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Education data from the Norwegian twin panel reveal no decline in the
marital correlation for educational attainment for the past 35 years. Com-
parable marital correlations are found for British and American samples.
A higher marital correlation is obtained for the parents of the Norwegian
twins and the parents of their spouses, but this is an artifact. A twin’s
recall of his/her parents’ educational levels is shown, by model fitting,
to be biased by his/her own education level. Allowing for this bias reduces
our estimate of the parental marital correlation and reduces estimates
of the broad heritability of educational attainment from 74-81 to 49—
58%. Other, unrelated factors may also be biasing estimates of the sim-
ilarity of their parents’ educational levels by the twins and their spouses.

KEY WORDS: assortative mating; education; no secular changes.

INTRODUCTION

The contribution of assortative mating to social inequality has received
little empirical study. Positive assortative mating for a trait which is
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transmitted within families, whether through genetic inheritance, envi-
ronmental transmission, or a mixture of both, will increase the variance
of that trait, compared with random mating (Fisher, 1918; Rice et al.,
1978). Positive assortative mating for a complex variable such as edu-
cational attainment, which is determined by a variety of cognitive and
noncognitive traits (Lavin, 1965; Bennett ez al., 1966; Oden, 1968; Rutter
et al., 1970), will generate correlations between these variables in the
next generation (Thompson, 1966; Heath, 1983; Eaves et al., 1984). Thus
recurrent assortative mating for educational level or other characters
related to social status will ensure that individuals in a population who
are disadvantaged in one respect will tend to be disadvantaged in many
other respects too.

A secular decrease in the intensity of assortative mating will produce
a decrease in the variability of a character in the next generation and, in
the case of variables such as educational attainment, will also produce a
change in the covariance structure of the determinants of that variable.
Just such a decline in assortative mating has been suggested for cognitive
ability (Johnson er al., 1980) and for educational attainment (Ahern et
al., 1983). Unfortunately conclusions about cognitive ability were based
on a comparison of a variety of different studies using different tests and
different sampling procedures. The ‘‘secular change’’ in assortative mat-
ing for ability may rather reflect a decline in psychometric standards,
recent studies using less reliable group tests (e.g., DeFries et al., 1979),
or samples with severe range restriction (e.g., Horn et al., 1979). Con-
clusions about assortative mating for educational attainment were justified
by comparing the correlation between the years of education reported by
pairs of spouse s to the marital correlations between the years of education
which they reported for their parents. The generational difference could
therefore reflect a tendency to overestimate the educational similarity of
one’s parents.

Data from the Norwegian twin register, a population-based panel of
like-sex twins born throughout the period 1915-1960 (Magnus et al.,
1983), permit a powerful test of the hypothesis that assortative mating
for educational level is declining. As part of a three-generation cross-
cultural study of the inheritance of cardiovascular risk factors, twins and
their spouses were asked, by mailed questionnaire, to report the years
of education completed by themselves and by their parents. We can thus
compare the marital correlations for educational attainment obtained for
the twins and their spouses and for their parents, broken down by decade
of birth of the twins. Since each member of a twin pair reported separately
the years of education completed by his or her parents, a powerful test
of the validity of such retrospective data is available.
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Table I. Structure of the Sample

Twin group
Female
Male MZ Female MZ Male DZ DZ
Twins 2433 3065 3356 3855
Spouses 1207 1637 1563 1958
Mothers 1445 1688 2127 2292
Fathers 1492 1662 2139 2249
Mothers-in-law 1115 1475 1447 1753
Fathers-in-law 1096 1467 1424 1720

SAMPLE AND METHODS

The overall structure of our sample is summarized in Table I. In that
table we give the total number of male monozygotic (MZ), female MZ,
male dizygotic (DZ), and female DZ twins and, for each twin group, the
total numbers of spouses, mothers, fathers, mothers-in-law, and fathers-
in-law for whom educational data are available. Table I reveals an excess
of female twins, a common finding in studies which rely upon the co-
operativeness of subjects; but the excess of MZ twins which is common
when twins are ascertained through appeals for volunteers (Lykken et
al., 1978) has not occurred.

In Table Il we summarize the proportion of twins and their spouses
achieving a given educational level, as a function of the year of birth of
the twins. Also given are the educational levels of the parents and parents-
in-law of the twins. Since there were no systematic differences in edu-
cational attainment between twins of different zygosity, between the twins
and their spouses, or between their parents and their parents-in-law,
figures have been pooled for twins and spouses of the same sex and
parents and parents-in-law of the same sex. A more detailed breakdown
is available on request from the authors. It should be noted that a small
proportion of the twins from the 1950—-1960 cohort, born during 1960, and
spouses of twins born during or after 1960 will not have had a chance to
complete more than 12 years of education at the time of the questionnaire
study. Educational level in this cohort is slightly underestimated in Table
II.

Educational level measured as years of education completed is
clearly a discontinuous variable, though it is often treated as a continuous
one (e.g., Ahern et al., 1983; Vogler and Fulker, 1983). For the present
study educational level was classified into four ordered categories:
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Table II. Educational Level by Twins’ Year of Birth

Years of education completed (%)

Twins’ year of birth N 0-7 8-9 10-12 >12
1915-1939
Male twins, spouses 3131 58 22 8 12
Female twins, spouses 3281 60 29 6 5
Mothers, mothers-in-law 4494 86 11 2 1
Fathers, fathers-in-law 4416 81 12 3 4
1940-1949
Male twins, spouses 2787 33 36 8 23
Female twins, spouses 2888 27 52 10 11
Mothers, mothers-in-law 4130 79 17 3 1
Fathers, fathers-in-law 4065 73 17 5 5
1950-1960
Male twins, spouses 3474 13 49 17 21
Female twins, spouses 3529 10 53 22 15
Mothers, mothers-in-law 4713 68 24 6 2
Fathers, fathers-in-law 4620 62 22 8 8

(I) 0-7 years of education completed,

(II) 8-9 years of education completed,

(III) 10-12 years of education completed, and

(IV) more than 12 years of education.
Using discontinuous data to estimate a product—-moment correlation will
lead to a serious bias in the estimate obtained (e.g., Olsson, 1979). The
resemblance of any set of pairs of relatives can, however, be summarized
by a two-way 4 X 4 contingency table. In Table III, for example, we
give the overall contingency tables for twins and their spouses, pooling
MZ and DZ, male and female, and first-born and second-born twins, and
for their mothers and fathers, pooling the parents of the twins and the
parents of their spouses. When calculating the latter table, for the parents
of twins we have used only the educational levels reported by the first
twin from each pair (i.e., the first twin to be included in the twin panel)
or the second if the first twin did not provide this information.

The derivation of ‘‘polychoric’’ correlations from discontinuous data
has been discussed by Olsson (1979; see also Pearson, 1900; Tallis, 1962;
Eaves et al., 1978). We hypothesize that underlying our discontinuous
scale of level of education there is a continuous normal distribution of
true educational achievement, our class boundaries corresponding to
thresholds superimposed upon the latent distribution (cf. Pearson, 1900).
We further hypothesize that underlying a two-way contingency table are
two continuous latent variables (the true educational achievements of the
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Table III. Assortative Mating for Educational Level
in Two Generations

Twins and their spouses

Husband
Wife 1 I 11 v
I 1269 423 92 71
11 725 1474 299 396
111 77 258 182 263
v 26 73 62 458

Parents of twins and parents of their spouses

Father
Mother I 11 111 v
I 8785 1005 215 122
I 583 1081 296 318
111 58 117 153 167
v 12 23 20 152

pairs of relatives) whose joint distribution is bivariate normal with a
correlation p and that superimposed upon the continuous distributions of

these latent variables are thresholds ¢y, 1, ..., tsand t'g, ', . . ., t'4,
where to = t'o = —oand t4 = t'y = +o, and the values of #; . . . 13
and ¢’y . . .t'5and p are to be determined by model fitting. Let p;; denote

the probability that an observation falls into the i, jth cell of the two-way
contingency table, under our hypothesis of an underlying bivariate normal
distribution; and let the observed frequency of individuals in that cell be
fi.;. Immediately we see that the log-likelihood of a set of observations
under our hypothe sis will be

L =1In(c) + 22 fyIn(py), (1)

where ¢ is a constant,

Py = &, 17;) — dtiov, 1) — &y, t-1) + &(ti-y, 17520),

and ¢ is the bivariate normal distribution function with correlation p.
Hence to obtain maximume-likelihood estimates of the correlation between
relatives for educational attainment and the threshold values, we may
simply maximize function (1) with respect to these parameters or, equiv-
alently, minimize minus the log-likelihood. In practice we have minimized
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minus the log-likelihood, using a commercially available routine for min-
imization, EO4JBF (Numerial Algorithms Group, 1978).

To test the goodness of fit of the bivariate normal threshold model,
we may calculate a chi-square value based on (kk' — k' — k) degrees of
freedom,

x> = 2> (04 — Ey)?/Ey,

where O; and E;; are the observed and expected frequencies of the i, jth
cell. Alternatively, we may calculate the log-likelihood, Lo, obtained
under a perfect-fit solution which estimates a separate probability p;; for
each cell in the two-way contingency table. The likelihood-ratio statistic

C=2Ly - L)

is approximately distributed as chi-square with (kk' — k — k') degrees
of freedom. The latter statistic was preferred whenever low expected cell
frequencies, which would invalidate the use of the overall chi-square test
of goodness of fit, were obtained. The sampling covariance matrix of our
estimates of p and the threshold values may be obtained as the inverse

of the Fisher information matrix, whose elements are given (see Tallis,
1962; Olsson, 1979) by

vz L (%) (%)

Pij dGm dBn

where N is the total number of observations and 0 is the vector of pa-
rameter estimates (i.e., of the estimates of p and the threshold values).
In the analyses reported here, all first partial derivatives were evaluated
numerically by forward differences (Conte and deBoor, 1965). The stan-
dard error of our estimate of p is simply the square root of the corre-
sponding diagonal element of the sampling covariance matrix.

RESULTS

Fitting the bivariate threshold model to the two contingency tables
given in Table IlII yielded estimates of the marital correlation for edu-
cational achievement of 0.67 = 0.009 in the twins and their spouses and
0.80 = 0.006 in the parents of the twins and the parents of the spouses.
This confirms the apparent generation difference in assortative mating
reported by Ahern er al. (1983). Our estimates of the marital correlation
are substantially greater than theirs, but estimates in the two studies are
not directly comparable. The polychoric correlations which we report are
correlations for the hypothesized underlying variable ‘‘educational at-
tainment,”” not for the observed variable ‘‘educational level.”” Product—



Assortative Mating and Educational Levels 355

moment correlations were also estimated, scoring educational level on a
scale from 1 to 4, to use as starting values in the estimation of the po-
lychoric correlations. (Since they were calculated using an ordinal meas-
ure of educational level, these correlations will, of course, be equivalent
to Spearman’s rank correlation computed ignoring ties.) These correla-
tions were consistently found to underestimate the polychoric correlations
by a substantial amount, values of 0.58 and 0.64 being obtained in the
present case. The likelihood-ratio tests against a perfect-fit model (x* =
163.65, df = 8, P < 0.001; x* = 188.94, df = 8, P < 0.001), unfortunately,
indicate that the threshold model used in computing the polychoric cor-
relations fails to fit the data. Our hypothesis of an underlying continuous
bivariate normal distribution of true educational attainment is inadequate.

One possible explanation of the failure of the bivariate normal thresh-
old model is that we are attempting to pool heterogeneous data. The
proportion of individuals achieving a given level of education varies as a
function of the year of birth (Table II). We would therefore also expect
the threshold values to vary according to year of birth. By pooling together
data on twins and their spouses born between 1915 and 1960, we are in
effect superimposing upon one another normal distributions with different
means and variances. In general, a distribution which is a sum of normal
distributions will not itself be normal.

Two approaches are available which would overcome this problem.
We could extend the pedigreee analysis method of Lange er al. (1976;
see also Eaves, 1978; 1980) to handle discontinuous variables and allow
the threshold values to vary as a function of the year of birth. However,
for the parents of the twins and the parents of their spouses, the birth
date is in many cases unavailable. We have therefore followed the alter-
native course of subdividing our sample by the period of birth of the
twins. Within any subsample, very little variation in educational attain-
ment as a function of the year of birth would be expected.

In Table IV we summarize the polychoric correlations between the
twins and their spouses, and between the parents of these twins and
spouses, for twins born during the periods 1915-1924, 1925-1934, 1935-
1939, 1940—-1944, 1945-1949, 19501954, and 1955-1960. For comparison,
we have also given rank correlations computed as before. For twins born
throughout the period 1925-1960 our estimates of the marital correlation
are remarkably consistent, falling within the range 0.59-0.64. The marital
correlation for twins born in the period 1915-1924 is slightly higher (0.72
+ 0.03). In this age group, however, the marital correlation may be
inflated through selective mortality. Data on the educational levels of the
twins and their spouses were collected only on individuals still alive at
the time of the survey. Any tendency for couples discordant for education



Table IV. Temporal Changes in the Marital Correlation for Educational Level

Correlation coefficient and SE“

Husband-wife Father-mother
Twins’ year
of birth N p = SE F N p = SE F

1915-1924 538 0.72 = 0.03 0.59 1259 0.85 = 0.02 0.66
1925-1934 918 0.64 + 0.03 0.54 1879 0.82 = 0.02* 0.62
1935-1939 630 0.62 + 0.03* 0.53 1267 0.81 = 0.02 0.64
1940~1944 876 0.64 = 0.03** 0.56 1683 0.79 + 0.02** 0.62
1945-1949 1243 0.62 = 0.02** 0.55 2386 0.78 + 0.02** 0.61
19501954 1260 0.62 = 0.02%* 0.54 2492 0.79 = 0.01** 0.64
1955-1960 683 0.59 = 0.03** 0.51 2141 0.76 = 0.01** 0.62

“ p, polychoric correlation coefficient; r, Spearman’s rank correlation coefficient.
* Rejected at the 1% significance level.
** Rejected at the 0.1% significance level.
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to be discordant for age at death too would therefore lead to an overes-
timation of the marital correlation for educational attainment. Thus we
can be certain that the marital correlation has not changed over a 35-year
period, and it is possible that no change occurred during the previous 10
years either.

Marital correlations for the parents of the twins and for their parents-
in-law, once again broken down by the year of birth of the twins them-
selves, again give no evidence of a substantial change in assortative mating
for educational achievement. Throughout the period covered by the study,
the marital correlations fall within the range 0.76-0.85, and for the parents
and parents-in-law of twins born during 1925-1954, all correlations fall
within the range 0.78-0.82. Many parents and parents-in-law of twins
born in the later part of this period will themselves have been born in the
years 1915-1924. The absence of any marked decline in the marital cor-
relations found for the parental generation supports our interpretation
that the slightly elevated correlation between twins and their spouses for
twins born during 1915-1924 is a consequence of selective mortality.
Reports of the educational levels of the parents were obtained regardless
of whether they were alive at the time of the survey.

Though the marital correlations for the twins and their spouses and
the marital correlations for their parents and parents-in-law reveal little
or no decline in the intensity of assortative mating, there is a consistent
and substantial difference between the two sets of correlations, similar
to the difference we observed for the entire sample and to the difference
between generations reported by Ahern er al. (1983). Since the parents
of the younger twins in the sample will have been born during the same
period as many of the older twins, we would expect the two sets of
correlations in Table IV to converge at some point, but no such conver-
gence occurs. This same generational difference is apparent, though less
marked, if we compare the nonparametric correlations.

There are sewveral possible explanations of this generational differ-
ence. Some of the twins and spouses in the sample have not had children,
whereas their parents, by definition, have reproduced successfully. If
couples with less similar educational levels are less likely to have children,
we would expect the data from twins and their spouses to underestimate
the intensity of assortative mating, insofar as this implies successful re-
production. It is possible, but unlikely, that twins practice less intense
assortative mating than the rest of the population. Finally, the father—
mother correlations may be inflated because of some systematic bias in
the retrospective report of their parents’ educational levels by the twins
and their spouses.
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Breaking down our sample into groups which are quite homogeneous
with respect to year of birth considerably reduced the values of the like-
lihood-ratio statistic for testing against a perfect-fit model the bivariate
normal threshold model. Nevertheless, as can be seen in Table IV, many
of these values are still significant. It is possible that we are dealing with
a genuine discontinuity, individuals completing their education at the
same level being much more likely to marry than would be predicted
under any continuous model. Alternatively, the failure of the multiple
threshold model may merely reflect its sensitivity to outliers, our distri-
butional assumptions being essentially correct.

Cross-Cultural Comparisons

Several data sets allow us to compare the marital correlations ob-
tained for twins and their spouses in Norway with marital correlations
for nontwin populations from other countries. From a reanalysis of U.S.
census data, Warren (1966) has found marital correlations for educational
level, measured on a nine-point scale from ‘‘no school’’ to “*4 + years of
college,” in the range 0.55-0.63. Garrison et al. (1968) give two-way
contingency tables, using a six-point scale of educational level, for all
couples giving birth to babies in Minnesota in the years 1965 and 1966.
Assuming an underlying bivariate normal distribution of educational at-
tainment, we obtained estimates of the marital correlation of 0.63 for the
1965 data set and 0.64 for the 1966 data set. The chi-square tests of
goodness of fit revealed a significant deviation from bivariate normality
(x> = 4086.39, df = 24, P < 0.001; x* = 3307.44, df = 24, P < 0.001).
In Table V we present data extracted from the 1971 census of Great
Britain (Office of Population Censuses and Surveys, 1979; General Reg-
ister Office, 1979), in which educational level was measured on a coarse
three-point scale. By fitting our bivariate normal threshold model, we
obtained estimates of the correlation between the true educational at-
tainments of spouses of 0.67 for England and Wales and 0.70 for Scotland.
Highly significant chi-square values were obtained for both of these data
sets (x? = 17055.18, df = 3, P = 0; x* = 4275.05,df = 3, P = 0). The
marital correlations which we obtained for twins and their spouses in the
Norwegian twin register fit well with these values obtained in population
surveys of spouses in other countries. The correlations observed for the
parents and parents-in-law of the twins, in contrast, are very high. We
must therefore conclude that a bias in the retfospective report of the
educational attainments of the latter group is the most likely explanation
of the apparent generational difference.
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Table V. Assortative Mating for Educational
Level in England and Wales and in Scotland®

England and Wales

Husband
Wife I 11 111
I 662,615 28,550 52,725
I 12,083 11,086 7,124
111 20,856 4,679 27,423
Scotland
Husband
Wife | I I
I 64,825 3,992 3,843
11 2,961 4,212 1,242
111 2,261 872 3,138

“1, above ‘A’ level or equivalent; II, A level or
equivalent; II1, below A level or equivalent.

Model-Fitting Analyses

Data on the educational attainments of twins and the educational
attainments which each twin reports for each of his or her parents will
allow us to detect some biases in these retrospective reports. If MZ twins
show greater agreement in their reports than DZ twins, we may conclude
that some heritable aspect of the individual’s phenotype is biasing re-
porting. If a twin’s educational level is more highly correlated with the
educational levels which he/she reports for his/her parents than with those
which his/her cotwin reports, we may infer that the individual’s own
educational level is biasing his/her recall of his/her parents’ education.

In Table VI we reproduce all possible polychoric correlations among
the educational levels of the first twin (i.e., the first twin to be included
in the population twin registry), second twin, mother as reported by first
twin, mother as reported by second twin, father as reported by first twin,
and father as reported by second twin. Separate matrices of correlations
are given for male and female MZ twins and male and female DZ twins.
All coefficients are polychoric correlations, obtained by fitting the bi-
variate normal threshold model. The two-way contingency tables from
which these were calculated included only families in which educational
data were available on both twins, and reports on both parents were
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Table VI. Polychoric Correlations Between Educational Levels of Twins and Educational
Levels Reported by Them for Their Parents, and Their Standard Errors“

1 2 3 4 S 6 l 2 3 4 S 6
Male MZ twins (N = 684) Male DZ twins (N = 821)
[ 1.00 0.01 0.04 0.04 003 004 1 100 003 003 004 003 004
2 087 1.00 0.04 0.04 004 003 2 062 1.00 0.04 003 0.03 0.03
3 065 0.59 1.00 0.01 0.02 0.03 3 062 057 1.00 0.01 0.02 0.03
4 060 062 094 1.00 003 003 4 054 063 091 1.00 0.03 0.02
5 067 0.61 082 0.77 1.00 0.01 5 0.65 056 0283 073 1.00 0.01
6 061 064 076 079 096 1.00 6 052 0.62 072 078 092 1.00
Female MZ twins (N = 1003) Female DZ-twins (N = 1077)
1 1.00 0.61 06.03 0.03 003 0.03 1 1.00 0.02 0.03 0.03 003 0.03
2 09 1.00 0.03 003 003 0.03 2 079 1.00 0.03 0.03 0.03 0.03
3 068 0.64 1.00 0.01 0.02 0.02 3 063 0.62 1.00 0.01 0.02 0.02
4 064 068 096 1.00 0.02 0.02 4 055 065 095 1.00 0.03 0.02
5 068 065 084 078 1.00 0.01 5 0.67 065 0.83 0.73 1.00 0.01
6 065 0.68 0.77 082 09 1.00 6 063 068 078 0.80 094 1.00

¢ Polychoric correlations are given in the lower triangle; their standard errors, in the upper
triangle of each matrix. Standard errors are printed in boldface type in cases where the
polychoric threshold model did not give an acceptable fit to the observed data. 1, first
twin’s education; 2, second twin’s education; 3, mother’s education (report of first twin);
4, mother’'s education (report of second twin); 5, father’s education (report of first twin);
6, father’s education (report of second twin).

provided by both twins. Polychoric correlation coefficients are given in
the lower triangle in Table VI; their standard errors, in the upper triangle.
Estimates of a polychoric correlation are given even when the bivariate
normal threshold model failed to fit the data, but in these cases the
estimated standard error is printed in boldface type.

Table VI reveals good agreement between twins in their recall of
their parents’ educational level: the lowest correlation between twins is
for the report of maternal education by male DZ twins, for which a
correlation of 0.91 was found. There is a very slight tendency in both
sexes for MZ twins to show greater agreement than DZ twins. However,
the correlation between the educational level of one twin and that which
he/she reports for either parent is strikingly and consistently higher than
the correlation between his/her own educational level and the educational
level reported by his/her cotwin for the same parent. The cross-correla-
tions between the educational level reported for one parent by one twin
and that reported for the other parent by the cotwin are consistently
smaller than the correlation between the educational levels reported for
the two parents by the same twin. Precisely the same pattern is observed
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Fig. 1. Model for resemblance of MZ
twins and their parents.

when Spearman’s rank correlations are used, though differences between
correlations are less pronounced, so these are not reproduced here. There
is clear evidence of biased reporting, the more highly educated member
of a twin pair tending to give a higher estimate of his/her parents’ edu-
cational levels than the less-educated member.

The importance of this biased reporting of educational level can best
be ascertained by model fitting. When fitting models we are compelled
to use the polychoric correlations, despite the fact that in some cases the
bivariate normal threshold model was rejected. Estimates of the poly-
choric correlation coefficient are very similar whether or not the threshold
model fits, in cases where the expected correlation does not differ (see
Tables IV and VI). This suggests that failure of the bivariate normal
threshold model reflects its extreme sensitivity to even slight departures
from bivariate normality, so that our estimates of the correlations for
educational attainment will be subject to little statistical bias.

In Fig. 1 we present a simple model developed using path analysis
(Wright, 1968) which represents the causes of the resemblance of MZ
twins and their parents, allowing for additive gene action, dominance,
familial environmental effects, a direct environmental effect of parental
educational attainment on offspring environment, and primary phenotypic
assortative mating for true educational attainment. These elements of the
model represent a simplification of the model considered by Loehlin
(1978). Alternative assumptions could be made about cultural transmis-
sion (Loehlin, 1978; Cloninger et al., 1979; Heath, 1983) and about as-
sortative mating (Rao et al., 1979; Heath, 1983) but cannot be resolved
using only data on twins and their parents. In addition, we distinguish
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between the true educational level of a parent, P, and the educational
levels reported for the parent by each twin, P1 and P2. We include a
direct path b (for fathers) or b’ (for mothers) from the twin’s phenotype
P to the educational level reported by him/her for his/her parent, as well
as path r (for fathers) or r' (for mothers) from the true educational level
of the parent to the educational levels reported by each twin. Other
symbols used in Fig. 1 are as follows: A—additive genetic or ‘‘breeding’’
value (Falconer, 1982; Mather and Jinks, 1982); D—dominance deviation;
C—ftamilial environmental value; £, d, and ¢ and /', d’, and ¢’'—stand-
ardized path regressions of phenotype on additive genetic value, domi-
nance deviation, and familial environmental value in males and in females;
p and p’'—standardized path regressions of offspring familial environ-
mental value on paternal and maternal true phenotypic value; w—primary
correlation between true educational attainments of spouses, identical to
the standardized path regression of the phenotype of one spouse on the
phenotype of the other (Cloninger et al., 1979); and v and y'—standard-
ized path regressions of additive genetic value on phenotype in males and
in females. y = & + ac and vy = h' + ac’, where a is the genotype-
environmental correlation which, at equilibrium, may be derived as

a = [zh(p + wp') + 3h'(p" + pp)l/[1 — 3c(p + wp') — 3c'(p’ + up)l.

All residual factors which contribute to the variance of a variable but not
to its covariance with other variables have been omitted from Fig. 1.
Some expected correlations under this general model are given in Table
VII. Other expected correlations are easily derived by making appropriate
substitutions in those given in Table VII.

Models were fitted to the correlations in Table VI by nonlinear gen-
eralized least squares (Lee and Jennrich, 1979), under the simplifying
assumption that all correlations are independent. The standard deviations
from Table VI were used as weights for model fitting. Thus we minimized,
with respect to the parameters of a model, the function

C = E ([r: — fi]/si)z’ ()

where r; is the ith observed polychoric correlation, 7; is the corresponding
expected correlation, and s; is the standard deviation of that polychoric
correlation. In using the empirical variances of our polychoric correlations
as weights, we are assuming that sample sizes are sufficiently large for
our observed correlations to be very close in value to the true population
correlations and, hence, for the variances of our observed values to be
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Table VII. Expected Correlations

Male MZ twins
pmzm = h* + d? + ¢? + 2hac
Male DZ twins
ppozm = A1 + wh + ac)h’ + ac’)] + id* + ¢* + 2hac
Son-father (own report)
b + shlh+ ac + ph' + acHlr + c¢(p + wp')r
Son-mother (own report)
b' + shlh' + ac’ + wh + ac)lr’ + c(p’ + pp)r'
Daughter-father (own report)
b+ sh'[h + ac + wh' + ac)Hlr + ¢'(p + pwp')r
Maie MZ twin-father (cotwin’s report)
bpmzm + shlh + ac + wh' + ac)lr + c(p + wp')r
Male DZ twin—father (cotwin’s report)
bppzm + thlh + ac + p(h' + ac)lr + c(p + wp')r
Mother and father (reported by same son)
bb' + wrr’ + shlh + ac + wh' + ac)Hlrb’ + c(p + pup'rb’ + 3h[h' + ac’ + wh+
ac)lr'b + c(p’ + wp)r'b
Mother and father (reported by male MZ twins)
bb'omzm + prr’ + 3hlh + ac + wh' + ac)lrb' + c(p + pp')rb’
+ thlh' + ac’ + wh + ac)lr'b + c(p’ + wp)r'b
Mother and father (reported by male DZ twins)
bb'ppzm + prr’ + shlh + ac + wh' + ac)lrb’ + c(p + wp')rb’
+ shlh' + ac’ + plh + ac)lr'b + c(p’ + wp)r'b
Father (reported by male MZ twins)
bPomzm + 1 + hlh + ac + wh' + ac)lrb + 2c(p + up')rb
Father (reported by male DZ twins)
b*ppzm ¥ + hlh + ac + wh' + ac)Hlrb + 2c(p + up'rb

very close to the variances of the population values. Provided that this
assumption is justified and that the sampling distribution of the polychoric
correlations is multivariate normal, as seems plausible for the very large
sample sizes used here, and provided also that our correlations are indeed
independent, the minimization of function (2) yields estimates of the model
parameters which are asymptotically equivalent to maximum-likelihood
estimates; and the minimum value of C obtained is distributed as chi-
square, with the number of degrees of freedom equal to the number of
observed correlations minus the number of model parameters estimated.
Strictly, our correlations are not independent. Where the effects of ig-
noring the correlation between correlations have been examined, how-
ever, they have been found to be slight (Rao et al., 1977).

The critical results of model fitting are summarized in Table VIII.
With data on only twins and their parents we cannot fit a model which



Table VIII. Results of Model Fitting

Parameter estimate (X 100) Test of goodness of fit

$9¢

Model h h d d’ 1 ¢’ n )4 p' r r' b b’ df e P
1. hh'dd cc'wrr' bb’ 67 70 36 0 54 65 74 80 79 33 35 49 48.56 0.49
2. hh'dd'cc' 82 86 37 0 26 41 79 100* 53 440.08 0
3. hh'dd' cc’wrb 67 70 36 0 54 66 74 79 34 51 51.43 0.46
4. hdcprr'bb’ 66 0 68 73 80 77 36 39 52 97.22 <0.001
5. hh'cc'ppp'rr' bb’ 64 67 65 68 73 -17 19 79 79 38 34 49 60.91 0.12
6. hh'cc'wrr' bb’ 65 68 65 67 73 79 78 35 37 51 61.79 0.14
7. hh'dd prr'bb’ 81 8 47 35 84 98 96 -02 -02 51 177.19 0

*

Parameter value fixed to unity ex Aypothesi.

snudejy pue ‘£210)) ‘3dUBN ‘JOpuUNg ‘seejog ‘sasey ‘31{ ‘YedH
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allows for additive gene action, dominance, and cultural transmission. A
model which allows for sex-limited additive gene action, dominance, and
familial environmental effects, with primary phenotypic assortative mat-
ing and with biases in the reporting of parental educational level which
depend upon the sex of the parent (Model 1), gives an excellent fit to the
data (x> = 48.56, df = 49, P = 0.49). A significant positive estimate of
the dominance parameter d is obtained in males. Fitting a model which
allows for additive gene action, familial environmental effects, and cul-
tural transmission but no dominance (Model 5) gives a significantly worse
fit than Model 1 and yields a negative estimate for the paternal cultural
transmission parameter. Any effects of cultural transmission will tend to
be masked by dominance in these data. Restricting Model 1 by assuming
that there is no sex limitation (Model 4), no dominance (Model 6), or no
familial environmental effects (Model 7) in each case leads to expected
correlations which do not fit the observed correlations. Model 3, which
assumes that the regressions of reported parental educational level on
true parental educational level and on twin’s educational level do not
depend upon either the sex of the parent or the sex of the twin, gives an
excellent fit, does not give a significantly worse fit than Model 1 (y* =
51.43, df = 51, P = 0.46), and is therefore preferred over Model 1.

The most critical result in Table VIII is that of fitting Model 2, which
simplifies Model 1 by assuming that the educational levels reported for
the parents are identical to their true educational levels. This model gives
a very significantly worse fit than Model 1 (x* = 388.65, df = 4, P = 0)
and is rejected at a very high level of significance. Allowing for the bias
in the report of parental educational levels reduces our estimate of the
true marital correlation for educational level in the parents of the twins
to 0.74. Allowing for this bias also has a major effect on our conclusions
about the importance of genetic and environmental influences on edu-
cational attainment. Under the rejected model, Model 2, we obtained
estimates of broad and narrow heritabilities (Falconer, 1982) of 81 and
67% in males and 74 and 74% in females. Under the best-fitting model,
Model 3, we obtained estimates of 58 and 45% in males and 49 and 49%
in females. Our estimate of the parameter b under Model 3 is 0.34, in-
dicating that bias in the report of parental educational levels is making a
sizable contribution to the parent—offspring correlation for educational
attainment. Making allowance for this bias not only decreases our esti-
mate of the narrow heritability of educational attainment, but also in-
creases slightly our estimate of the contribution of dominance to the total
genetic variance in males (17 vs. 21%).
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Bootstrap Analyses

The validity of our model-fitting analyses depends critically upon two
assumptions. The first of these, that our estimates of the true correlation
between relatives for educational attainment are aimost unbiased (in the
statistical sense), we have justified briefly by noting that in cases where
the expected correlation is the same, very similar polychoric correlations
were estimated regardless of whether or not the threshold model fitted
the data in any particular case. The second assumption, that the sampling
distribution of a polychoric correlation can be assumed to be normal and
that an adequate estimate of its standard deviation can be obtained from
the estimated sampling covariance matrix, even when the threshold model
gave a poor fit to the data, might appear to be more questionnable.

To explore this second issue, we have used the method of boot-
strapping (Effron, 1982; Heath ef al., 1984) to approximate the sampling
distribution of each of the 60 polychoric correlations used in model fitting.
For each twin group, the original set of data points was sampled from at
random, and with replacement, to generate 50 new data sets of identical
sample size. If the sampling distributions of the original polychoric cor-
relations are indeed normal, we would also expect the empirical sampling
distributions, i.e., the distributions of the bootstrapped polychoric cor-
relations, to be normal (Effron, 1982). For 56 of the 60 polychoric cor-
relations, the bootstrapped distribution did not deviate significantly from
normal, by Shapiro—-Wilk test (Shapiro and Wilk, 1965), and for the re-
maining 4 polychoric correlations, the deviation was not great. It appears
that the sampling distribution of the original polychoric correlations can
safely be assumed to be normal.

Model 2 in Table VIII was refitted to the original set of polychoric
correlations, using the standard deviations of the bootstrapped distribu-
tions to replace the theoretical standard deviations in function (2). Using
the bootstrapped standard deviations, the following parameter estimates
were obtained: 4 = 0.68, i’ = 0.72,d = 0.36,d = 0.0,¢c = 0.53, ¢ =
0.64, n = 0.75, b = 0.32, and r = 0.80. All these parameter estimates
fall within +=0.03 of the estimates obtained using the theoretical standard
deviations. An approximate chi-square value of 50.22 was obtained using
the empirical standard errors, which is very close to the original value
of 51.43. It appears that using the theoretical standard deviation, even
when the bivariate threshold model gives a poor fit, has not led to serious
errors in our estimates.

DISCUSSION

From Table 1V, we have seen that assortative mating for educational
level has remained remarkably constant over a period of 45 years but
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that some factors are biasing upward our estimate of the marital corre-
lation in the parents and parents-in-law of our twins. From our cross-
cultural comparisons it does not appear that the correlations found for
the twins and their spouses have been biased downward in any way.
Model fitting has shown that there is a tendency for the better-educated
member of a twin pair to give a higher estimate of the educational level
of his parents than the less-educated twin. Allowing for this effect reduced
our estimate of the marital correlation in the parental generation from
0.82 to 0.74, much closer to the value of 0.67 obtained for the total sample
of twins and their spouses. The remaining difference may reflect a tend-
ency to overestimate the similarity of the educational attainments of one’s
parents which is unrelated to one’s own educational attainment or any
other partly heritable trait. Alternatively, there may have been a genuine
decrease in the marital correlation for educational attainment during the
first decades of this century. Only the collection of data from the parents
themselves will help resolve this issue.

Our conclusions about the familial transmission of educational at-
tainment should not be regarded as definitive. Considering all possible
relationships between the twins and their parents and their spouses and
their spouses’ parents in a single analysis will allow us to resolve a much
wider range of alternative hypotheses about assortative mating. Obtaining
data on the offspring of the MZ and DZ twins will similarly allow the
resolution of dominance and a variety of mechanisms of cultural trans-
mission (Heath, 1983). This should allow a more precise estimate of the
importance of cultural and biological influences on educational attain-
ment. Nevertheless, the magnitude of the change in parameter estimates
which occurred when bias in the reporting of parental educational level
was allowed for has important implications for genetic analyses and all
other studies which rely upon unvalidated retrospective report data. With
suitable data, as we have shown here, such reporting biases can be cor-
rected for.

For several relationships we have found that a bivariate normal
threshold model gives a very poor fit to the data. Even when only a
narrow age range was considered, this problem persisted. It is probable
that this reflects the great sensitivity of the multiple threshold model to
even slight deviations from bivariate normality. When the empirical dis-
tributions of our polychoric correlations were determined by bootstrap-
ping, little deviation from the theoretial distribution expected if the thresh-
old model gave a good fit to the data was found. It seems that for data
of this type, ignoring the problem of nonnormality, as we have done in
most of the analyses in this paper, does not lead to a serious bias in
parameter estimates.



368 Heath, Berg, Eaves, Solaas, Sundet, Nance, Corey, and Magnus

REFERENCES

Ahern, F. M., Johnson, R. C., and Cole, R. E. (1983). Generational differences in spouse
similarity in educational attainment. Behav. Genet. 13:95-98.

Bennett, G. K., Seashore, H. G., and Wesman, A. G. (1966). Differential Aptitude Tests,
4th ed., Psychological Corp., New York.

Cloninger, C. R., Rice, J., and Reich, T. (1979). Multifactorial inheritance with cultural
transmission and assortative mating. II. A general model of combined polygenic and
cultural inheritance. Am. J. Hum. Genet. 31:176-198.

Conte, S. D., and deBoor, C. (1980). Elementary Numerical Analysis: An Algorithmic
Approach, McGraw-Hill, Tokyo.

DeFries, J. C., Johnson, R. C., Kuse, A. R., McClearn, G. R., Polvina, J., Vandenberg,
S. G., and Wilson, J. R. (1979). Familial resemblance for specific cognitive abilities.
Behav. Genet. 9:23-43.

Eaves, L. J. (1978). Twins as a basis for the causal analysis of human personality. In Nance,
W. E., Allen, G., and Parisi, P. (eds.), Twin Research, Part A. Psychology and Meth-
odology, Alan Liss, New York.

Eaves, L. J., and Eysenck, H. J. (1980). The genetics of smoking. In Eysenck, H. J. (ed. )
The Causes and Effects of Smoking, Maurice Temple Smith, London.

Eaves, L. J., Heath, A. C., and Martin, N. G. (1984). A note on the generalized effects of
assortative mating. Behav. Gener. 14:371-376.

Eaves, L. J., Last, K., Young, P. A., and Martin, N. G. (1978). Model-fitting approaches
to the analysis of human behavior. Heredity 41:249-320.

Effron, B. (1982). The Jackknife, the Bootstrap and Other Resampling Plans, STAM Mon-
ograph 38, Society for Industrial and Applied Mathematics, Philadelphia.

Falconer, D. S. (1982). Introduction to Quantitative Genetics, 2nd ed., Oliver and Boyd,
Edinburgh.

Garrison, R. J., Anderson, E. V., and Reed, S. C. (1968). Assortative marriage. Eugen. Q.
15:113-127.

General Register Office (1976). Census 1971: Scotland: Fertility Tables, Part Il (10%
Sample), General Register Office, Edinburgh.

Heath, A. C. (1983) . Human Quantitative Genetics: Some Issues and Applications, D.Phil.
thesis, University of Oxford, Oxford.

Heath, A. C., Martin, N. G., Eaves, L. J., and Loesch, D. (1984). Evidence for polygenic
epistatic interactions in man? Genetics 106:719-727.

Horn, J. M., Loehlin, J. C., and Willerman, L. (1979). Intellectual resemblance among
adoptive and biological relatives: The Texas adoption project. Behav. Genet. 9:177-
207.

Johnson, R. C., Ahern, F. M., and Cole, R. E. (1980). Secular change in degree of assortative
mating for ability? Behav. Genet. 10:1-8.

Lange, K., Westlake, J., and Spencer, M. A. (1976). Extensions to pedigree analysis. III.
Variance components by the scoring meethod. Ann. Hum. Genet. 39:485-491.

Lavin, D. E. (1965). The Prediction of Academic Performance, Russell Sage Foundation,
New York.

Lee, S.-Y., and Jennrich, R. 1. (1979). A study of algorithms for covariance structure analysis
with specific comparisons using factor analysis. Psychometrika 44:99-113.

Loehlin, J. C. (1978). Heredity-environment analyses of Jencks’s IQ correlations. Behav.
Genet. 8:415-426.

Lykken, D. T., Tellegen, A., and DeRubeis, R. (1978). Volunteer bias in twin research:
The rule of two-thirds. Soc. Biol. 25:1-9.

Magnus, P., Berg, K., and Nance, W. E. (1983). Predicting zygosity in Norwegian twin
pairs born 1915-1960. Clin. Genet. 24:103-112.

Mather, K., and Jinks, J. L. (1982). Biometrical Genetics, 2nd ed., Chapman and Hall,
London.

Numerical Algorithms Group (1978). Fortran Library Manual. Mark 7, NAG, Oxford.



Assortative Mating and Educational Levels 369

Oden, M. H. (1968). The fulfillment of promise: 40-year follow-up of the Terman gifted
group. Genet. Psychol. Monogr. 77:3-93.

Office of Population Censuses and Surveys (1979). Census 1971: England and Wales: Fer-
tility Tables, Vol. I1 (10% Sample), HMSO, London.

Olsson, U. (1979). Maximum likelihood estimation of the polychoric correlation coefficient.
Psychometrika 44:443-460.

Pearson, K. (1900). Mathematical contribution to the theory of evolution. VII. On the
correlation of characters not quantitatively measurable. Philos. Trans. R. Soc. Ser. A
195:1-47.

Rao, D. C., Morton, N. E., Elston, R. C., and Yee, S. (1977). Causal analysis of academic
performance. Behav. Genet. 7:147-159.

Rao, D. C., Morton, N. E., and Cloninger, C. R. (1979). Path analysis under generalized
assortative mating. I. Theory. Gener. Res. 33:175-188.

Rice, J., Cloninger, C. R., and Reich, T. (1978). Multifactorial inheritance with cultural
transmission and assortative mating. I. Description and basic properties of the unitary
models. Am. J. Hum. Genet. 30:618—-643.

Rutter, M., Tizard, J., and Whitmore, K. (1970). Education, Health and Behavior, Longman,
London.

Shapiro, S. S., and Wilk, M. B. (1965). An analysis of variance test for normality (complete
samples). Biometrika 52:597-611.

Tallis, G. M. (1962). The maximum likelihood estimation of correlation from contingency
tables. Biometrics 18:342-353.

Thompson, W. R. (1966). Multivariate experiment in behavior genetics. In Cattell, R. B.
(ed.), Handbook of Multivariate Experimental Psychology, Rand McNally, Chicago.

Vogler, G. P., and Fulker, D. W. (1983). Familial resemblance for educational attainment.
Behav. Genet. 13:341-354.

Warren, B. L. (1966). A multiple variable approach to the assortative mating phenomenon.
FEugen. Q. 13:252-259.

Wright, S. (1968) Evolution and the Genetics of Populations, Vol. 1, University of Chicago
Press, Chicago.

Edited by C. Robert Cloninger



