators (t's) as sample size (n) approaches infinity. A consistent 

estimator is one where the probability that estimates (0's) are close to 

the true values of the parameters (0's) approaches unity, as the sample 

size tends to infinity.

Lack of Bias

An unbiased estimator is one where:

6 (t) = e
for p n  values of n and 0. Thus, a consistent estimate may be biased, but 

consistent estimators must tend to be unbiased as the sample size approaches 

infinity. It is possible that there may be no unbiased estimator for a 

parameter.

E f f i c i e n c y

If we choose consistent, unbiased estimators, then estimators with a 

smaller variance will deviate less, on average, from the true parameter value, 

than estimators with a larger variance. This is known as the criterion 

of minimum variance and an estimator with minimum variance as the sample size 

tends to infinity, is known as an efficient estimator.

S u f f i c i e n c y

Fisher (1921*1925) defined the criterion of the sufficiency of estimators. 

A sufficient estimator is one which uses all the information in the sample 

about the parameter being estimated.



In order to find an estimator that satisfied these criteria, the method 

of Maximum-likelihood is used. Kendall and Stuart (1961) outline the 
principles and show how the best estimator of an effect may be found by 

the method of maximum-likelihood. Fisher has shown that the maximum- 
likelihood estimator satisfies most of the criteria specified above. 
Maximum-Likelihood estimators are consistent, although they are not 

necessarily unbiased. They are sufficient, where a sufficient estimator 

exists, and have minimum variance in larges amples (i.e. they are efficient) 
and sometimes in small samples also. The Maximum-Likelihood estimator is 
asymptotically normally distributed (i.e. its distribution approaches 
normality as the sample size approaches infinity) and shows the property of 

functional invariance (i.e. if 0 is the maximum-likelihood estimate of 0, then
A

f(0) is the maximum-likelihood estimate of f(e) ).

WEIGHTED LEAST SQUARES

When we wish to explain a set of statistics in terms of a linear 
combination of the parameters of a model, then the method of least squares 
provides maximum—likelihood estimates of the parameters, given certain 
assumptions.
These assumptions are:

1. That the observations are independent

2. That the observations are normally distributed

When the statistics are each based on the same number of observations, 
then least squares is used. Where the sample size differs with each 

statistic, the statistics are not known with equal precision and estimates of 

the parameters obtained by least squares are not independent. However, this 

problem may be overcome and maximum-likelihood estimates of the parameters 
obtained by appropriately weighting the statistics. In the method of 

weighted least squares, the statistics are weighted by the inverse of their 

variances. For normally distributed estimates, the inverse of the variance 
is equivalent to the amount of information about that estimate.
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We may now formulate the linear equation for which we wish to find

the least squares estimator:
X = A W 0 + e
A/ /V A j  A/

where

and

X is an n x 1 vector of statistics
/V

A is an n x k matrix of the coefficients of the model
AS

W is an n x n diagonal matrix of weights
A/

0 is a k x 1 vector of the parameters of the model 
e is an n x 1 vector of error terms
A S

The expected value of e , 8(e) = 0, and the variance-covariance
matrix of e is given by V(e) = £( a. e») = o 2 I where I is the n x n identity
matrix. Thus, we are assuming that the e*s are uncorrelated, have zero means 

and the same variance.

To obtain the least squares estimator of 0 , we must minimise the sum 
of squares of X - A V 0 for variation in 0, which is given by:

Sum of Squares =» S = (X - A W 0 )1(X - A W 0)
A S  a s  A s  At a j  AS As

In order to minimise S, we must let ds = 0.
d&

Differentiating, we find:
2A'W (X - A W 0) = 0
AS AS  /V As As AS

which gives the least squares estimator as:

0 = (A*W A )"1(A*W X) ........ (1)
A J  - U - U  M  / U  A/ A /

The matrix (A'W A) is the weighted information matrix. This matrix comprises 

the weighted sums of squares and products of the elements of the column 

vectors of A, the model matrix. The inverse of the information matrix yields 

the variance - covariance matrix of the estimates. The parameter estimates 
are obtained by evaluating equation (1). The variances of these estimates 

are given by the diagonal terms of the variance-covariance matrix. The 

estimates may be tested for significant departures from zero by use of the c test. 

The one-tailed test is used when we expect an estimate to take a particular 

sign. In the absence of any expectation for the sign of a parameter estimate,
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the two-tailed test is used.
If parameter estimates turn out to be non-significant, the 

expectations for these parameters may be dropped from the model and a 
simpler model may be fitted. We now have the problem of deciding which of 
our models are adequate to explain variation in our observations. The 
»'goodness of fit" of a given model may be found since the sum of squares 
of the residuals (i.e. the e»s), (n-k)s2/<y2, is a chisquare with n-k 
degrees of freedom. If this chisquare is significant, the model we have 
fitted is not adequate to explain variation in the trait we are interested 

in and further models must be tested.
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APPENDIX G: TABLES OF BIASES AND POWER

This appendix contains twelve tables, providing information 
about fourteen types of population, each with different genetical and 
environmental causes of variation. The population parameters have been 

specified in the text of part C, The meaning of the symbols used for 
the parameters is briefly summarised in Key A and their contribution 
to the total variation is also given. All the keys are placed 
immediately before the Tables,

The genetical and environmental effects contributing to 

variation in each of the fourteen population types are summarised in 

Key B. Key B also indicates the number of the Table in which 
imformation about a particular population can be found.

The fourteen populations have been classified into five groups, 
whose main interests are additive effects, dominance, genotype- 

environment interaction, cultural transmission and sibling effects.

This classification forms the basis of the discussion in the text,
A number of models have been fitted to each population, using the 

methods described in Section 3 of Part A and Appendix E, in order to 

determine:

1, The contribution of "true” population parameters to parameters 

estimated using the "wrong” model i,e, the biases which may occur 

in model fitting,

20 How heritabilities may be biased when the wrong model is fitted,

3, The number of individuals required for a given estimated parameter 
to be significant at the %  level in 95%  of cases.
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4. The number of individuals required for rejection of the wrong 

model at the 5$ level to occur in 95$ of cases.

The models which were used and appear in the Tables are summarised in 
Key C. The information obtained is presented in two types of table, 

labelled A and B. Additional numbering is used when more than one page 

is required for any table e.g. Table 1B.2 refers to the second page of 

Table IB«
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The "A” Tables

These Tables contain the biases introduced into parameter 
estimates when a wrong model is fitted to a particular population type# 
The contribution of the "true” population parameters to the parameters 
estimated using the wrong model is tabulated. The "true" parameters 

form the column headings. The models fitted to the population are 
numbered downwards. The estimated parameters of the wrong model can 

be read in terms of the "true" parameters e.g, when the E^Eg model is 
wrongly fitted to a population in which the true causes of variation are 
E^ and it can be seen from Table 1A that E^ would be estimated as 

. \  and Eg as $
The following additional points must be noted.

1. No decimal places are given when the contribution of the "true" 
parameter to the estimated parameter is an integer,

2. In other cases, two decimal places only are given.

3. A value of 0.00 indicates that the contribution of the "true" 
parameter to the estimated parameter is less than 0,005.

4. A " - " indicates no contribution of the "true" parameter to the

estimated parameter.



The "B" Tables

1, The columns headed "True Parameter Values" give the variance
produced by the true population parameters, given particular levels of
heritability, assortative mating, dominance, genotype-environment
interaction, genotype-environment covariance produced by cultural
transmission and genotype-environment covariance produced by sibling
effects. For any population type there are a series of different

populations in which the variation produced by the true parameters
differs. These are labelled a, b, c, etc, in Tables 1-10, In Tables
11 and 12, the different populations are characterised by the two 

' 2 2parameters h ^ and p  , where h ^ is the narrow heritability and f  

is the proportion of loci which contribute both to D,, and D«" i,e.It A
the proportion of loci having both direct effects on the phenotype 
and indirect effects on the phenotype of siblings (see text for 

conditions under which this is true). How the different populations 

were specified is explained in the text of Part C.

2, The models fitted to the populations are numbered downwards, and 

their parameters can be determined as the parameters under which there 

are entries in the columns headed 'Sample Sizes Needed to Detect:"

3, The entries in these columns give the number of individuals required 

for estimated parameters to be significant at the 5$ level in 95$ of cases,

4, The number of individuals required for rejection of a wrong model at

the 5$ level in 95$ of cases is given in the column headed "R".
2 25, Estimates of narrow (h N) and broad (h B) heritability are also

2given, where h ^ is defined as:
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.2 4 i>h * 4 m
h N ’ ----^ -----

oand h _ is defined, somewhat unconventionally ass B

2 i ^ + ^  + ̂  + i l  + C + iDg^+Lg*
h B -  ---------------vj-----------------------

and VT is the total variance.
The following additional points must be noted, 

a. Models marked by an asterix are the correct models for the 
population to which they are being fitted, 

bo Where the sample size needed to detect an effect is followed by a 
"X", the estimated value of the effect is negative, 

c. A value given as indicates that the number was greater

than 99t999«



KEY A: SYMBOLS USED FOR GENETICAL AND ENVIRONMENTAL PARAMETERS

SYMBOL CONTRIBUTION TO 
TOTAL VARIATION

MEANING OF SYMBOL

E1 1 Specific environmental variation

E2 1 Common environmental variation

dr
1? Additive genetical variation

M i Additive genetical variation produced by assortative mating
H-r i Dominance variation
I i Systematic genotype-environment interaction
c 1 Variation produced by cultural transmission

V i Variation produced by the contribution of the additive genetical deviations 
of siblings to the environment of their co-siblings

V 1 Covariance between genotype and environment produced by the contribution of 
the phenotypes of sibs to the environments of their co-sibs.

641
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KEY B: GENETICAL AND ENVIRONMENTAL FACTORS CONTRIBUTING TO VARIATION 

IN FOURTEEN POPULATIONS

POPULATION TABLE POPULATION PARAMETERS

1 1 E1 °R

2 1 E1 E2 dr

3 1 E1 dr M

if 2 *1 E2 Dr M

5 3 =1 dr

6 if =1 E2 ^ « R r
7 5 E1 dr Ür M

8 6 E2 ^R «R M

9 7 E2 »r 1

10 8 =1 E2 Dr ! M •

11 9 =1 E2

12 10 . E1 E2 dr c

13 11 dr V ' V
>

lif 12 E2 dr V ’V

Additive effects

Dominance

Genotype-environment
interaction

Cultural transmission

Sibling effects
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KEY C: MODELS FITTED TO THE POPULATIONS

E2

dr

E2 dr

dr M

E1 dr

=L E2 dr M

*1 E2 dr Hr

*1 dr M

E2 dr I

E2 dr C

*1 dr V'* V
E2 dr Hr M

*1 E2 er «R 1

=1 E2 dr V ' V
dr V1' D ' MK
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TABLE 1A

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

E, D-1 R

1 E1 .1 0.25

E2 - 0.25
E, E„1 2 R

1 E1 1 - 0.25
E2 - 1 0.25

2 E1 1 0.46 -

dr - 1.05 1

3 e i 1 0.5 -
dr - 3 1

=R — -4

4 Ei 1 0.51 -

dr - -0.50 1
M - 1.34 -

Ei dr M

1 E1 1 0.25 0.15

E2 - 0.25 0.39

2 E1 1 - -0.04

dr - 1 1.16

3 e i
1 - -0.09

E2 - - 0.12

’h - 1 1.03

4 E1 1 - 0.01

dr - 1 3.18

hr - - -4.17



TABLE 1B.1

MODEL TRUE PARAMETER VALUES SAMPLE SIZES NEEDED TO DETECT: R hB

E 1 E2 d r E1 E2 d r M

1a 112 .5 0 mm 225.00 84 728 ' _ mm 562 -

b 22.50 - 405.00 90 205 - mm — 147 ••

2a 112 .5 0 mm 225.00 117 191 mm — _ 0.50 -

b 22.50 - 405.00 141 - 41 — — — 0.90

1a* 56.25 56.25 225.00 91 160 _ - — 440 - -

b* 11.25 11.25 405.00 91 160 - — - 137 **

2a 56.25 56.25 225.00 127 «• 105 * — 1085 0.63 -
b 11.25 11.25 405.00 142 - 38 — -• 2215 0.92

3a* 56.25 56.25 225.00 221 633 207 — - - 0.50 -

b* 11.25 11.25 405.00 282 1361 42 — — — 0.90

4a 56.25 56.25 225.00 139 1114 13444* mm 1010 0.88 0.63
b 11.25 11.25 405.00 144 - 749 o C  X

— 2151 0.98 0.93

5a 56.25 56.25 225.00 132 « 1040 _ 4544 1237 0.45 0.62
b 11.25 11.25 405.00 142 - 157 - 89594 2171 0.89 0 .92



TABLE 1B.2

MODEL TRUE PARAMETER VALUES SAMPLE SIZES NEEDED TO DETECT: R hB

E D„ M E. E D_ H M
1 R 1 2 R R

1a 112.5 225.0 75.0 86 424 _ 401
b 22.5 405.0 331.4 92 123 - - - 108 - -

2a 112.5 225.0 75.0 122 126 _ 12066 0.59
b 22.5 405.0 331.4 142 - 36 - - 948 0.94 -

3a 112.5 225.0 75.0 176 39354 174 14515 0.57
b 22.5 405.0 331.4 284 67914 37 m» - 919 0.94 -

4a 112.5 2 25.0 75.0 136 M 1160 10244x M 28214 0 .87 0 .58
b 22.5 405.0 331.4 144 - 142 400x 3549 1.84 0.95

5a* 112.5 2 2 5 .0 75.0 129 _ 1222 — 6771 0.57
b* 22.5 405.0 331.4 144 - 207 - 377 - 0.94 «

9f
 9
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TABLE 2A

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS E, D_ M1 2 R

1 E1 1 - 0.25 0.16
- 1 0.25 0.38

2 E1 1 0.47 - -0.03
dr - 1.02 1 1.12

3 E1 1 - - -0.04
E2 - 1 - 0.09
»a - , - 1 0.94

4 E1 1 0.50 - 0.00
dr - 3 1 3.24

*R - -4 - -4.27

5 E1 1 0.51 - -

dr r- -0.37 1 «•
M - 1.22 - 1

6 E1 l 0.52 - -0.03
dr - 0.84 1 1.01

V f - -0.49 - 0.08

V - 0.86 - 0.17

7 E1 l - - -0.01

E2 - 1 - 0.05
D„ 1 ,3,02R
Hr - - - -4.02

8 E1 l - - -0.01

h - 1 - - 0.26

d r
- - 1 - 1.16

I - - - -0.58

9 E1 l 0.49 - -

h - -4.26 1 -
E R

- 5.57 - -
M — 2.25 — 1



TABlS 2B.1

MODEL TRUE PARAMETER VALDES SAMPLE SIZES NEEDED TO DETECT: R 4

E1 E2 d r M E1 E2 d r K d r

1a 56.25 56.25 225.00 75.00 91 14o . 313
b 11.25 11.25 405.00 331.36 92 110 - - - - 98 -

2a 56.25 56.25 225.00 75.00 130 83 904 0.70
b 11.25 11.25 405.00 331.36 142 - 35 - - ' - 611 0.96

3a 56.25 56.25 225.00 75.00 238 604 154 _ . .  - 11680 0 .56
b 11.25 11.25 405.00 331.36 286 1221 37 - - - 890 0.94

4a 56.25 56.25 225.00 75.00 140 513 2582* 1036 1 .1 9
b 11.25 11.25 405.00 331.36 144 - 133 358x - - 1281 1.8 8

5a 56.25 56.25 225.00 75.00 132 170 70304x 982 1545 0.68
b 11.25 11.25 405.00 331.36 144 - 79 - 62248 1166 753 0 .95



TABLE 2B.2

MODEL TRUE PARAMETER VALUES 

E1 E2 °R M E1

SAMPLE SIZES NEEDED TO 

E2 DR HR

DETECT:

I M

R s hB

6a 56.25 56.25 225.00 75.00 135 1099 * '1533 133¿4 0.67
b 11.25 11.25 ¿405. oo 351.36 1¿4¿4 - 188 - - 339 2195 0.96 -

7a 56.25 56.25 225.00 75.00 256 665 1020 77 22* ¿4¿4181 0.85 0.57
b 11.25 11.25 ¿405.00 331.36 285 1289 1¿40 38 2* - - 3579 1.8¿4 o.9¿4

8a 56.25 56.25 225.00 75.00 273 10¿4¿4 190 21113x 15962 0.59 0.51
b 11.2 5 11.25 ¿405.00 331.36 286 IO78 39 - 1357X - 1310 0.9¿4 0.70

9a* 56.25 56.25 225.00 75.00 256 802 822 6133 0.57
b* 11.25 11.25 ¿405.00 331.36 285 1393 185 - - 363 - 0.9¿4 -

10a 56.25 56.25 225.00 75.00 1¿40 00 3¿4¿466 3815x 1300 0.37 0.67
b 11.25 11.25 ¿405.00 331.36 1¿4¿4 - 39¿f30 ©O - 3097 2107 0.91 0.96
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TABLE 3A

MODEL ESTIMATED
PARAMETERS

TRUE PARAMETERS

Ei V hr

1 E1 1 0.25 0.15
E2 - 0.25 0.10

2 E1 1 - 0.02

dr 1 0.47

3 E1 1 - 0.02

E2 - - -0.01
^R - 1 0.49

4 E1 1 - 0.01

dr
— 1 0.63

M - - -0.13



TABLE 3B

MODEL TRUE PARAMETER VALUES SAMPLE SIZES NEEDED TO DETECT: R hB

E1 dr «R E1 E2 d r M
1a 112.5 150.0 150.0 84 820 mm 587b 22.5 270.0 270.0 89 252 — 156
c 112.5 200.0 50.0 84 756 - — — 567 «• mm

d 22.5 560.0 90.0 90 213 - - - 152 - -

2a 112.5 150.0 150.0 116 « 199 «■ 71089 0.49
b 22.5 270.0 270.0 141 - 41 — — 15405 0.90 mm

c 112 .5 200.0 50.0 117 • 193 - - O© O .50 mm

d 22.5 560.0 90.0 141 - 41 - - o*0 0.90 -

3a 112.5 150.0 150.0 153 oO X 260 mm 72038 0.49
b 22.5 270.0 270.0 270 42 mm — 13P48 0.90 _

c 112.5 200.0 50.0 156 255 mm « 0 © 0.50
d 22.5 560.0 90.0 270 42 - C » 0.90 -

4a* 112.5 150.0 150.0 154 9505 ^0853 0.53 0.50
b* 22.5 270.0 270.0 144 - 2511 8464 — _ 0.60 0.90
c* 112.5 200.0 50.0 154 - 5208 « « 0.44 0.50
d* 22.5 560.0 90.0 144 - 1206 68455 - 0.80 0.90

5a 112.5 150.0 150.0 125 865 78126x 0.50
b 22.5 270.0 270.0 14 2 - 151 - 12976x 38499 0.90 —

c 112.5 200.0 50.0 125 - 951 — X
0 0 0.50 _

d 22.5 560.0 90.0 142 - 159 -
X 0 0 0.90 -
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TABLE 4A

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS E, E„ D„ H_1 2 R R

1 E1 1 - 0.25 0.15
E2 - 1 0.25 0.10

2 E1 1 0.46 - 0.01

dr - 1.05 1 0.49

3 E1 1 - - 0.01

E2 - 1 - —0.01

er - - 1 0.51

4 E1 1 0.50 - -

dr . - 3 1 -

hr — -4 mm 1

5 E1 1 0.53 - 0.01

dr - 0.80 1 0.49
V mm 0.46 - 0.02

V - 0.85 - -0.02

6 E1 1 0.51 - 0.00

dr - 0.55 1 0.67
M - 1.38 - -0.16

7 Ei 1 - - 0.01

E2 - 1 - -0.04
^R - - 1 0.47
I - - - 0.09

8 E1 1 - - 0.00

E2 - 1 - 0.01
\ - . - 1 0.68
M mm -  • -0.18

9 E1 1 0.49 - -

dr - -4.05 1 -

e r - 5.21 - 1
M — 2.23 —



TABLE 1+B.1

MODEL TRUE PARAMETER VALUES SAMPLE i

E1 E2 d r E1 E2

1a 56.25 56.25 150.00 150.00 91 171
b 56.25 56.25 200.00 50.00 91 161+
c 11.25 11.25 270.00 270.00 90 181
d 11.25 11.25 560.00 90.00 91 168

2a 56.25 56.25 150.00 150.00 127 -

b 56.25 56.25 200.00 50.00 127 -

c 11.25 11.25 270.00 270.00 11+2 -

d 11.25 11.25 360.00 90.00 1*+2 —

3a 56.25 56.25 150.00 150.00 218 677
b 56.25 56.25 200.00 50.00 221 i+08
c 11.25 11.25 270.00 270.00 282 1i+15
d 11.25 11.25 360.00 90.00 282 1379

ba. 56.25 56.25 150.00 150.00 139 -

b 56.25 56.25 200.00 50.00 139 mm

c 11.25 11.25 270.00 270.00 1M+ -
d 11.25 11.25 36O.OO 90.00 1H —

5a 56.25 56.25 150.00 150.00 128 -
b 56.25 56.25 200.00 50.00 128 -
c 11.25 11.25 270.00 270.00 1l+2 -
d 11.25 11.25 36O.OO 90.00 11+2 —



SIZES NEEDED TO DETECT:

D H D *' D '
R R R R

108

mm

-

107 - - -

38 - - -

38 - - -

208
208 — — -

42 - -

k z - - -

1800
0 0  X

1296 22779X — -

1760 11524 - -

969 CO - —

217 ^1965? 1363
213 — 36568* 1217

85
o o

85 -
0 0  x

62658

R hN hB

if 64
450 - -
147 - -
137 - -
1154 0.63 - C5
1110 0.63 - CT
2024 0.93 - U
2229 0.93 -

49593 0.50 -
00 0 .50 -

12124 0.90 - ’
oO 0.90 - ■

1120 0.71 0.63
1105 0 .82 0.63
2161 0.68 0.93
2156 0.88 0.93
1868 0 .6 1
1892 0 .6 1 -
1877 0.93 -
2112 0.93 -



TABLE 4B.2

MODEL TRUE PARAMETER VALUES SAMPLE SIZES NEEDED TO DETECT: R 4  4

E1 E2 dr «R E1 E2 DR I M

6a 56.25 56.25 150.00 150.00 132 868 9112 1222 0.61
b 56.25 56.25 200.00 50.00 132 — 975 — 5629 1237 0.61
c 11.25 11.25 270.00 270.00 142 - 144 — - 29198 2034 0.93d 11.25 11.25 360.00 90.00 142 - 170 - - 00 2151 0.93 -

7a* 56.25 56.25 150.00 150.00 249 668 8184 30420 0.33 0.50
b* 56.25 56.25 200.00 50.00 249 661 4427 o o « 0.44 0.50
c* 11.25 11.25 270.00 270.00 284 1369 2232 7968 — • 0.60 0.90
d* 11.25 11.25 360.00 90.00 284 1364 1162 64018 - - - 0.80 0.90

8a 56.25 56.25 150.00 150.00 268 1829 326 co 56711 0.49 0.52
b 56.25 56.25 200.00 50.00 269 1572 315 - oc? — c s O 0.50 0.51
c 11.25 11.25 270.00 270.00 286 0 0 43 - — 14324 0.90 0.95d 11.2 5 11.25 360.00 90.00 286 84269 ^3 - C O - 0 0 0.90 0.92

9a 56.25 - 56.25 150.00 150.00 250 713 625 42184X 0 0 0.50 mm

b 56.25 56.25 200.00 50.00 250 722 700 — —
0 0

0.50
c 11.25 11.25 270.00 270.00 285 1340 141 - - 11588* 38622 0.90 —

d 11.25 11.2 5 360.00 90.00 285 1363 150 - - 89691* 0.90 -
10a 56.25 56.25 150.00 150.00 139 00 x 11798 6146 1237 0.11 0.62
b 56.25 56.25 200.00 50.00 139 - 19049 - 6140 1217 0.22 0.62
c 11.25 11.25 270.00 270.00 144 - 19753 16544 — oC 2097 0.55 0.92
d 11.25 11.25 360.00 90.00 144 - 9170 76414 - o O 2092 0.75 0.92
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MODEL ESTIMATED 
PARAMETERS

TABLE 5A

1

2

3

4

5

6

7

8

9

E:
E„

E,

R

E,

E1
DR
=*

E,
R
V ‘V
E,

M

E.

R
H]

EI
E.
D. 
I

E]
E,

R

R

R

TRUE PARAMETERS

E1 . d r h M

1 0.25 0.15 0.15
- 0.25 0.10 0.40

1 - 0.01 -0.05
mm 1 0.48 1.18

1 - 0.02 -0.11
- - -0.11 0.13
- 1 0.49 1.04

1 - - 0.01
- 1 - 3.11
- - 1 -4.06

1 - 0.01 -0.03
- 1 0.48 1.05
- - 0.02 0.03
- -  ■ -0.02 0.16

1 - 0.01 -

- 1 0.64 -

- - -0.14 1

1 - - -0.03
- - - 0.09
- 1 - 2.85
- -  ■ 1 -3.71

1 - 0.01 -0.02
- mm -0.03 0.30
- 1 0.48 1.19
- - 0.06 -0.67
1 - 0.00 -

_ mm 0.01 _

1 0.65
-0.15 1



TABLE 5B.1

MODEL TRUE PARAMETER VALUES SAMPLE SIZES

E1 d r M E1 E2 d r

1a 112 .5 0 150.00 150.00 30.00 84 621
b 22.50 270.00 270.00 115.71 91 171 -

c 112 .5 0 200.00 50.00 57.14 85 482 —

d 22.50 360.00 90.00 240.00 91 136 -
2a 112.50 150.00 150.00 30.00 120 _ 164
b 22.50 270.00 270.00 115.71 142 — 38
c 112 .5 0 200.00 50.00 57.14 121 - 139
d 22.50 360.00 90.00 240.00 144 - 37

3a 112.50 150.00 150.00 30.00 164 o C > 219
b 22.50 270.00 270.00 115.71 276 o*=> 39
c 112 .5 0 200.00 50.00 57.14 172 72130 189
d 22.50 360.00 90.00 240.00 280 88286 38

4a 112 .5 0 150.00 150.00 30.00 135 3934
b 22.50 270.00 270.00 115.71 144 — 537
c 112.50 200.00 50.00 57.14 136 — 1673
d 22.50 360.00 90.00 240.00 144 - 207

5a 112 .5 0 150.00 150.00 30.00 124 290
b 22.50 270.00 270.00 115.71 142 - 86
c 112 .5 0 200.00 50.00 57.14 126 — 255
d 2 2 .5 0 360.00 90.00 240.00 142 - 84



NEEDED TO DETECT: R hB

H d '1 D 1
R R R

508
— — - 137 - -

_ — 440 — -
- - - 117 - -

a,. 0.53 _
- — - 9788 0.92 - C?— — — 25339 0.57 - O
- - “ 1633 0.94 —

-- ô =* 0.53 —
_ — — 9646 O .92 -
* — - 31059 0.55 -
mm - . - 1589 0.93 -

_ 00 0.50 0.53
14413* _ — 14266 1 .12 0.92
28605* 44801 0.74 0.56

854* - - 5148 1.61 0.94

®o <=>C> oO 0.53_ 0 ? 19183 14960 0.92 -
O-P 66275 32335 0.56 -

- 68734 2730 2264 0.93 - '



TABLE 5B.2

MODEL TRUE PARAMETER VALUES SAMPLE SIZES

Ei d r hr M E1 E2 DR

6a 112.50 150.00 150.00 50.00 126 735b 22.50 270.00 270.00 115.71 142 _ 174
c 112.50 200.00 50.00 57.1*» 128 1107
d 22.50 560.00 90.00 240.00 144 - 196

7a 112.50 150.00 150.00 50.00 194 30 4670
b 22.50 270.00 270.00 115.71 279 546
c 112.50 200.00 50.00 57.1** 199 00 2006
d 22.50 560.00 90.00 240.00 280 cO 211

8a 112.50 150.00 150.00 50.00 24 2 oO 255
b 22.50 270.00 270.00 115.71 285 11721 39
c 112.50 200.00 50.00 57.1^ 247 51126 208
d 22.50 560.00 90.00 240.00 286 2545 39

9a 112.50 150.00 150.00 50.00 199 aO 956
b 22.50 270.00 270.00 115.71 280 OO 174
c 112.50 200.00 50.00 57.14 202 oO 1128
d 22.50 560.00 90.00 240.00 281 196

10a* 112.50 150.00 150.00 50.00 135 45299
b* 22.50 270.00 270.00 115.71 144 — 23333
c* 112.50 200.00 50.00 57-14 136 - 50548
d* 22.50 560.00 90.00 240.00 144 - 25054



NEEDED TO

hr

I DETECT 

I

•
•

M

R hB

00 00 0.53
• — 6729 73152 O.92 -

« _ 14779 0.56 -

- - 747 OO O .94 -
oO OO 0.49 0.53

14849* — - 13933 1.11 O .92
36882* . - - 53920 O.7I 0.55
865* - - 5OO6 1.61 O .94

_
o o x oO 0.53 O.5I

12174* « 1976 0.92 O .83
. . 53037^ - 46728 0.57 O.5O
- 2416X - 2552 0.94 0.74

t? C 7 OO 0.53
_ — 6861 70488 0.92 -

_ - 18131 00 0.56 -

- - 754 G > o 0»94- -
o*> 91133 O .38 0.53

45341 — 10874 - 0.68 0.92
0 0 • 30560 - 0.51 0.56
00 — 4643 - 0.87 0.93



6 5 8

TABLE 6A.1

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

E1 E2 d r M

1 E1 1 - 0.25 0.15 0.16

*2 - 1 0.25 0.10 0.38

2 E1 1 0.46 - 0.01 -0.03

dr - 1.04 1 0.49 1.14

3 E1 1 - - 0.01 -0.05

E2 - 1 - -0.01 0.09

d r - - 1 0.51 0.95

4 E1 1 0.50 - - 0.00
Dr - 3 1 - 3.19

mm -4 - 1 -4.17

5 E1 1 - - - -0.01

E2 - 1 - - 0.05
dr - - 1 - 2.97

h r - - mt 1 -3.94

6 E1 1 - - 0.01 -0.01

E2 - 1 - -0.04 0.27
DR -  ■ - 1 0.48 1.18
I - - - 0.09 -0.61

7 E1 1 0.49 - - -
Dr - -4.12 1 - -

Hr - 5.33 - 1 -
M - 2.24 - - 1

8 E1 1 - - - 0.00

E2 - 1 - - 0.14
- - 1 - 2.83

Hr - - • - 1 -3.45
I - - - - -0.29



6 5 9

TABLE 6A.2

MODEL ESTIMATED
parameters .

TRUE
E1

PARAMETERS
E2 d r hr M

9 E1 1 - - 0.00 -

E2 - 1 - 0.02 -

dr - - 1 0.72 -

I - - - -0.03 -
M - - - —0.20 1

10 E1 1 0.51 - 0.00 -

dr - -0.49 1 0.68 -
M - 1.33 - -0.17 1

11 E1 1 - - 0.00 -

E2 - 1 - 0.01 mm

*R - - 1 0.69 -

M - - - -0.19 1

12 B1 1 0.52 - 0.01 -0.03

4 - 0.81 1 0.49 1.03
V - -0.47 mm 0.02 0.07

V - 0.85 mm -0.02 0.16

13 E1 1 - - 0.00 -0.02

E2 - 1 - 0.01 0.00

e r - - 1 0.48 1.03

V - mm ' - 0.03 -0.01

V - - - -0.03 0.17

14 E1 1 0.53 - 0.00 -

e r - 0.48 1 0.68 mt

M - 0.33 - -0.18 1

V 1
- -0.52 - 0.03 -

V - 0.80 - 0.01 -



TABLE 6B.1

MODEL TRUE PARAMETER VALUES SAM

E1 E2 d r hr M
E1

1a 56.25 56.25 150.00 150.00 30.00 91
b 56.25 56.25 200.00 50.00 57.1^ 91
c 11.25 11.25 270.00 270.00 115.71 91d 11.25 11.25 360.00 90.00 21+0.00 92

2a 56.25 56.25 150.00 150.00 30.00 128
b 56.25 56.25 200.00 50.00 57.1^ 130
c 11.25 11.25 270.00 270.00 115.71 1l+2
d 11.25 11.25 360.00 90.00 21+0.00 11+2

3a 56.25 56.25 150.00 150.00 30.00 227
b 56.25 56.25 200.00 50.00 57.12+ 232
c 11.25 11.25 270.00 270.00 115.71 281+
d 11.25 11.25 360.00 90.00 21+0.00 285

l+a 56.25 56.25 150.00 150.00 30.00 139
b 56.25 56.25 200.00 50.00 57.11+ 11+0
c 11.25 11.25 270.00 270.00 115.71 141+
d 11.25 1 1 .2 5 360.00 90.00 21+0.00 11+1+

5a 56.25 56.25 150.00 150.00 30.00 253
b 56.25 56.25 200.00 50.00 57.1^ 255
c 11.25 11.25 270.00 270.00 115.71 285
d 11.15 11.25 360.00 90.00 21+0.00 285



PLE SIZES NEEDED TO DETECT >,2 v,2h hB

E2

160

dr “r

if01
1^7 -  — 3if2 - -  ,

_  _ 127 - -

120 - 108 - -

96 1095 0.66 _
87 977 0.68 mm

37 1677 0.9if -

mm 36 860 0.95 -

658 181 0.53 -

616 163 26913 0.55 -

1291 39 9739 0.92 -

123^ 37 I3if0 0.93 -
_ 115^ 19256* 1095 0.86 0.65

667 i*2*09i 1056 1.08 0.67
6̂8 93if6 1789 1.18 0.9^

- 190 737* 1ifif7 1.66 0.95

67^ 3^75 0 0 x OO 0.50 0.53
669 lif7̂  22190* 71793 0.73 0.55

131^ 522 13711 1if77if 1 .12 0.92
129^ 202 813 52ifO 1.61 0.94

6
8

0



TABLE 6B.2

MODEL TRUE PARAMETER VALUES

E1 E2 dr hr M E1 E2

6a 56.25 56.25 150.00 150.00 30.00 270 1541
b 56.25 56.25 200.00 50.00 57.14 272 1190
c 11.25 11.25 270.00 270.00 115.71 286 5688
d 11.25 11.25 360.00 90.00 240.00 286 1648

7a 56.25 56.25 150.00 150.00 30.00 139
b 56.25 56.25 200.00 50.00 57.14 140 —

c 11.25 11.25 270.00 270.00 115.71 144 —

d 11.25 11.25 360.00 90.00 240.00 144 -

8a 56.25 56.25 150.00 150.00 30.00 278 1762
b 56.25 56.25 200.00 50.00 57.14 278 1732
c 11.25 11.25 270.00 270.00 115.71 286 9759
d 11.25 11.25 360.00 90.00 240.00 286 6090

9a* 56.25 56.25 150.00 150.00 30.00 255 817
b* 56.25 56.25 200.00 50.00 57.14 256 831
c* 11.25 11.25 270.00 270.00 115.71 285 1397
d* 11.25 11.25 360.00 90.00 240.00 285 1397

10a 56.26 56.25 150.00 150.00 30.00 274 2557
b 56.25 56.25 200.00 50.00 57.14 275 3041
c 11.25 11.25 270.00 270.00 115.71 286 42039
d 11.25 11.25 36O.OO 90.00 240.00 i 286 98327

R

260
213
41
39

oo x  
X

r o m  TO DETECT: R hN 4
hr 1

O ©  x

M

00 0.53 0.52
- 46023* - 39218 0.57 0.51
mm 12216 _ 19746 0.92 0.84
- 2269* - 2454 0.94 0.74

13492 4874 1281 0.18 0.64 C324197 - 4157 1291 0.30 0.66 C330414 - 7740 2112 0.64 0.94 H'C O
- 3960 2112 0.84 0.95

*>° X 00 0.49 0.52
37755*

O C  x
92737 0.71 0.5342360 25094* — 25051 1.05 0.86

1503X 1110/ - 8585 1.50 0.85

O O 0.38 0.53
o*=> - 48123 • 0.51 0.56

*f?107 - 11619 0.68 0.92
00 - 4872 - O .87 0.93

1295 
156 5 
276 
322

ca> x
I x 23495 
- O» x 15022

0 0 x 1132
80955
o O

0.53
0.56
0.92
0.94

0.52
0.55
0.90
0.93O ©



TABLE 6B .3

MODEL TRUE PARAMETER VALUES SA

E1 E2 d r M E1

11a 56.25 56.25 150.00 150.00 30.00 133
b 56.25 56.25 200.00 50.00 57.14 134
c 11.25 11.25 270.00 270.00 115.71 144
d 11.2 5 11.25 360.00 90.00 240.00 144

12a 56.25 56.25 150.00 150.00 30.00 254
b 56.25 56.25 200.00 50.00 57.14 255
c 11.25 11.25 270.00 270.00 115.71 285
d 11.2 5 11.25 360.00 90.00 240.00 285

13a 56.25 56.25 150.00 150.00 30.00 129
b 56.25 56.25 200.00 50.00 57.14 130
c 11.25 11.25 270.00 270.00 115.71 142
d 11.25 11.25 360.00 90.00 240.00 142

14a 56.25 56.25 150.00 150.00 30.00 276
b 56.25 56.25 200.00 50.00 57.14 276
c 11.25 11.25 270.00 270.00 115.71 286
d 11.25 11.25 360.00 90.00 240.00 286

15a 56.25 56.25 150.00 150.00 30.00 130
b 56.25 56.25 200.00 50.00 57.14 135
c 11.25 11.25 270.00 270.00 115.71 144
d 11.25 11.25 36O.OO 90.00 240.00 144



MPLE SIZES NEEDED TO DETECT: R 4
E2 de M dh de

886 ^580 _ mm 1271 0.64
- 1016 182 — mm 1315 0.66
— 162 k$9k - — 2112 0.94
- 180 645 - - 2190 0.95
752 652 0 0 oO 0.53
785 756 15156 — — CU? 0.56
1369 160 6838 — — 72839 0.92
1389 178 720 - - oi? 0.93

195 55151* 1264 1833 0.64
— 178 — 62491 1070 1682 0.66
— 81 — 60 6789 1848 0.94
- 80 - £30 1796 1066 0.95

1103 345 O O 00 x Oi? 0.53
1128 300 - C£> 836O6 30257 0.56
1406 87 — OO 18709 14642 0.92
1437 84 - 81073 2586 2097 0.93

73k 83246 ^1673* 1987 1799 0.63
— 8k8 10200 29555* 2191 1853 0.66
- 235 11182 * 53305 1980 0.94
- 278 1140 77210 2048 0.95



6 G 3

TABLE 7A

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS E, E_ Dn I

1 2 R

1 EI 1 - 0.25 0.25
E2 - 1 0.25 0.25

2 E1 1 0.45 - 0.25

* - 1.07 1 0.25

3 E1 1 - - 0.07
E2

- 1 - 0.25
\ - - 1 0.43

4 E1 1 0.50 - 0.25
d r - 3 1 0.50

«a -4 - -

5 Ei 1 0.53 - 0.26

dr - 0.77 1 0.40
V - -0.44 - 0.10

V - 0.84 - 0.08

6 e i 1 0.51 - 0.25
d h - -0.53 1 0.50
M - 1.36 - -

7 Ei 1 - - 0.05

E2
- 1 mm 0.27

»k - - 1 -0.40

h r
- - - 1.62

8 E1
1 - - 0.04

h
- 1 a» 0.30

’s - - 1 0.91
M - - - -0.50

9 E1
1 0.48 - 0.25

»k - -4.07 1 0.50

h
- 5.27 - mm

M - 2.23 — -



TABLE 7B.1

MODEL TRUE PARAMETER VALUES SAMPLE

E1 E2 d r I E1 E2

1a 56.25 56.25 180.00 45.00 91 160
b 11.25 11.25 360.00 45.00 91 160
c 56.25 56.25 135.00 90.00 91 160
d 11.25 11.25 315.00 90.00 91 160

2a 56.25 56.25 180.00 45.00 123 —
b 11.25 11.25 360.00 45.00 141 -
c 56.25 56.25 135.00 90.00 120 -
d 11.25 11.25 315.00 90.00 139 —

3a 56.25 56.25 180.00 45.00 215 477
b 11.25 11.25 360.00 45.00 281 489
c 56.25 56.25 135.00 90.00 213 395
d 11.25 11.25 315.00 90.00 282 354

4a 56.25 56.25 180.00 45.00 136 -
b 11.25 11.25 360.00 45.00 142 -
c 56.25 56.25 135.00 90.00 135 -
d 11.25 11.25 315.00 90.00 142 ■ ”

5a 56.25 56.25 180.00 45.00 124 -
b 11.25 11.25 360.00 45.00 141 -
c 56.25 56.25 135.00 90.00 121 -
d 11.25 11.25 315.00 90.00 140 -



2 2SIZES NEEDED TO DETECT: R hg

Da «R dr'

_ . 215
_ mm — — 152 - -

_ - - - 665 - -

- - - - 171 - —

120 mm _ 802 0.59 _

689 0.88 - 05

159 « 636 0 .54 - O

51 - - - 479 0.83 —

269 mm 31323 0 .44 _

55 « 17844 0.81 -

352 — 8252 0.39 -

68 - - - 4805 0 .74 -

1308 14413* 807 0.83 0 .58
868 00 X • 670 0.93 0.88

1545 15398* _ « ’ 636 0 .76 0 .5 3
1011 OC? * - - 464 0.88 0.83

262 55OO6* 1023 1252 0 .55 _

96 — 00 X 1^785 665 0.87 -

336 00 * 920 944 0.49 -

110 — û£> 3C 9286 464 0.82 -



TABLE 7B.2

MODEL TRUE PARAMETER VALUES SAMPLE

E1 E2 d r I E1 E2

6a 56.25 56.25 180.00 45.00 128
b 11.25 11.25 360.00 45.00 142 -
c 56.25 56.25 135.00 90.00 126 -

d 11.25 11.25 315.00 90.00 141 —

7a 56.25 56.25 180.00 45.00 247 487
b 11.25 11.25 360.00 45.00 284 488
c 56.25 56.25 135.00 90.00 248 397
d 11.25 11.25 315.00 90.00 285 354

8a* 56.25 56.25 180.00 45.00 269 1459
b* 11.25 11.25 360.00 45.00 286 37714
c* 56.25 56.25 135.00 90.00 269 1456
d* 11.25 11.25 315.00 90.00 286 37702

9a 56.25 56.25 180.00 45.00 248 524
b 11.25 11.25 360.00 45.00 284 493
c 56.25 56.25 135.00 90.00 249 4i8
d 11.25 11.25 315.00 90.00 285 357

10a 56.25 56.25 180.00 45.00 136 _

b 11.25 11.25 360.00 45.00 142 -

c 56.25 56.25 135.00 90.00 135 -

d 11.25 11.25 315.00 90.00 142 -



SIZES NEEDED TO DETECT 2 2 
*>» »B

db “r I M

1472 _ *+637 875 0.56
195 — - 91307 674 0.87 -

2141 — - 4726 680 0.51 -

243 - 92973 469 0.82 -

6704 O O 3510 0.36 0.44
1471 53345 - - 21540 0.70 0.81
16347 33355 — - 9069 0.23 0.39
2744 13703 - - 5906 0.52 0.74

559 18666 _ 0.4o 0.50
66 — 10628 _ - 0.80 0.90

1109 — 5029 - - 0.30 0.50
108 - 2958 - - 0.70 0.90

808 61755^ 41878 0.44
17 k — — 22883* 30609 0.81 -

865 — - 17630* 10501 0.38 -
185 - - 6254 57113 • 0.73 —

0 0  x 26501 6157 846 0.23 0.57
79^9_ — o<£> 645 0.80 O .87
o ^ X 27^75 — 6175 650 0.18 0.52

9078 OO - O O 450 0.75 0.82

Cl
C3
Cl



6 G 6

TABLE 8A.1

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS E, E„ Dd I M1 2 R

1 E1 1 - 0.25 0.25 0.16

E 2 - 1 0.25 0.25 0.38

2 Ei 1 0.46 - 0.25 -0.04

»K - 1.05 1 0.50 1.15

3 E1
1 - - 0.06 -0.05

h
- 1 - 0.27 0.10

\ - ■ - 1 0.43 0.93

4 h
1 0.50 — 0.25 0.01

4 - 3 1 0.50 3.21
\

- -4 - - -4.22

5 h
1 - - 0.40 -0.01

E2 - 1 mm 0.29 0.53

4 - - 1 -0.44 2.97

“e - - - 1.69 -3.95

6 E1
1 - - mm -0.01

4 - 1 - - 0.26

4 - - 1 - 1.19
i - - - 1 -0.61

7 Ei 1 0.49 - 0.25 -

Dr
- -4.17 1 0.50 mm

Er
- 5.43 - - mm

M - 2.24 mm - 1

8 E1
1 - - mm 0.00

E2
- 1 - - 0.14

Hr
M» - 1 - 2.83

hr
- - - - -3.46

I - - - 1 -0.28



6 8 7

TABLE 8A.2

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

Y E2 dr I M

9 E1 1 - - 0.05 -

E2
- 1 ■— 0.33 -

* - - 1 1.88 -

- - - -1.41 -
M - - - -0.78 1

10 E1 1 0.51 - 0.25 -

dr - -0.45 1 0.50 -
M - 1.28 - - 1

11 E1
1 - - 0.03 -

E2
- 1 - 0.32 -

d r - - 1 0.90 -

M - - - 0.51 1

12 E1
1 0.52 - 0.25 -0.04

dr - 0.80 1 0.41 1.04

V  -' - -0.45 - 0.08 0.07

V - 0.85 - 0.08 0.16

13 E1
1 - - 0.00 -0.02

E2
- 1 - 0.45 0.00

d r - - 1 0.07 1.05
V - - - 0.33 -0.03

V - - - -0.30 0.16

14 E1
1 0.54 - 0.25 -

h
- 0.50 1 0.52 -

M - 0.32 - -0.09 1

d r U - -0.55 - 0.07 -

V - 0.80 - 0.10 - ■



TABLE 8B.1

MODEL TRUE PARAMETER VALUES S AK

E1 E2 d r I M E1

1a 56.25 56.25 180.00 45.00 45.00 91b 56.25 56.25 135.00 90.00 23.82 91
c 11.25 11.25 360.00 45.00 240.00 92
d 11.25 11.25 315.00 90.00 169.62 92

2a 56.25 56.25 180.00 45.00 45.00 127
b 56.25 56.25 135.00 90.00 23.82 122
c 11.25 11.25 360.00 45.00 240.00 142
d 11.25 11.25 315.00 90.00 169.62 141

3a 56.25 56.25 180.00 45.00 45.00 229
b 56.25 56.25 135.00 90.00 23.82 220
c 11.25 11.25 360.00 45.00 240.00 285
d 11.25 11.25 315.00 90.00 169.62 285

4a 56.25 56.25 180.00 45.00 45.00 138
b 56.25 56.25 135.00 90.00 23.82 135
c 11.25 11.25 360.00 45.00 240.00 144
d 11.25 11.25 315.00 90.00 169.62 142

5a 56.25 56.25 180.00 45.00 45.00 253
b 56.25 56.25 135.00 90.00 23.82 251
c 11.25 11.25 360.00 45.00 240.00 285
d 11.25 11.25 315.00 90.00 169.62 285



IPLE SIZES NEEDED TO DETECT: u2 ,2
»N hB

E2

147

DR

«• 418
153 - . - 564 - -

117 M mm 113 - -
124 - - 131 - -
•* 107 749 0.63 _

— 140 • 623 0.57 -

«» 38 «„ 442 0.92 -

- 44 - 381 0*88 -

464 213 36593 0.48 _

388 299 - 11227 0.41 -
482 45 — 1770 O .87 -

358 59 - 4038 0.79 —

761 4576* 795 1.03 0.62
1111 7732J 637 O .89 0.55
183 626* 585 1.69 0.92

- 262 1188X 439 1.49 0.88

497 2290 66744x 50540 0.59 0.48
401 6436 OO 10969 O.36 0.41
486 221 839^ 8221 1.53 O .87
358 395 2608 12024 1.20 0.80

6 G 8
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TABLE 8B

MODEL TRUE PARAMETER VALUES

E1 E2 d r I M

11a 56.25 56.25 180.00 ¿*5.00 ¿+5.00
b 56.25 56.25 135.00 90.00 23.82
c 11.25 11.25 360.00 ¿*5.00 2hO,QO
d 11.25 11.25 315.00 90.00 169.62

12a 56.25 56.25 180.00 ¿*5.00 ¿*5.00
b 56.25 56.25 135.00 90.00 23.82
c 11.25 11.25 360.00 ¿*5.00 2Î+0.00
d 11.25 11.25 315.00 90.00 169.62

13a 56.25 56.25 180.00 ¿*5.00 ¿*5.00
b 56.25 56.25 135.00 90.00 23.82
c 11.25 11.25 360.00 ¿*5.00 2¿*0. 00
d 11.25 11.25 315.00 90.00 169.62

1*ta 56.25 56.25 180.00 ¿*5.00 ¿*5.00
b 56.25 56.25 135.00 90.00 23.82
c 11.25 11.25 360.00 ¿*5.00 2i*0.00
d 11.25 11.25 315.00 90.00 169.62

15a 56.25 56.25 180.00 ¿*5.00 ¿*5.00
b 56.25 56.25 135.00 90.00 23.82
c 11.25 11.25 36O.OO ¿*5.00 2k0.00

d 11.25 11.2 5 315.00 90.00 169.62



SAMPLES SIZE NEEDED TO DETECT: R *5

E. E_ D_ M d " d '1 2 R R R

132 1527 2261 917 0.60
127 _ 2186 3135 • - 695 0.54
142 _ 231 562 - - 677 0.92 *
142 - 285 997 - - 471 O .87

253 536 868 70188 49336 0.49 a
251 432 901 86566* - - 11509 0.41 “i
285 306 211 779 - - 57113 O .87 0
285 371 223 2559 - - 13470 0.80

127 218 80412* 955 1164 0.60
122 mm 293 * <=o X 900 921 0.52
142 86 0m 1491 481 O .92
141 - 97 - O O 1879 398 0.87

273 758 451 0 0 00 x 47033 0.47
275 565 803 28648 11383* 51661 0.36
286 536 101 - 67476 4672 1978 0.87
286 403 130 - 49634 00 3886 0.79

133 1157 11882 35382* 1740 1224 0.60
129 1545 30768 70865 1376 91^ 0.52
142 — 339 Otf> 28432 1038 633 0.92
142 - 379 C O 13750 2077 444 0.8 7
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TABLE 9A.1

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS E, Ert D_ H_ I

1 2 R R

1 E1 1 - 0.25 0.15 0.25

E2
- 1 0.25 0.10 0.25

2 E1 1 0.45 mm 0.01 0.25
dr - 1.07 1 0.48 0.50

3 E1 1 - - 0.03 0.18

E2
- 1 - -0.01 0.18

* - - 1 0.46 0.29

4 E1
1 0.50 - - 0.25

dr - 3 1 - 0.50

hr - -4 - 1 -

5 E1
1 - - - 0.05

E2
- 1 - - 0.27

*R - - 1 - -0.40
- mm - 1 1.64

6 E1
1 - - 0.01 -

E2 - 1 - -0.04 -
»r - - 1 0.47 -
I - - - 0.10 1

7 E1
1 0.48 - 0.25

* - -4.01 1 - 0.50

hr - 5.17 - 1 -
M - 2.23 - ■ - -

8 E1
1 - - - 0.04

E2
- 1 - - 0.31

>r - - 1 - 1.76

Hr - - - 1 -1.22

M - - - - -0.74



TABLE QA.2

r O  
i

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

Ei E2 dr I

9 E1
- - 0.00 mm

E2 - 1 - 0.02 -
Dr - - 1 0.71 -
I - - - -0.03 1

M - - - -0.20 -

10 E1
1 0.52 - 0.01 0.25

4 - -0.57 1 0.66 0.50
M - 1.40 - -0.16 -

11 E1
1 - - 0.00 0.04

E2
- 1 - 0.01 0.30

4 - - 1 0.68 0.92
M — — — -0.18 -0.51

12 E1 1 0.53 - 0.01 0.26

Dr - 0.77 1 0.48 0.40
Dr ' * - -0.44 - 0.02 0.10

V - 0.84 - -0.02 0.08

13 E1
1 - - 0.00 0.01

E2
- 1 - 0.01 0.44

Dr - - 1 0.47 0.08

V - - mm 0.04 0.33

V - - - -0.04 -0.29

14 Ex 1 0.55 - 0.01 0.25

4
M

- 0.34 1 0.66 0.51
- 0.40 -0.17 -0 .11

VV
- -0.46 - 0.03 0 .11

- 0.78 - 0.01 0.09



TABLE 9

MODEL TRUE PARAMETER VALUES

El E2 d r «R I

1a 56.25 56.25 120.00 120.00 45.00
b 56.25 56.25 90.00 90.00 90.00
c 56.25 56.25 160.00 40.00 45.00
d 56.25 56.25 120.00 30.00 90.00
e 11.25 11.25 240.00 240.00 45.00
f 11.25 11.25 210.00 210.00 90.00
g 11.25 11.25 320.00 80.00 45.00
h 11.25 11.25 280.00 70.00 90.00

2a 56.25 56.25 120.00 120.00 45.00
b 56.25 56.25 90.00 90.00 90.00
c 56.25 56.25 160.00 40.00 45.00
d 56.25 56.25 120.00 30.00 90.00
e 11.25 11.25 240.00 240.00 45.00
f 11.25 11.25 210.00 210.00 90.00
g 11.25 11.25 320.00 80.00 45.00
h 11.25 11.25 280.00 70.00 90.00

3a 56.25 56.25 120.00 120.00 45.00
b 56.25 56.25 90.00 90.00 90.00
c 56.25 56.25 160.00 40.00 45.00
d 56.25 56.25 120.00 30.00 90.00
e 11.25 11.25 240.00 240.00 45.00
f 11.25 11.25 210.00 210.00 90.00
g 11.25 11.25 320.00 80.00 45.00
h 11.2 5 11.25 280.00 70.00 90.00



B.1

SAMPLE SIZE NEEDED R

E E_
1 2 R

91 170 568
91 168 _ 689 -

91 164 552 -

91 163 mm 623 -

90 178 mm 163 -

90 176 mm 182 -

91 166 - 156 - C75
91 166 - 175 -
123 _ 133 838 0.58 C2

120 _ 163 655 0.53
123 _ 130 816 0.58
120 _ 160 643 0.54
141 _ 44 694 0.87
139 _ 51 490 0.8 2
141 44 609 0.88
139 - 51 485 0.82

211 501 269 16628 0.44
212 ¿no 357 6737 0.39
214 483 269 25972 0.44
212 4oo 353 7762 0.39
282 504 55 5781 0.82
28 2 361 68 2856 0.75
282 497 55 12406 0.81
282 357 68 4084 0.74



TABLE 9B.2

MODEL TRUE PARAMETER VALUES SAN

E1 E2 d r h r I E1

*+a 56.25 56.25 120.00 120.00 *+5.00 136
b 56.25 56.25 90.00 90.00 90.00 135
c 56.25 56.25 160.00 *+0.00 *+5.00 136
d 56.25 56.25 120.00 30.00 90.00 135
e 11.25 11.25 2*+0.00 240.00 *+5.00 1*+2
f 11.25 11.25 210.00 210.00 90.00 1*+2
g 11.25 11.25 320.00 80.00 *+5.00 1*+2
h 11.25 11.25 280.00 70.00 90.00 1*+2

5a 56.25 56.25 120.00 120.00 *+5.00 2*+8
b 56.25 56.25 90.00 90.00 90.00 2*+9
c 56.2 5 56.25 160.00 *+0.00 *+5.00 2*+7
d 56.25 56.25 120.00 30.00 90.00 2*+8
e 11.25 11.25 2 *+0.00 2*+0.00 *+5.00 28*+
f 11.25 11.25 210.00 210.00 90.00 285
g 11.25 11.25 320.00 80.00 *+5.00 28*+
h 11.25 11.25 280.00 70.00 90.00 285

6a 56.25 56.25 120.00 120.00 *+5.00 268
b 56.25 56.25 90.00 90.00 90.00 269
c 56.25 56.25 160.00 *+0.00 *+5.00 269
d 56.25 56.25 120.00 30.00 90.00 269
e 11.25 11.25 2*+0.00 2*+0.00 *+5.00 286
f 11.25 11.25 210.00 210.00 90.00 286
g 11.25 11.25 320.00 80.00 *+5.00 286
h . 11.25 11.25 280.00 70.00 90.00 286



'PLE SIZES NEEDED TO DETECT:

E2 DR

1942 69803*
— 2099 44365*
_ 1485 21709*
— 1704 20754
— 1898 16024
— 2051 23422
— 1100 OO
- 1255 OO
493 17845 18319
401 53109 12906
489 8883 51400
399 22637 22947
492 4203 5206
357 9627 3679
489 1994 17020
355 3890 7829
1746 592 _

1667 1181 -
1547 570 ■ -
1523 1132 -
c*0 67 -
o£> 109 —

76563 66 -
69540 109 -

R 4 hB

I

819 0.69 0.56
643 0.68 0.53
811 0.78 0.58

— 638 0.74 0.53
673 0.66 0.88
468 0.64 0.83
671 0.84 0.88

- 467 0.80 0.83

35104 0.23 0.44
— 8930 0.13 0.39
— 35104 0.31 0.44
- 9070 0.20 0.39

22018 0.44 0.81
5977 0.29 0.74

21718 0.61 0.81
- 5933 0.44 0.74

11892 95600 0.39 0.52
4180 OO 0.29 0.51
15875 OO 0.40 0.51
4719 OO 0.30 0.50
5074 19418 0.80 0.94
2014 26768 O .69 0.94
7984 Qo 0.80 0.91
2579 OO 0.70 0.91



TABLE 9B.3

MODEL TRUE PARAMETER VALDES SAMPLE SIZES

E1 E2 dr «R I E1 E2
7a 56.25 56.25 120.00 120.00 1+5.00 137b. 56.25 56.25 90.00 90.00 90.00 136 —
c 56.25 56.25 160.00 1+0.00 1+5.00 137d 56.25 56.25 120.00 30.00 90.00 136 «
e 11.25 11.25 .240.00 21+0.00 1+5.00 142 «
f 11.25 11.25 210.00 210.00 90.00 142 «
g 11.25 11.25 320.00 80.00 1+5.00 142 -
h 11.25 11.25 280.00 70.00 90.00 142 -

8a* 56.25 56.25 120.00 120.00 1+5.00 277 1795b* 56.25 56.25 90.00 90.00 90.00 277 ' 1802
c* 56.25 56.25 160.00 1+0.00 1+5.00 277 1787d* 56.25 56.25 120.00 30.00 90.00 277 1797e* 11.25 11.25 21+0.00 21+0.00 i+5.oo 286 47911
f* 11.25 11.25 210.00 210.00 90.00 286 48366
g* 11.25 11.25 320.00 80.00 1+5.00 286 46995h* 11.25 11.25 280.00 70.00 90.00 28 6 47664
$a 56.25 56.25 120.00 120.00 i+5.oo 251 563b 56.25 56.25 90.00 90.00 90.00 252 449
c 56.25 56.25 160.00 1+0.00 1+5.00 251 559d 56.25 56.25 120.00 30.00 90.00 252 446
e 11.25 11.25 21+0.00 21*0.00 45.00 284 506
f . 11.25 11.25 210.00 210.00 90.00 • 284 370
g 11.25 11.25 320.00 80.00 45.00 284 504
h 11.25 11.25 280.00 70.00 90.00 284 368



u m m

dr

oo x
« 3  X  
C o X  
CO  X

19087 
20349 
10222 
11478
13487
23978
7363

132073322
4»*25
1761
2369
29656
20652
20476
16203
7227
5016
4791
3687

TO DETECT » *» ■ 4

»8 1

13866
16526
20848
22846
20240
25326
89373co
56484 22439
eo 6127
00 22439
00 6127

12508 13538
17077 3836
*0 13346
«»o 3807
OO

X

M

6164 896
6181 656
616O 851
6177 651
O* 647
00 450
00 .646
OÖ 448

4M -
- -
- -
M »

- -
- -

«*=> x 41473 
31199* 10334 
00 * 41473

31173* 10337
30196 34448 

8452x 8698 
30286x 33650 
8484x 8595

0.10 0.57 
0.08 0.52
0.18 0.57 
O.15 O.52O.54 0.87
O.52 0.82
O.72 0.87
0.68 0.82
0.27 0.50
0 .2 0  0 .50
0.36 0.50
0.27 O.5O 
0.53 0.90
0.47 0.90
0.71 O.9O 
0.62 0.90
0.36 0.44
0.39 O.38
0.45 0.44
0.45 0.38
0 .6 6  0.81
0.71 0.730.84 0.81
O.87 0.73

o
-i
CÎ

O O



TABLE 9B.^

MODEL TRUE PARAMETER .VALUES SAÎ'

E
1 E2 d r «R

I
E1

10a 56.25 56.25 120.00 120.00 1+5.00 272
b 56.25 56.25 90.00 90.00 90.00 273
c 56.25 56.25 160.00 1+0.00 1+5.00 272
d 56.25 56.25 120.00 30.00 90.00 273
e 11.25 11.25 2 0̂.00 21+0.00 1+5.00 286
f 11.25 11.25 210.00 210.00 90.00 286
g 11.25 11.25 320.00 80. 00' 1+5.00 286
h 11.25 11.25 280.00 70.00 90.00 286

11a 56.25 56.25 120.00 120.00 1+5.00 128
b 56.25 56.25 90.00 90.00 90.00 121+
c 56.25 56.25 160.00 1+0.00 1+5.00 128
d 56.25 56.25 120.00 30.00 90.00 126
e 11.25 11.25 21+0.00 21+0.00 1+5.00 11+2
f 11.25 11.25 210.00 210.00 90.00 11+1

g 11.25 11.25 320.00 80.00 i+5.oo 11+2
h 11.25 11.25 280.00 70.00 90.00 1l+1

12a 56.25 56.25 120.00 120.00 1+5.00 21+9
b 56.25 56.25 90.00 9 0 .0 0 90.00 21+9
c 56.25 56.25 1 6 0 .0 0 1+0.00 1+5.00 21+8
d 56.25 56.25 1 2 0 .0 0 30.00 90.00 21+9
e 11.25 11.25 21+0.00 21+0.00 1+5.00 285
f 11.25 11.25 2 1 0 .0 0 2 1 0 .0 0 90.00 285
g 11.25 11.25 320.00 80.00 1+5.00 285
h 11.25 11.25 280.00 70.00 90.00 285



IPLE SIZES NEEDED TO DETECT: R hB

E_ I M2 R

2302 2082 31684 83719Í 00 0.40 0.49
2377 3922 7671 00 x 00 0.30 0.49
2415 2407 28683 O C ?  A oO 0.40 O.5O
2462 4547 7449 00 x CO 0.30 0.50

2863O 358 40202 18859* 55713 0.80 0.87
33^38 536 7378 26490 72603 0.70 0.88
50751 397 24318 00 x 00 0.80 0.90
55611 606 6169 00 x CO 0.70 0.89

« 1243 7769 880 0.56 -

« 1847 •» 6806 682 0.51 -

- 1387 — 5457 879 0.56 -

_ 2032 — 53°7 679 0.51 -

175 47237* 669 0.88 -

217 86178* 470 O .83 -

188 O Ö 673 0.87 -

- 233 - CO 469 0.82 -

519 694 16079* 43405 0.43 -

416 767 — 9257* 10817 0.38 -

523 766 « 34963* 43275 0.44 -

418 829 13821 10656 0.38 -

491 157 • 4541* 29923 0.81 ■ -

354 169 2574* 9111 0.73 -

493 168 « 11088 34875 0.81 -

355 180 - 4368* 8571 0.73 -



TABLE 9B.5

MODEL TRUE PARAMETER VALUES SAMPLE

E1 E2 °R Kr I E1

13a 56.25 56.25 120.00 120.00 **5.00 125
b 56.25 56.25 90.00 90.00 90.00 120
c 56.25 56.25 160.00 **0.00 **5.00 125
d 56.25 56.25 120.00 30.00 90.00 120
e 11.25 11.25 2*10.00 2**0.00 **5.oo 1**1
f 11.25 11.25 210.00 210.00 90.00 1**0
g 11.25 11.25 320.00 80.00 **5.00 1**1
h 11.25 11.25 280.00 70.00 90.00 1**0

1**a 56.25 56.25 120.00 120.00 **5.oo 275
b 56.25 56.25 90.00 90.00 90.00 275
c 56.25 56.25 160.00 **0.00 **5.00 275
d 56.25 56.25 120.00 30.00 90.00 275
e 11.25 11.25 2**0.00 2**0.00 **5.oo 286
f 11.25 11.25 210.00 210.00 90.00 286
g 11.25 11.25 320.00 80.00 **5.00 286
h 11.25 11.25 280.00 70.00 90.00 286

15a 56.25 56.25 120.00 120.00 **5.00 130
b 56.25 56.25 90.00 90.00 90.00 127
c 56.25 56.25 160.00 **0.00 **5.00 130
d 56.25 56.25 120.00 30.00 90.00 127
e 11.25 11.25 2**0.00 2**0.00 **5.00 1**2
f 11.25 11.25 210.00 210.00 90.00 1**1
g 11.25 11.25 320.00 80.00 **5.00 1**2
h 11.25 11.25 280.00 70.00 90.00 1**1



SIZES NEEDED TO DETECT: R 4

E2 d r M D" dr

_ 269 ~ 67652^ 1148 1268 0.55
346 991 960 0.48
265 - 58736^ 1062 1262 0.55
34o ^  X 943 951 0.49

mm 96 —  oc? X 86473 648 0.87
110 M OC? X 24557 484 0.82
96 _  00 x 23011 663 0.87

- 110 _  00 * 12217 467 0.82

731 622 - 39149 16812* 47777 0.40
550 1043 18111 6494* 25206 0.31
740 606 - 83375 23104* 0 0 0.41
554 1011 - 21056 7506* 31117 0.32
508 125 - 65972 5631* 16538 0.80
3?4 173 - 20180 2501* 12729 0.70
512 124 _ 00 9693* 62007 0.80
379 171 - 273W 3375 22595 0.71

976 71673* 1477 1210 0.55
1352 O O x Oc? A 1262 916 0.48

— 1059 067 50566* 1476 1360 0.55
1456 00 0 0 x 1261 914 0.49

230 15889* 00 17914 628 0.87
272 15107* 00 10468 445 0.82
257 83792* 00 * 18436 633 0.87

- 292 61664* 00 x 10507 440 0.82
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TABLE 10A

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

E1 E2 dr C

1 E1 1 0.25 - -0.02

E2
- 0.25 1 0.44

2 E1
1 - 0.47 -0.03

d r - 1 1.00 0.90

3 E1 I - wm -0.04

E2 - - 1 0.20

e r - 1 mm 0.43

4 E1
1 - 0.50 -0.00

dr - 1 3 2.73
hr - - -4 -3.68

5 ®1 1 - 0.51 -0.00

d r - 1 0.85 0.47
V - - -0.46 0.35
V - - 0.85 0.41

6 E1
1 - - -0.02

E2
- - 1 0.15

d r - 1 - 1.79
h r - - mm -2.48

7 E1
1 - 0.51 -0.02

—  . 1 -0.37 0.41
M - - 1.22 0.46

8 E1
1 - - -0.02

E2
- - 1 0.37
- 1 - 0.73

I - - - -0.60

9 EI 1 - - -0.03

E2 - - 1 0.18

\
- 1 — 0.24

M - - - 0.23



6 7 9
TABLE 1QA contd..

MODEL ESTIMATED
PARAMETERS

TRUE
E1

PARAMETERS
E„ D 

2 "R C

10 E1 1 _ 0.49
dr ' - 1 -4.37 6.00

- - 5.74 -8.00
M - - 2.26 -1.00



TABLE 10B.1

MODEL TRUE PARAMETER VALUES SAMPLE

E1 E2 dr c E1 E2

1a 56.25 61.61 225.00 150.00 93 • 95
b 11.25 98.04 405.00 270.00 95 66
c 56.25 6.76 225.00 50.00 90 209
d 11.25 10.33 405.00 90.00 92 114

2a 56.25 61.61 225.00 150.00 133 -
b 11.25 98.04 405.00 270.00 140 -
c 56.25 6.76 225.00 50.00 132 -
d 11.25 10.33 405.00 90.00 142 -
3a 56.25 61.61 225.00 150.00 245 354
b 11.25 98.04 405.00 270.00 285 215
c 56.25 6.76 225.00 50.00 217 6416
d 11.25 10.33 405.00 90.00 284 1359
4a 56.25 61.61 225.00 150.00 140 mm

b 11.25 98.04 405.00 270.00 142 -
c 56.25 6.76 225.00 50.00 140 -
d 11.25 10.33 405.00 90.00 144 —

5a 56.25 61.61 225.00 150.00 130 -
b 11.25 98.04 405.00 270.00 139 -
c 56.25 6.76 225.00 50.00 133 ■ -
d 11.25 10.33 405.00 90.00 142 —

6a 56.25 61.61 225.00 150.00 263 415
b 11.25 98.04 405.00 270.00 286 233
c 56.25 6.76 225.00 50.00 235 8632
d 11.25 10.33 405.00 90.00 284 1412



SIZES needed to DETECT: R
4 hB

dr K

■ — 308
- - - - 152 - -

— - - - 301 - -

- - - - 136 - -

74 _ 353 0.72 —

45 - - _ 162 0.86 -

79 - — — 2408 0.71 - O
37 - “ - 930 0.94 -  GJ 

/»»\

180 _ 765 0.50
W

85 _» _ 456 0.65 -

110 «• _ 2967 0.67 -

39 - - 1608 0.91 -
349 1297^ 420 1.38 0.71
119 644X _ ' — 190 1.65 0.86
836 9952x — — 2785 0.97 0.70
373 3955* - - 1073 1.29 0.94
177 58581 346 744 0.66 -

105 _ a>0 251 249 0.84 -  ■
168 ... — 86949 3311 4381 0.68 -

83 - 89165 1905 1271 0.93 -

930 5268x 829 0.85 0.53
388 1685* — — 554 1.14 O .69
1124 17943* _ — 3235 0.87 0.67
4l6 • 5232x - - 1981 1.22 0.92



TABLE 10B.2

MODEL TRUE PARAMETER VALUES

E1 E2 DR C E1

7a 56.25 61.61 225.00 150.00 136
b 11.25 98.04 405.00 270.00 142
c 56.25 6.76 225.00 50.00 136
d 11.25 10.33 405.00 90.00 143

8a 56.25 61.61 225.00 150.00 274
b 11.25 98.04 405.00 270.00 286
c 56.25 6.76 225.00 50.00 269
d 11.25 10.33 405.00 90.00 286

9a 56.25 61.61 225.00 150.00 265
b 11.25 98.04 405.00 270.00 286
c 56.25 6.76 225.00 50.00 244
d 11.25 10.33 405.00 90.00 284

10a 56.25 61.61 225.00 150.00 141
b 11.25 98.04 405.00 270.00 142
c 56.25 6.76 225.00 50.00 140
d 11.25 10.33 405.00 90.00 143

11a 56.25 61.61 225.00 150.00 233
b 11.25 98.04 405.00 270.00 260
c 56.25 6.76 255.00 50.00 212
d 11.25 10.33 405.00 90.00 283

SAMPLE

i+73
275
9767
4460
421
240
7614
1409

634
284

25332
1521



SIZES NEEDED TO DETECT:

y
I  M

7  67 -BI 1814
331 - 831
136 - 36445
159 - 9114

213 5582*
97 — 1417*

120 69316*
42 - 8987*

686 34013
263 — 3238
445 -
158 - 16976

1944 4055* _  O O  •

1169 2272 _ 00  ■

2382 9585* 36120;
1265 4642x 16865

247 - -  -
100 — -  -
163 — — -

60 — ' —

R 4 hB

C

_ 379 0.71 MM

175 0.86 -

2424 0.70
- 960 0.9^

831 0.57 0.42
« • 584 0.73 0.50
. . 2964 0.67 0.63

1769 0.92 0.82 <?5
G)

— 752 0.51 -

491 0.68 —

2860 0.67 —

-  ' 1658 0.92 -
404 1.42 0.71
184 1.77 0.86

2840 1.66 0.70
- 1082 1.80 0.94
631 O .30 0.69
461 - 0.35 0.81

2000 — 0.50 0.72
1232 - 0.64 0.93



6 0 2

TABLE

MODEL

11A.1

ESTIMATED
PARAMETERS

TRUE

h

PARAMETERS

dr V V
1 E1 1 0.25 0.23 -0.52

E2 - 0.25 -0.01 0.74

2 E1 1 aM 0.00 -0.06

bh
mm 1 0.55 0.54

3 E1 1 mm 0.04 -0.17
E 2 - - 0 .11 0.89

- 1 0.65 -1.10

4 E1 I - 0.00 -0.02

».
"r

- 1 0.65 3.43
- - -0.19 -5.81

5 V 1 - 0.01 -0.02
aa 1 0.43 -1.00

M - - 0.09 1.37

6 E1 1 - -0.07 -0.73
mm - 0.19 1.00

»R - 1 -0.06 -

% mm 0.75 -

7 E1 1 - -0.01 -0.05
- - -0.24 1.22
mm 1 0.45 0.45

I - mm 0.54 -2.32

8 h
1 - 0.03 -0.14
M» - -0.09 O .65

h
- 1 0.71 -1.53

M “ - -0.08 0.80

9 Ei 1 - - -O.O3
mm 1 -1.00 -2.I7

h r - mm 2.00 1.63
M mm mm O.5O 1.71



683

TABLE l U , 2

MODEL ESTIMATED
PARAMETERS

TRUE
E1

PARAMETERS
- V

1 B1 1 0.25 -0.21 -0.96
B2 - 0.25 0.45 1.20

2 B1 1 - 0.01 -0.23
dr - 1 0.52 0.99

3 B1 1 mm -0,22 -0.84
B2 - - 0.24 0.82
dr 1 0.51 0.63

4 B1 1 - 0.01 -0.06
dr - 1 0.42 3.34

- - 0.24 -5.38
5 E1 1 - 0.03 -0.08

dr I 0.02 -1.10
K - - 0.43 1.62

6 E1 1 - -0.22 -0.78
B2 - - 0.24 0.81
dr - 1 0.64 1.43
hr - - -0.32 -1.80

7 B1 1 - -0.37 -1.17
E2 , ~ - 0.21 0.77
dr ~ 1 0.43 0.45
t — - 0.44 0.89

8 E1 1 mm -0.30 -1.10
E2 - 0.29 1.06
»r 1 0.64 1.27
M - - -0.07 -0.58

9 Ei 1 - - -0.08
- 1 -1.00 -1.29

*a - - 2.00 0.31
H - mm 0.50 1.65



TABLE 11B.1

POPULATION TRUE PARAMETER VALUES

4 e E1 dr < D 1 R

0.5 1.0 112.50 225.00 225.00 225.00
0.5 1.0 112.50 225.00 112.50 159.10
0.5 o.5 112.50 225.00 225.00 112.50
0 .5 o.5 112.50 225.00 112.50 79-55
0.5 -1.0 112.50 225.00 225.00 -225.OO
0.5 -1.0 112.50 225.00 112.50 -I59.IO
0.5 -0.5 112.50 225.00 225.00 -112.50
0.5 -0.5 112.50 225.00 112.50 - 79.55

0.9 1.0 22.50 *»05.00 **05.00 *»05.00
0.9 1.0 22.50 *»05.00 202.50 286.38
0.9 0.5 22.50 *»05.00 *»05.00 202.50
0.9 0.5 22.50 *»05.00 202.50 1**3.19
0.9 -1.0 22.50 *»05.00 **05.00 -*+05.00
0.9 -1.0 22.50 1*05.00 202.50 -286.38
0.9 -0.5 22.50 *»05.00 *♦05.00 -202.50
0.9 -0 .5 22.50 *»05.00 202.50 -1*»3.19



SAMPLE SIZE: B

E1 E2

85 72 305
85 90 if 52
83 1^3 322
82 173Y *t66
v? 1^7* 3^3
51 h2 386 *

67 o<? 328
68 OO VI6

05
w. t 

£»
88 36 1*f9
88 39 188
85 71 116
85 72x 1V3
35 39* 136
38 56* 135
68 0 c ?x 121
69 if 1603 135



TABLE 11B.2

POPULATION TRUE PARAMETER VALUES

4 r E1 d r K dr

0.5 1.0 112.50 225.00 225.00 225.00
0.5 1.0 112.50 225.00 112.50 159.10
0.5 0.5 112.50 225.00 225.00 112.50
0.5 0.5 112.50 225.00 112.50 79.55
0.5 -1.0 112.50 225.00 225.00 -225.OO
0.5 -1.0 112.50 225-00 112.50 -I59.IO
0.5 -0.5 112.50 225.00 225.00 -112.50
0.5 -0.5 112.50 225.00 112.50 - 79.55

0.9 1.0 22.50 405.00 405.00 405.00
0.9 1.0 22.50 405.00 202.50 286.38
0.9 0.5 22.50 405.00 405.00 202.50
0.9 0.5 22.50 405.00 202.50 143.19
0.9 -1.0 22.50 405.00. 405.00 -405.00
0.9 -1.0 22.50 405.00 202.50 -286.38
0.9 -0.5 22.50 405.00 405.00 -202.50
0.9 -0.5 22.50 405.00 202.50 -143.19



SAMPLE SIZESAMPLE SIZE:

E1 dr

R

132 80 185128 98 306
129 93 i*i*3
126 111* 835
101 769 132
104 51*2 227
117 185 578
115 218 1091

1l*2 36 82
11*2 37 119
11*2 37 207
11*2 38 31*2
11*2 39 51
11*1 1*2 77
11*2 38 205
11*2 39 338

4
0.70
0.65
0.66
0.61
0.27
0.31
0.50
0.1*7

©
C-3
a

0.91*
0.93
0.91*
0.93
0.91
0.89
O .92
0.91



TABLE 11B.3

POPULATION TRUE PARAMETER VALUES

.2
^  f E1 d r d r d e'

0.5 1.0 112.50 225.00 225.00 225.00
0.5 1.0 112.50 225.00 112.50 159.10
0.5 0.5 112.50 225.00 225.00 112.50
0.5 0.5 112.50 225.00 112.50 79.55
0.5 -1.0 112.50 225.00 225.00 -225.00
0.5 -1.0 112.50 225.00 112.50 -159.10
0.5 -0.5 112.50 225.00 225.00 -112.50
0.5 -0.5 112.50 225.00 112.50 - 79.55

0.9 1.0 22.50 1*05.00 1*05.00 1*05.00
0.9 1.0 22.50 1*05.00 202.50 286.58
0.9 0.5 22.50 1*05.00 1*05.00 202.50
0.9 0.5 22.50 1*05.00 202.50 11*3.19
0.9 -1.0 22.50 1*05.00 1*05.00 -1*05.00
0.9 -1.0 22.50 1*05.00 202.50 -286.38
0.9 0.5 22.50 1*05.00 1*05.00 -202.50
0.9 0.5 22.50 1*05.00 202.50 -11*3.19



SAMPLE SIZE NEEDED: R 2h N

E1 E2 dr

21 ̂ 157 1136 286 0.19
208 275 621 476 0.29
208 1017 217 568 0.50 .
196 1416_ 248 1185 0.48
68 150J 298 513 0.45
78 220 285 832 0.47 <J5
129 1146X 165 1193 0.60 CJ!
128 200 3912 0.55 0

245 41 17341 143 0.01
267 51 734 188 0.09
281 8675 38 202 0.93
279 7816_ 41 335 0.91
37 42x 47 119 0.87
47 57i 47 195 0.87
266 1450X 38 215 0.93
261 2393 39 365 0.92



TABLE

POPULATION TRUE PARAMETER VALUES

*N
f

E1 d r V

0.5 1.0 112.50 225.00 225.00
0.5 1.0 112.50 225-00 112.50
0.5 0.5 112.50 225.00 225.00
0.5 0.5 112.50 225.00 112.50
0.5 -1.0 112.50 225.00 225.00
0.5 -1.0 112.50 225.00 112.50
0.5 —0» 5 112.50 225.00 225.00
0.5 .0.5 112.50 225.00 112.50

0.9 1.0 22.50 405.00 405.00
0.9 1.0 22.50 405.00 202.50
0.9 -0.5 22.50 405.00 405.00
0.9 -0.5 22.50 405.00 202.50
0.9 1.0 22.50 405.00 405.00
0.9 1.0 22.50 405.00 202.50
0.9 -0.5 22.50 405.00 405.00
0.9 -0.5 22.50 405.00 202.50 «

8
«
8
«
8
«
8
 

>S
8>

58
«8

>5
8



11B.*f

SAMPLE SIZES NEEDED: R

V E1 dr Hr

225.00 1*+0 21*+ 52*£ 223 1.67 0.68
159.10 139 337 1002 35*+ l.*+3 0.63
112.50 139 527 2392* *♦97 1.19 0.65
79.55 138 779 *♦*♦31 922 1.03 0.60

-225.00 130 1358* 7*+1 1*+6 -0.95 0.*f*f
-159.10 129 3*+20x 13*+7 2*+5 -0.60 0.*+2
-112.50 135 XOC7 3060 661 -0.09 0.5*+
- 79.55 133 O O 1088 1231 0.03 0.50 CD

-2

*♦05.00 1*+*+ 71 10*+x 10*+ 2.37 0.95
286.58 1*f*+ 90 163* i*+6 2 .17 0.9*+
202.50 1*f*+ 160 5°*+* 276 1.76 0.9^
1*+3.19 1*f*+ 202 792x *♦ *♦ 6 1.63 0.93

-*+05.00 1 *♦*♦ 3^2X 18*+ 5^ -1.88 0.91
-286.38 1*+*t 790* 297 81 -1.2*+ 0.89
-202.50 1*f*f *♦ 8622 907 257 -0.15 0.92
-1*+3.19 1¥+ C O 1288 *♦ 22 0.0*+ 0.91



TABLE 11B.5

POPULATION TRUE PARAMETER VALUES samp:

,2
*N P E1 d r 5? E1

0.5 1.0 112.50 225.00 225.00 225.00 135
0.5 1.0 112.50 225.00 112.50 159.10 133
0.5 0.5 112.50 225.00 225.00 112.50 133
0.5 0.5 112.50 225.00 112.50 79-55 130
0.5 -1.0 112.50 225.00 225.00 -225.OO 118
0.5 -1 .0 112.50 225.00 112.50 -I59.IO 117
0.5 0.5 112.50 225.00 225.00 -II2.5O 126
0.5 0.5 112.50 225.00 112.50 - 79.55 123

0.9 1.0 22.50 *405.00 *405.00 *405.00 1*4*4
0.9 1.0 22.50 *405.00 202.50 286.38 1*4*4
0.9 0 .5 22.50 *405.00 *405.00 202.50 1*4*4
0.9 0 .5 22.50 *405.00 202.50 1*43.19 1*42
0.9 1 .0 22.50 *405.00 *405.00 -*405.00 1*42
0.9 1.0 22.50 *405.00 202.50 -286.38 1*42
0.9 -0.5 22.50 *405.00 *405.00 -202.50 1*42
0.9 -0.5 22.50 *405.00 202.50 -1*43.19 1*42



LE SIZE NEEDED R 4
Dfi M

5969 395 243 0.66
4391 689 392 0.62
1738 1258 566 0.63
1776 2213 1064 0.59

189 251; 176 0.43
254 421* 230 0.43
415 2836* 680 0.54
499 3565* 1335 0.51

333 103 11 0.94
308 134 134 0.93
212 394 319 0.94
217 595 527 0.93
42 43* 74 0.91
49 60* 113 0.90
103 765* 273 0.93
108 825* 478 0.91

6 3 8



TABLE 11B.6

POPULATION 'TRUE PARAMETER VALUES Si

F *1
DR dr dr ‘ E1

o.5 1.0 112.50 225.00 225.00 225.00 118
0.5 1.0 112.50 225.00 112.50 159.10 120
0.5 0.5 112.50 225.00 225.00 112.50 124
0.5 0.5 112.50 225.00 112.50 79.55 123
0.5 -1.0 112.50 225.00 225.00 -225.00 117
0.5 -1.0 112.50 225.00 112.50 -I59.IO 118
0.5 -0.5 112.50 225.00 225.50 -112.50 126
0.5 -0.5 112.50 225.00 112.50 - 79.55 124

0.9 1.0 22.50 405.00 405.00 405.00 129
0.9 1.0 22.50 405.00 202.50 286.38 136
0.9 0.5 22.50 405.00 405.00 202.50 142
0.9 0.5 22.50 405.00 202.50 143.19 142
0.9 - 1.0 22.50 405.00 405.00 -405.00 128
0.9 -1.0 22.50 405.00 202.50 -286.38 139
0.9 -0.5 22.50 405.00 405.00 -202.50 142
0.9 -0.5 22.50 405.00 202.50 -143.19 142



4PLE SIZES NEEDED TO DETECT: R

D.R
il
R R

I

322 835 148 - 0.50
323 2513 194 - 0.50 .

326 778 539 - O .50
326 2463 753 - 0.50
322 1319 272* - 0.50
322 3743 351; - 0.50 GJ
327 1020 783* - 0.50 CD
326 3080 1066 - O .50

90 487 99 — 0.90
90 1218 108 - 0.90
90 364 275 - 0.90
90 984 316X - 0.90
90 711 156* - 0.90
90 1715 170* - 0.90
90 475 388* - 0.90
90 1233 440 - O .90



TABLE 11B.7

POPULATION TRUE PARAMETER VALUES SAl-

r E1 dr °; V E1

0.5 1.0 112.50 225.00 225.00 225.00 251
0.5 1.0 112.50 225.00 112.50 159.10 112
0.5 0.5 112.50 225.00 225.00 112.50 232
0.5 0.5 112.50 225.00 112.50 79.55 221
0.5 -1.0 112.50 225.00 225.00 -225.00 81
0.5 -1.0 112.50 225.00 112.50 -159.10 93
0.5 -0.5 112.50 225.00 225.00 -112.50 159
0.5 -0.5 112.50 225.00 112.50 - 79.55 157

0.9 1 .0 22.50 405.00 405.00 405.00 285
0.9 1.0 22.50 405.00 202.50 286.38 280
0.9 0.5 22.50 *♦05.00 405.00 202.50 281
0.9 0.5 22.50 405.00 202.50 143.19 280
0.9 -1.0 22.50 *♦05.00 405.00 -405.00 39
0.9 -1.0 22.50 405.00 202.50 -286*38 50
0.9 -0 .5 22.50 405.00 405.00 -202.50 279
0.9 -0 .5 22.50 405.00 202.50 -143.19 275



iPLE SIZE NEEDED TO DETECT:

E2 dh H*

234 1430 3484*
378 1313 3777*
1334 1242 8696*
1759 1714 14354
164* 79594 7558
243* 27826 13822
1454* 11400 16014
1811 10144 26836

42 38977 c o X
266 99 126*

16211 166 527^
11072 211 832

^5* 237x 91
61* 7673* 454

5653* c o x 1018
5323 83458 1488

2 2 r 4  4

276 0.64 0.27
489 0.75 0.33
578 0.82 0.52
1215 0.73 0.49
505 0.11 0.49
811 0.20 0.50

1158 0.33 0.60 a
2622 0.35 0.56 CO

0

137 0.03 0.01
150 1.98 0.72
265 1.74 0.93
435 1.60 0.92
138 -0.78 O .89
198 -0.26 0.88
256 -0.08 0.93
430 0.11 O .92



TABLE 11B.8

POPULATION TRUE PARAMETER VALUES SAM

'4 r E1 d r
«

d r °*' E1

0.5 1.0 112.50 225.00 225.00 225.00 238
0.5 1.0 112.50 225*00 112.50 159.10 241
0.5 0.5 112.50 225.00 225.00 112.50 257
0.5 0.5 112.50 225.00 112.50 79.55 250
0.5 -1.0 112.50 225.00 225.00 -225.OO 91
0.5 -1.0 112.50 225.00 112.50 -I59.IO 138
0.5 -0.5 112.50 225.00 225.00 -II2.5O 242
0.5 -0.5 112.50 225.00 112.50 - 79.55 233

0.9 1.0 22.50 405.00 405.00 405.00 241
0.9 1.0 22.50 405.00 202.50 286.38 263
0.9 0.5 22.50 405.00 405.00 202.50 285
0.9 0.5 22.50 405.00 202.50 143.19 284
0.9 -1.0 22.50 405.00 405.00 -405.00 284
0.9 -1.0 22.50 405.00 202.50 -286.38 284
0.9 -0.5 22.50 405.00 405.00 -202.50 285
0.9 -0.5 22.50 405.00 202.50 -143.19 285



[PLE SIZE NEEDED TO DETECT: 2 2 
R 4 hB

E2 d r
I

122 152 321*
187 193 5**6X
sw 168 2^33*

1136^ 213 36**0*
197i 317 3986X
292x 3^6 0 0

1031, 236 2866
139^ 280 Jt78*f

386 0.6*v 0.04
71^ 0.59 0.08
656 0.61 0.35
1^33 0.57 0.31*
551 0.^9 0.26
787 O.kS 0.49
^67 0.55 0.82

3613 0.51 0.7^

^5 ^5
5** V7 59*

3^9 41 367*
371 ^3 397^
50* 51 60x
59* W 73
^>4X 39 ^31
432x bz W 9

209 0.9k 0.00
357 0.93 0.05
338 0.9** 0.50
675 0.93 0.50
268 0.90 0.01
226 O .89 1 .7 1
5^7 0.92 1.37

1190 0.91 1.33



TABLE 11B.9

POPULATION TRUE PARAMETER VALUES

4 F E1 dr
II

dr d r

0.5 1 .0 112.50 225.00 225.00 225.00
0.5 1.0 112.50 225.00 112.50 159.10
0.5 0.5 112.50 225.00 225.00 112.50
0.5 0.5 112.50 225.00 112.50 79.55
0.5 -1.0 112.50 225.00 225.00 -225.00
0.5 -1.0 112.50 225.00 112.50 -159.10
0.5 -0.5 112.50 225.00 225.00 -112.50
0.5 -0.5 112.50 225.00 112.50 - 79-55

0.9 1.0 22.50 *K55.00 1*55.00 1*55.00
0.9 1.0 22.50 1*55.00 202.50 286.38
0.9 0 .5 22.50 1*55.00 1*55.00 202.50
0.9 0.5 22.50 1*55.00 202.50 1^3.19
0.9 -1 .0 22.50 1*55.00 1*55.00 -1*55.00
0.9 -1.0 22.50 1*55.00 202.50 -286.38
0.9 -0 .5 22.50 1*55.00 1*55.00 -202.50
0.9 -0.5 22.50 1*55.00 1*55.00 -11*3.19



SAMPLE SIZES NEEDED TO DETECT: R

E„ E„ D„ M
1 2 R

242 230 36918 1818 271 0.32
232 516 10469 2604 486 0.36
229 2387 1758 3123 606 0.54
4& S3 260 224 1262 O .50
73 185* 3604 1649 688 0.46
91 290T 1778 5987 924 0.47 05

166 148? 719 CO 1155 0.59 CD
165 2140 778 —, — 3C 0^ 2537 O .56

284 127 00 225 95 0.40
278 369 1265 112 150 0.12
280 34712 213 407 307 0.93
280 7417 219 621 510 0.92
45 6? 5741 117 202 0.69
77 96* 250 554 221 O .85

281 875? 105 907* 268 0.93
280 9432 111 993 475 0.92



TABLE 11B.10

POPULATION TRUE PARAMETER VALUES

*5 f E1

0.5 1.0 112.50
0.5 1 .0 112.50
0.5 - 0.5 112.50
0.5 0.5 112.50
0.5 -1.0 112.50
0.5 -1 .0 112.50
0.5 -0.5 112.50
0.5 -0.5 112.50

0.9 1.0 22.50
0.9 1.0 22.50
0.9 0.5 22.50
0.9 0.5 22.50
0.9 -1.0 22.50
0.9 -1.0 22.50
0.9 -0.5 22.50
0.9 -0.5 22.50

D_ d " D 'R R R

225.00 225.00 225.00
225.00 112.50 159.10
225.00 225.00 112.50
225.00 112.50 79-55
225.00 225.00 -225.OO
225.00 112.50 -I59.IO
225.00 225.00 -112.50
225.00 112.50 79.55

*♦05.00 *+05.00 *K)5.00
*♦05.00 202.50 286.38
*♦05.00 *♦05.00 202.50
*♦05.00 202.50 l*+3. 19
*♦05.00 *♦05.00 -*♦05.00
*♦05.00 202.50 -286.38
*♦05.00 *♦05.00 -202.50
*♦05.00 202.50 -1*+3.19



SAMPLE SIZE NEEDED TO DETECT: K hjj h|

E1 dr *R M

140 16205X 10910 1532 225 0.01 0.66
139 33021* 22159 2201* 369 0.20 0.62
139 50996* 11*062 2667 531 0.13 0.6i*
138 O O  X 33277 1*06 1012 0.13 0.59 i

133 4762 9589 327* 171 0.07 0.1*6
132 3622 71*013 555" 287 0.29 0.1*1*
135 29139 16872 12039* 670 0.20 0.55 0
131* 13090 75773 91*7% 1291* O.3I* 0.59 (£>

u

H * 61*77* 1*695 9i*7 98 -0.25 O.91*
11* 11*017 71*1*8 1188 11*3 0.08 0.93
1i* 17855^ 5925 1501 290 0.06 0.91*
11* 00 x 11042 2115y 1*90 O.3I* 0.92
1i* 1732* 882 i*5* 71 -0.19 O .92
1kk 856 1*171* 62* 108 0.37 0.90
1i* 7̂ 6i+- 5815 3159X 268 0.38 0.92
Ikk 3236 2306k 2195 1*62 0.64 O .91



6 9 4

TABLE 12 Al.l

MODEL ESTIMATED
PARAMETERS

TRUE

Ei

PARAMETERS

B2 dr V V
1 E1 1 - 0.25 0.23 -0.52

E2 - 1 0.25 0.00 0.75
2 EI 1 Ò. 48 - 0.00 -0.05

dr - 0.99 1 0.55 0.49
3 E1 1 - 0.01 -0.10

E2 - 1 - -0.06 0.61

dr - - 1 0.63 -0.85
4 E1 1 0.50 - 0.00 -0.01

dr - 3 1 0.64 3.42
% — -4 - -0.17 -5.84

5 E1 1 0.51 - 0.00 -0.01

dr - -0.25 1 0.43 -1.05
M - 1.10 - 0.10 1.39

6 E1 1 0.52 - — _

V
- 0.82 1 - -
- -0.44 - 1 -

V - 0.86 - - 1

7 e i 1 - - 0.01 -0.07
E2

- 1 - -0.05 0.51
dr - mm 1 0.18 1.69

— — - 0.87 —4.64
8 E1 1 - - -0.00 -0.02

E2 - 1 - -0.20 1.20

dr - - 1 0.45 0.40
I — - - 0.46 -2.32

9 E1
1 - - 0.01 -0.07

E2 - 1 - -0.06 0.44
dr - - 1 0.71 -1.70
M - - - -0.08 1.15



6  9 S

TABLE 12A 1.2

MODEL ESTIMATED TRUE PARAMETERS
PARAMETERS

v E2 dr V V
10 E1 1 0.49 - - -0.02

dr - -4.38 1 -1 -2.18
- 5.75 - 2 1.58

M — 2.26 - 0.50 1.72

11 E1 1 0.52 - -

dr - 0.74 1 mm -

M - 0.08 - - —

V - -0.45 mm 1 -

V - 0.85 - - 1

12 E1 1 - - -0.04 -0.60
E2 - 1 - -0.20 1.17
dr - mm 1 0.47 0.69

- •B - -0.04 —0.60
I — - - 0.46 -2.26

.13 E1 1 - - 0.01 -0.07
E2 - 1 mm -0.08 0.44
dr - mm 1 -1.84 -0.91
=a - - - 3.52 -1.10
M — - — 0.68 0.92

14 E1 1 - - 0.00 -0.02
E2 - 1 mm -0.26 1.21
dr

- - 1 0.21 0.44
I - - - 0.57 -2.34
M - - - 0.21 -0.03



6 9 6

TABLE 12A 

MODEL

1

2

3

4

5

6

7

8

9

2.1

ESTIMATED
PARAMETERS

TRUE

Ei

PARAMETERS

E2 »R °R V

E1
1 — 0.25 -0.10 -0.85

4
- 1 0.25 0.36 1 .1 1

Ei 1 0.44 - 0.00 -0.12

4
mm 1.10 1 0.54 0.73

Ei 1 — . - -0.12 -0.66

4
- 1 - 0.15 0.76

de - mm 1 0.50 0.40

E1
1 0.50 - 0.00 -0.03

4
- 3 1 0.46 3.45

"a - -4 - 0.18 -5.78

Ei 1 0.52 - 0.01 -0.04

4
M

- -1.09 1 0.15 -1.22

- 1.88 - 0.35 1.62

E1
1 0.56 - - -

D_ mm . 0.71 1RD ' ' mm -0.58 - 1 _R
V - 0.88 - — 1

E1
1 - - -0 .11 -0.58

E2
mm 1 - 0.15 0.72

e r
*R

- - 1 0.52 1.43
- - - -0.07 -2.20

E1
1 - - -0.01 -0.09

E
- 1 - 0.17 0.91

D„ 1 0.44 0.39R
I — - -0.22 -1.57

E 1 -0.10 -0.68
1 - 1 - 0.12 0.76
2

dr
mm - 1 0.31 0.36

M - - - 0.20 0.07



6 S *7

TABLE 12A 2.2

MODEL estimated TRUE PARAMETERS
PARAMETERS

Ei E2 \ V V
10 \ 1 0.49 - - -0.04

4 - -3.47 1 -1 -1.42

h r - 4.10 - 2 0.29
M - 2.22 - 0.50 1.67

11 B1 1 0.58 - - a»

- >R -  . 0.04 1 - -
M - 0.72 - - —

11
\

- —0.62 mm 1 -

V - 0.74 - - 1

12 B1 1 - - -0.02 -0.06

E2 - 1 - 0.19 0.89

4 - ■ - 1 0.33 1.89

hr
- - - 0.18 -3.16

X - - - -0.24 -1.48

13 B1 1 - - -0.12 -0.68

B2
mm 1 mm 0.14 0.79

4 - - 1 0.21 1.85

h
- - - 0.22 -2.52

M - - - 0.17 -0.20

14 B1
1 - - -0.01 -0.09

B2
- 1 mm -0.04 0.93

dr
— mm 1 -0.18 0.49

I - - - 0.27 -1.6 1

M - mm - 0.50 -0.07



TABLE 12B.1

POPULATION TRUE PARAMETER VALUES

hfj
f E1 E2 Dr d r d r

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.OO
0.5 -0.5 56.25 56.25 225.00 225.00 -II2.5O
0.5 -1.0 56.25 56.25 225.00 112.50 -I59.IO
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11 .25 1*05.00 1*05.00 1*05.00
0.9 0.5 11 .25 11 .25 1*05.00 1*05.00 202.50
0.9 1.0 11 .25 11 .25 1*05.00 202.50 286.38
0.9 0 .5 11 .25 11 .25 1*05.00 202.50 11*3.19
0.9 -1.0 11 .25 11 .25 1*05.00 1*05.00 -1*05.00
0.9 -0 .5 11 .25 11 .25 1*05.00 1*05.00 -202.50
0.9 -1.0 11 .25 11 .25 1*05.00 202.50 -286.38
0.9 -0.5 11 .25 11 .25 1*05.00 202.50 -11*3.19



SAMPLE SIZE R

E1 E2

95 51 315
93 87 278
95 56 468
93 90 394
62 728 272
81 1373_ 260
69 5084 501
84 753 318

96 37 150
95 72 108
96 39 174
95 71 131
39 49x 132
75 57x 118
44 73 131
77 8598 130

6 9 8



TABLE 12B.2

POPULATION TRUE PARAMETER VALUES

4 f E1 E2 dr
h

dr V
0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0 ‘5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -f .0 56.25 56.25 225.00 112.50 •-159.10
0.5 -0.5 56.25 56.25 225.00 112.50 ■- 79.55

0.9 1.0 11 .25 11.25 405.00 405.00 405.00
0.9 0 .5 11 .25 11.25 405.00 405.00 202.50
0.9 1.0 11 .25 11.25 405.00 202.50 286.38
0.9 0.5 11 .25 11.25 405.00 202.50 143.19
0.9 -1.0 11 .25 11.25 405.00 405.00 -405.00
0.9 -0.5 11 .25 11.25 405.00 405.00 -202.50
0.9 -1.0 11 .25 11.25 405.00 202.50 -286.38
0.9 -0 .5 11 .25 11.25 405.00 202.50 -I4-3./7



SAMPLE SIZE K

E1 dr

135 62 124 0.77
134 68 249 0.75
133 71 17 2 0.74
132 78 341 0.71
120 109 201 0.53
128 98 797 0.65
120 160 4o4 0.54
126 110 1512 0.62

144 35 73 0.96
142 36 179 0.95
142 36 105 0.95
142 36 271 0.95
142 37 53 0.93
142 36 203 0.94
142 38 81 0.92
142 37 332 0.93

6 
6 
9



TABLE 12B.3

POPULATION . TRUE PARAMETER VALUES

4 r E1 E2 DR d r d r

0.5 1 .0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 22.500 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11 .25 405.00 405.00 405.00
0.9 0 .5 11 .25 11 .25 405.00 405.00 202.50
0.9 1.0 11 .25 11 .25 405.00 202.50 286.58
0.9 0.5 11 .25 11 .25 405.00 202.50 145.19
0.9 -1.0 11 .25 11 .25 405.00 405.00 -405.00
0.9 -0 .5 11 .25 11 .25 405.00 405.00 -202.50
0.9 -1.0 11 .25 11 .25 405.00 202.50 -286.58
0.9 -0.5 11 .25 11 .25 405.00 202.50 -145.19



2SAMPLE SIZE R

E„ E, Dn

236 63 4349 299 0.06
250 268 206 566 0.46
238 84 1418 474 0.13
244 276 238 1151 0.43
101 439 196 419 0.56
41 51 124 744 0.65

126 1284x 196 598 0.56
196 7329 146 1453 0.61

243 38 66275 144 0.00
285 926 38 197 0.93
275 44 509 191 0.07
285 893y 39 325 0.91
42 49X 47 126 0.88

284 3752 37 197 0.94
55 68x 45 197 0.88

282 3518 38 326 0.93

7 0 0



TABLE 12B.it

POPULATION TRUE PARAMETER VALUES

4 r E1 E2 dr
/

dr

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11.25 11.25 405.00 405.00 405.00
0.9 o.5 11.25 11.25 405.00 405.00 202.50
0.9 1.0 11.25 11.25 405.00 202.50 286.38
0.9 0.5 11.25 11.25 405.00 202.50 143.19
0.9 -1.0 11.25 11.25 405.00 405.00 -405.00
0.9 -0.5 11.25 11.25 405.00 405.00 -202.50
0.9 -1.0 11.25 11.25 405.00 202.50 -286.38
0.9 -0.5 11.25 11.25 405.00 202.50 -143.19



SAMPLE SIZE

E1 d r =R

141 138 284x
141 294 1006x
141 193 470x
140 382 1488X
138 3266 907
139 16859„ 5933
136 22481 1894
139 6697 16348

144 67 97*
144 150 446x
144 85 147*
144 184 676x
144 375* 190
144 962
144 909x 310
144 94401 1397

R 4  hB

143 1.92 0.76
287 1.47 0.74
191 1.72 0.72
377 1.3^ 0.70
214 -0.60 0.60
813 0.25 0.66
430 -0.23 0.58
1482 0.38 0.63

90 2.41 0.96
236 1.81 0.96
122 2.22 0.95
3^3 1.68 0.95
56 -1.80 0.93
246 -0.08 0.9*t
85 -1.15 0.92
396 0.11 0.93

<1
c



TABLE 12B.5

POPULATION TRUE PARAMETER VALUES

4 r
E1 E2 °R

h
dr

1
d r

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11.2 5 11.25 1*05.00 1*05.00 1*05.00
0.9 0 .5 11.2 5 11.25 1*05.00 1*05.00 202.50
o-9 1.0 11.2 5 11.25 1*05.00 202.50 286.38
0.9 0 .5 11.2 5 11.25 1*05.00 202.50 11*3.19
0.9 -1.0 11.2 5 11.25 1*05.00 1*05.00 -1*05.00
0.9 -0.5 11.2 5 11.25 1*05.00 1*05.00 -202.50
0.9 -1.0 11.2 5 11.25 1*05.00 202.50 -286.38
0.9 -0.5 11.2 5 11.25 1*05.00 202.50 -11*3.19



SAMPLE SIZE R 4

M

139 4306 236 154 0.74
138 1316 622 334 0.72
138 3515 358 208 0.70
136 1474 860 439 0.68
129 221 728* 244 0.60
133 397 27066* 784 0.66
128 309 1636* 462 0.58
132 510 Xo£> 1456 O .63

14U 274 97 92 0.96
144 190 358 270 ' 0.95
144 238 141 127 0.95144 194 519 396 0.94
142 44 5°* 76 0.94
144 102 899* 256 0.94
142 50 73* 117 0.93
142 107 1010 429 0.93

7 0



TABLE 12B.6

POPULATION TRUE PARAMETER VALUES

*  r  E
0.5 1.0 56.25
0.5 0.5 56.25
0.5 1.0 56.25
0.5 0.5 56.25
0.5 -1.0 56.25
0.5 -0.5 56.25
0.5 -1.0 56.25
0.5 -0.5 56.25

0.9 1.0 11.2 5
0.9 0.5 11.2 5
0.9 1.0 11.2 5
0.9 0.5 11.2 5
0.9 -1.0 11.2 5
0.9 -0 .5 11.2 5
0.9 -1.0 11.2 5
0.9 -0.5 11.2 5

56.25 225.00 225
56.25 225.00 225
56.25 225.OO 112
56.25 225.00 112
56.25 225.00 225
56.25 225.OO 225
56.25 225.00 112
5 6.25 225.00 112

11.25 1+05.00 1+05
11.25 1+05.00 1+05
11.25 1+05.00 202
11.25 1+05.00 202
11.25 1+05.00 1+05
11.25 1+05.00 1+05
11.25 1+05.00 202
11.25 1+05.00 202 ««

8
8

««
8

8
 

«
«

8
8

««
8

8



SAMPLE SIZE NEEDED TO DETECT: R

D ' nD„ D JR 1 R R R

225.00 116 197 1054 109 1667 0.63
112.50 128 211 9^7 24? 1950 0.61
159.10 118 200 5865 121 1705 0.62
79.55 127 209 3899 264 1906 0.61

-225.00 128 221 1479 3 ^ 1759 0.60
-112.50 152 215 1124 1937!: 1978 0.61
-159.10 129 220 5839 536* 1787 0.60
- 79.55 130 215 4614 5385x 1937 0.61

405.00 123 84 509 97 1732 0.93
202.50 142. 85 377 249 2153 0.92
286.38 135 85 1318 103 1989 0.93
143.19 142 85 1055 274 2150 0.93
-405.00 139 85 716 157; 1795 0.92
-202.50 142 85 476 412 2153 0.92
-286.38 141 85 1783 174x 2016 0.92
-143.19 142 85 1278 482x 2249 0.92

7 0 3



TABLE 12B.7

POPULATION TRUE PARAMETER VALUES

4 t E1 E2 DR
11

dr d r

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 ‘ 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.00
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11 .25 *♦05.00 405.00 405.00
0.9 0.5 11 .25 11 .25 *♦05.00 405.00 202.50
0.9 1.0 11 .25 11 .25 *«35.00 202.50 286.38
0.9 0 .5 11 .25 11 .25 *♦05.00 202.50 143.19
0.9 -1.0 11 .25 11 .25 *«35.00 405.00 -405.00
0.9 -0 .5 11 .25 11 .25 *♦05.00 405.00 -202.50
0.9 -1.0 11 .25 11 .25 *«35.00 202.50 -286.38
0.9 -0 .5 11 .25 11 .25 *♦05.00 202.50 -143.19



SAMPLE SIZE NEEDED TO DETECT: R
4 4

*1 E2 dr «R

273 71 7315 18159* 285 0.17 0.07
267 31*» 1109 6863* 576 0.76 0.^9
272 107 22kO 5^61* ^53 0.*»0 0.17^
262 315X 1398 9635 1196 0.69 0.^5
129 582 00 4514 389 0.05 0.59
236 92^7 99812 3578 752 0.10 0.6^,
16*+ 2196 00 ^756 5*»6 0.06 0.59s
233 *»127 27339 60*»3 1535 0.20 0.61u

286 38 OC3 0 0  x 138 0 .01 0 .0 0
285 1011 163 5 °9 * 263 1 .7 ^ 0 .9 3
285 17*» 107 122 1*»*» 1 .8 6 0 .6 6
287 9*H 201 758x *»27 1.61 0 .9 2

Mf 5 1 6o8x 153 138 - 0 .6 6 0 .8 9
285 2587 *»o*»8*»x 866 2*»6 - 0 .1 5 0 .9 3

60 7kx 59038x 762 19*» -0 .1 1 0 .8 9
285 2635 00 1230 *»06 0 .0 5 0 .9 2



TABLE 12B.8

POPULATION TRUE PARAMETER VALUES

4
f

E1 E2 dr < V

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 122.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -122.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11 .25 405.00 405.00 405.00
0.9 0.5 11 .25 11 .25 405.00 405.00 202.50
0.9 1.0 11 .25 11 .25 405.00 202.50 286.38
0.9 0.5 11 .25 11 .25 405.00 202.50 143.19
0.9 -1.0 11 .25 11 .25 405.00 405.00 -405.00
0.9 -0.5 11 .25 11 .25 405.00 405.00 -202.50
0.9 -1.0 11 .25 11 .25 405.00 202.50 -286.38
0.9 -0.5 11 .25 11 .25 405.00 202.50 -143.19



SAMPLE SIZE NEEDED TO DETECT: 2 2 
R 4  hB

E„ E_ D„ I
1 2 R

2*+1 61 16*+ 209* *+01 0.63 0.01
273 300 178 5^3* 68*+ 0.61 0.35
2*+7 77 206 323? 763 0.58 0.05
270 30*+ 22*+ 10*+*+ 1535 O .56 0.32
270 3 5 ^ 291 *+03 k?k O.51 1.1?
275 3122 232 1067 1*+31 0.55 0.95
268 687? 32*+ 591 858 0.*+9 1.06 0
273 9130x 278 1600 3709 0.52 0.86

239 kj> *+7 209 0.9*+ 0.00
286 302 *+2 35^X 3*+0 0.9^ 0.51
273 *+9 *+8 55 360 0.93 0.05
286 30*+_ k3 372x 683 0.93 0.50
239 5°* *+7 50 150 0.90 1.82
239 *+56x 39 395 5*+8 0.92 1.38
239 69X ^7 67 2*+*+ 0.89 1 .7^
239 52*+ *+2 kk2 1201 0.91 1.35



TABLE 12B.9

POPULATION TRUE PARMATETER VALUES

4 f E1 E2 dr “h" V
0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11 .25 405.00 405.00 405.00
0.9 0 .5 11 .25 11 .25 405.00 405.00 202.50
0.9 1.0 11 .25 11 .25 405.00 202.50 286.58
0.9 0 .5 11 .25 11 .25 405.00 202.50 143.19
0.9 -1.0 11 .25 11 .25 405.00 405.00 -405.00
0.9 -0 .5 11 .25 11 .25 405.00 405.00 -202.50
0.9 -1.0 11 .25 11 .25 405.00 202.50 -286.38
0.9 -0.5 11 .25 11 .25 405.00 202.50 -143.19



SAMPLE SIZE NEEDED TO DETECT: R
4

E* E_ D„ M1 2 H

27 0 75 00 11993 282 0.08
266 396 1095 2973 605 0.51
2 72 122 21292 4111 446 0.19
261 378„ 1264 5330 1246 0.47
128 571 956 39973v 431 0.55
242 9002 339 7509* 719 0.65
180 353/ 512 12017^ 535 0.57
241 3772 397 9176x 1485 0.60

286 38 00 OO 138 0.00
285 1111 191 400 304 0.93
285 209 1258 99 146 0.72
285 1017 196 583 503 0.92

5 0 69X 1854 135* 188 0.72
286 2243 98 749* 261 0.93
285 4849 50 73* 114 0.92
285 2215 103 829 455 0.92

9
C

i



TABLE 12B.10

POPULATION TRUE PARAMETER VALUES

4 / E1 E2 dr d r V

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 122.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11 .25 11.25 405.00 405.00 405.00
0.9 0 .5 11 .25 11.25 405.00 405.00 202.50
0.9 1.0 11 .25 11.25 405.00 202.50 286.38
0.9 0.5 11 .25 11.25 405.00 202.50 143.19
0.9 -1.0 11 .25 11.25 405.00 405.00 -405.00
0.9 -0 .5 11 .25 11.25 405-00 405.00 -202.50
0.9 -1.0 11 .25 11.25 405.00 202.50 —286.38
0.9 -0 .5 11 .25 11.25 405.00 202.50 -143.19



SAMPLE SIZES NEEDED TO DETECT: R 4 hB

E„ D„ H„ M1 R R

141 7478* 5838 1145 143 -0.24 0.74
141 13072* 6600 1637 312 -0.10 0.72
140 1233*C 8229 1409 196 -0.07 0.70 -■
140 24824 9668 2060 417 0.04 0.68
138 38320 4333 2069 236 -0.03 0.61
139 00 X 6819 42735 780 0.05 0.66 -3
138 25399 10585 6010 441 0.16 0.59 0

139 00 12208 36286 1447 0.17 O .63 “3

144 5884* 4336 915 84 -0.31 0.95
144 1^78^ 5358 1415 247 0.01 0.95
144 11604 6520 1126 118 0.02 0.95
144 2185* 9204 1915_ 370 0.28 0.94
144 1997 895 53* 72 -0.17 0.94
144 i486 5343 4886* 251 0.36 0.94
144 978 4050 79* 110 0.38 0.93
144 4025 17790 3^75 414 0.62 0.93



TABLE 12B.11

POPULATION TRUE PARAMETER VALUES

4 r E1 E2 d r “h " V
0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 o.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11.2 5 11.25 405.00 405.00 405.00
0.9 0.5 11.25 11.25 405.00 405.00 202.50
0.9 1.0 11.25 11.25 405.00 202.50 286.38
0.9 0.5 11.25 11.25 405.00 202.50 143.19
0.9 -1.0 11.25 11.25 405.00 405.00 -405-00
0.9 —0.5 11.25 11.2 5 405.00 405.00 -202.50
0.9 -1.0 11.25 11.25 405.00 202.50 -286.38
0.9 -0.5 11.25 11.25 405.00 202.50 -143.19



SAMPLE SIZE NEEDED TO

E1 E2 D*

238 1163 395
275 1190 394
245 1160 394
272 1172 393
280 943 363
282 1126 385
280 97 2 366
281 1105 383

239 1371 92
286 1418 92
273 1405 92
286 1417 92
282 1042 91
286 1412 77
285 1253 91
286 1409 77

R 4

V
197 0.5
676 - 0 .5
280 - 0 .5

1011 - 0 .5
239* - 0.5
765* - 0 .5
320* - 0.5

1096 - 0.5

102 — 0.9
278 - 0.9
111 - 0.9
320 - 0.9
15°; - 0.9
373; — 0.9
163" - 0.9
421 - 0.9

DETECT

877
752

2590
23^9
1087
854
3053
2578

494
364

1239
982
687
460
1647
1186

0*
.



TABLE 12B.12

POPULATION TRUE PARAMETER VALUES

t
E. R

il

R

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11.25 11.25 405.00 405.00 405.00
0.9 0 .5 11.2 5 11.25 405.00 405.00 202.50
0.9 1.0 11.2 5 11.25 405.00 202.50 286.58
0.9 0 .5 11.2 5 11.25 405.00 202.50 143.19
0.9 -1.0 11.2 5 11.2 5 405.00 405.00 -405.00
0.9 -0 .5 11.2 5 11.25 405.00 405.00 -202.5O
0.9 -1.0 11.2 5 11.25 405.00 202.50 -286.38
0.9 -0 .5 11.2 5 11.25 405.00 202.50 -143.19



SAMPLE SIZE NEEDED TO DETECT: R
4

E„ D„ M D D" D ;1 R R R

139 ?16 15899 1164 116 1758 0.62
138 901 OC3 962 296 1869 0.61
138 734 20170 4676 134 1769 0.62
136 862 00 4051 334 1846 0.61
128 740 1V729 1515 337* 1829 0.60
13^ 920 00 1132 2244 1898 0.61
128 759 18479 252 531* 1833 0.60
133 880 Qi7 4804 5681x 1875 0.61

144 95 -7326 517 98 2042 0.93
144 255 0£> 379 291 2154 0.92
144 103 26655 1353 105 2043 0.93144 224 oc> 1067 340 2054 0.92
142 97 6623 720 454* 2044 0.93142 256 00 x 479 4o8x 2056 0.92
142 108 18049 1813 171* 2045 0.93
142 229 00 1290 573 2054 0.92

G C
'i



TABLE 12B.13

POPULATION TRUE PARAMETER VALUES

t E1 E2 »R K V E1

0.5 1.0 56.25 56.25 225.00 225.00 225.00 281
0.5 0.5 56.25 56.25 225.00 225.00 112.50 281
0.5 1.0 56.25 56.25 225.00 112.50 159.10 279
0.5 0.5 56.25 56.25 225.00 112.50 79.55 286
0.5 -1.0 56.25 56.25 225.00 225.00 -225.OO 275
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50 279
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10 275
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55 28*4

0.9 1.0 11.2 5 11.25 *+05.00 *♦05.00 *♦05.00 286
0.9 0.5 11.2 5 11.25 *+05.00 *+05.00 202.50 286
0.9 1.0 11.2 5 11.25 *405.00 202.50 286.38 286
0.9 0.5 11.2 5 11.2 5 *♦05.00 202.50 1*43.19 286
0.9 -1.0 11.2 5 11.2 5 *+05.00 *♦05.00 -*♦05.00 286
0.9 -0.5 11.2 5 11.2 5 *405.00 *♦05.00 -202.50 286
0.9 -1.0 11.2 5 11.2 5 *+05.00 *♦05.00 -286.38 286
0.9 -0.5 11.2 5 11.25 *♦05.00 202.50 -1*43.19 286



SAMPLE SIZE NEEDED TO DETECT: R 4 4
E2 DR *2 I

63 537 izl 212X 383 O .65 0.01
383 1364 00 x 2237* 657 O .67 0.36

80 839 ~ l 331* 729 0.60 0.05
377v 1 7  00 X 2785 1472 0.61 0.33
467* 16223 1977 482 528 -0.28 1 .15
4923* 15229 14529 1441 1481 0.27 0.93
893 «=0 x 4723 723 907 -0.01 1.04

15737* 9845 32799 2146 3853 0.34 0.84

43 53 00 x 200 0.95 0.00
467 390 11320x 555* 333 1.12 0.55
50 77 00 x 56* 344 0.94 0.05
436 445y 22593* 539 669 1.06 0.53

165 108 54 143 -2.00 1.82
617* 4179 5399 528 570 0.50 1.35
94* 1649x 402 73 234 -0.78 1.73

69 6X 3200 7952 579 1274 0.57 1.33

7 10



table

POPULATION TRUE PARAMETER VALUES

2 . a 1
*N t E1 E2 d r dr d r

0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.10
0.5 0.5 56.25 56.25 225.00 112.50 79-55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.OO
0.5 -0.5 56.25 56.25 225.00 225.00 -112.00
0.5 -1.0 56.25 56.25 225.00 112.50 -I59.IO
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11,.25 11,.25 **05.00 405.00 405.00
0.9 0.5 11,.25 11,.25 405.00 405.00 202.50
0.9 1.0 11,.25 11,.25 405.00 202.50 286.38
0.9 0.5 11,.25 11,.25 405.00 202.50 143.19
0.9 -1.0 11..25 11,.25 405.00 405.00 -405.00
0.9 -0.5 11..25 11,.25 405.00 405.00 -202.50
0.9 -1.0 11..25 11,.25 405.00 202.50 -286.38
0.9 -0.5 11..25 11,.25 405.00 202.50 -143.19



12B.14

SAMPLE SIZES NEEDED TO DETECT:

E1 E2 d r

273 85 41101* 38409
267 433 37767^ 13417
269 128 00 x 00
262 409 00 x 49280
132 540x 26114X 3766
243 11530 7604
181 2906 00 7741
241 4592 1081 1600

286 43 18552* 18507
285 1131 15621* 5550
290 209 16881 14506
285 1042 25443* 10664
62 72X 1225 455

286 2313 2054 5625
286 5561 899 4613
285 2276 3470 21638

2 2 
R 4  hB

M

21710 264 -0.29 0.80
5621 568 -0.06 0.52
32193 428 0.04 O .18
11706 1182 0.19 0.47
7144 428 -O.13 0.57
0 0  V

718 0.07 0.65
A

O O 521 0.06 0.59
327X 1468 0.23 0.61

-3

18277 128 -0.59 0.00
1531 276 0.00 0.93
1702 134 0.02 0.68
2191 466 0.30 0.91
168 224 0.22 0.88

3454* 254 0.37 0.93
79* 107 0.41 0.92

2482* 436 0.64 0.92



TABLE 12B

POPULATION TRUE PARAMETER VALUES

4 f E1 E2 d r V
0.5 1.0 56.25 56.25 225.00 225.00 225.00
0.5 0.5 56.25 56.25 225.00 225.00 112.50
0.5 1.0 56.25 56.25 225.00 112.50 159.19
0.5 0.5 56.25 56.25 225.00 112.50 79.55
0.5 -1.0 56.25 56.25 225.00 225.00 -225.00
0.5 -0.5 56.25 56.25 225.00 225.00 -112.50
0.5 -1.0 56.25 56.25 225.00 112.50 -159.10
0.5 -0.5 56.25 56.25 225.00 112.50 - 79.55

0.9 1.0 11,.25 11,.25 405-00 405.00 405.00
0.9 0.5 11,.25 11,.25 405.00 405.00 202.50
0.9 1.0 11,.25 11,.25 405.00 202.50 286.58
0.9 0.5 11,.25 11,.25 405.00 202.50 143.19
0.9 —1.0 11,.25 11,.25 405.00 405.00 -405.00
0.9 -0.5 11,.25 11,.25 405.00 405.00 -202.5O
0.9 -1.0 11,.25 11,.25 405.00 202.50 -286.38
0.9 -0.5 11..25 11..25 405.00 202.50 -143.19



15

SAMPLE SIZE NEEDED TO DETECT: R hB

E1 E2 d r I M

279 66 506 214X «0 383 0.63 0.01
278 534 893 3 3 W X 26549 657 0.60 0.38
276 85 454 337* OnO 728 0.58 0.05
276 W o 994 3506x O O 1471 0.56 0.34
268 639* 18700 602 373/ 508 0.45 1.39
275 2264X 4991 1150 5749 1680 0.52 1.11
267 1168X 6946 894 9137 876 0.46 1.20
273 6332x 3360 1918 16680 4220 0.50 0.95

H*
M

286 43 48 107^ 200 0.94 0.00
286 790 208 967^ 4003 332 0.94 0.61
286 50 55 56* O o 344 0.93 0.05
286 591 195 738x 12643 666 0.93 0.56
286 194x 457 184 3020 154 0.90 2.06
286 498x 396 454 1988 650 0.92 1.63
286 278x 430 260 8134 242 0.89 1.89
286 78k 376 686 6548 1335 0.91 1.50
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