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The "Virginia 30,000" comprise 29,698 subjects from the extended kinships of 5670 
twin pairs. Over 80 unique correlations between relatives can be derived from these 
kinships, comprised of monozygotic (MZ) and dizygotic (DZ) twins and their spouses, 
parents, siblings, and children. This paper describes the first application of a faMy general 
model for family resemblance to data from the Virginia 30,000. The model assesses the 
contributions of additive and dominant genetic effects in the presence of vertical cuItural 
inheritance, phenotypic assortative mating, shared twin and sibling environments, and 
within-family environment. The genetic and environmental effects can be dependent on 
sex. Assortment and cultural inheritance may be based either on the phenotype as mea- 
sured or on a latent trait of which the measured phenotype is an unreliable index. The 
model was applied to church attendance data from this study. The results show that the 
contributions of genes, vertical cultural inheritance, and genotype-environment covari- 
ance are all important, but their contributions are significantly heterogeneous over sexes. 
Phenotypic assortative mating has a major impact on family resemblance in church 
attendance. 

K E Y  WORDS: Twins; twin kinships; cultural inheritance; assortative mating; religion; maternal 
effects; twin environment. 

I N T R O D U C T I O N  

If the history of human behavioral genetics before 
1970 can be characterized as the attempt to confirm 
genetic responsibility for variation in behavior, the 
history of the succeeding two decades can be char- 
acterized by a growing desire to detect and analyze 
the effects of family environment. Prior to 1970 
there had been significant efforts to complement 
the mathematical clarity of Fisher's (1918) model 
for polygenic inheritance with models for the en- 
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vironment, notably Cattell's Multiple Abstract Var- 
iance Analysis (MAVA; Cattell, 1960) and Wright's 
(1921) path analytic formulation of nongenetic in- 
heritance. However, such models either involved 
unresolved conceptual and mathematical inconsist- 
encies or simply did not attract the attention they 
deserved. 

Theoretical work in the 1970s and 1980s, ini- 
tially by Cavalli-Sforza and Feldman (1973a, b, 
1981) began to develop mathematical treatments for 
cultural inheritance which rivaled the traditional ge- 
netic model of Fisher (1918) and his intellectual 
descendants (Mather, 1949; Burt and Howard, 1965; 
Jinks and Fulker, 1970; Mather and Jinks, 1982; 
Eaves et aL, 1975). By generalizing the basic al- 
gebra of Mendelian population genetics, Cavalli- 
Sforza and Feldman extended single-major locus 
models into mathematical treatments of cultural 
transmission. Although this contributed important 
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qualitative insights concerning evolution and family 
resemblance, it was not applicable to the continu- 
ous traits that behavior geneticists were attempting 
to study. 

Eaves (1976a, b) showed that the biometrical 
genetic models of Mather (1949) which had been 
used by Jinks and Fulker (1970) in their critical 
evaluation of MAVA could be extended to allow 
for vertical cultural inheritance (i.e., from parent 
to offspring) and horizontal nongenetic transmis- 
sion between siblings. The essence of these models 
lay in their recognition that there might be a "ge- 
netic environment" (Darlington, 1971) so that some 
genes might be expressed primarily through their 
impact on the environment of other members of the 
population. The primary weakness of these models 
was their restriction to randomly mating popula- 
tions. 

Meanwhile, Morton (1974) and others (Rice 
et al., 1978; Cloninger et al.,  1979) used Wright's 
(1921) work on path analysis to model genetic and 
environmental influences within families. These 
studies laid the foundation for current studies of the 
inheritance of behavior in humans. 

In addition to theoretical advancements, ad- 
vances in computer technology have greatly sim- 
plified genetic studies of behavior. Efficient 
numerical optimization methods, such as those de- 
veloped by the Numerical Algorithms Group (NAG, 
1991), allow rapid exploration and modification of 
hypotheses. This is vital because of the increasing 
complexity of modeling and because data sets have 
reached proportions unmanageable without com- 
puters. 

Although there is still no "panacea" for com- 
plete resolution of individual differences in hu- 
mans, large studies of twins and their relatives have 
become increasingly attractive in contrast to other 
designs, implemented with smaller samples, which 
lack the power to test more subtle hypotheses (Heath 
and Eaves, 1985; Heath et al., 1985). 

The "Virginia 30,000" study is perhaps the 
first attempt to exploit all the collateral two-gen- 
erational relationships identified in the study of the 
kinships of twins to estimate the sex-dependent 
contributions of genes and environment to complex 
traits in the presence of assortative mating. This 
paper describes the sample and illustrates the ap- 
plication of one model for biological and cultural 
effects on a variable for which there are good rea- 
sons, a priori, to suspect major genetic effects, 
namely, church attendance. 

ASCERTAINMENT AND STRUCTURE OF 
THE VIRGINIA 30,000 SAMPLE 

Figure 1 shows the idealized pedigree around 
which the "Virginia 30,000" was designed. The 
Virginia 30,000 contains data from 14,763 twins, 
ascertained from two sources. Public birth records 
in the Commonwealth of Virginia were matched 
with other public records, such as those held by the 
Division of Motor Vehicles, to obtain current ad- 
dresses for twins born in Virginia between 1915 
and 1971. Questionnaires were mailed to twins who 
had returned at least one questionnaire in previous 
surveys, with complete returns from 5287 families. 
The remainder of the twins (N = 9476 individuals) 
responded to a letter published in the newletter of 
the American Association of Retired Persons 
(AARP). The first group of twins is referred to as 
the "Virginia cohort" and the second as the "AARP 
cohort." The twins were not selected for any spe- 
cific outcome apart from willingness to complete 
an extensive mailed questionnaire survey dealing 
with health and lifestyles. The sample is almost 
exclusively Caucasian (99.8%) because funding was 
originally available to study Caucasians. 

All pedigrees included one of the following: a 
male or female monozygotic (MZ), or a male, fe- 
male, or unlike-sex dizygotic (DZ) twin pair, and, 
ideally, all available parents, siblings, spouses, and 
children of the twins. This provides a rich combi- 
nation of 80 sex-specific two-generation relation- 
ships (parent/offspring, spousal, twin, cousins, etc.). 

After a pilot mailing of the questionnaire, twins 
were mailed a 16-page "Health and Lifestyles'" 
questionnaire which, in addition to demograhic in- 
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Fig. 1. Idealized pedigree for the extended twin family 
study. 
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formation, inquired about health, alcohol and to- 
bacco consumption, passive smoking, life-events, 
personality, social support, social attidues, psychi- 
atric symptoms, disease history, and family history. 
The survey also included questions for determina- 
tion of zygosity which have been shown to be 95% 
accurate (Eaves et al. ,  1989) for determination of 
zygosity. The twins were asked to supply the names 
and addresses of their spouses, siblings, parents, 
and children for the follow-up study of relatives of 
twins. Second and third mailings were sent to non- 
respondents who had not specifically indicated that 
they did not wish to participate. A telephone fol- 
low-up was conducted in an attempt to complete 
pairs where only one twin had responded. Com- 
pleted questionnaires were received from 69.8% of 
twins invited to participate. 

The original twin questionnaire was modified 
slightly to provide two additional forms, one ap- 
propriate for the parents of twins and another for 
the spouses, children, and siblings of twins. The 
modifications affected those aspects which specif- 
ically related to twinning. The aim was to obtain 
self-report data on all subjects for the outcome var- 
iables. These questionnaires were sent to the rela- 
tives whose twins gave permission for this and mailed 
follow-up was conducted as before. The response 
rate (44.7%) was much lower from the relatives 
than from the twins. 

The demographics of the sample are as fol- 
lows: 59.7% female; 50% under 50 years in age; 
74% married or living with someone and 13% wid- 
owed, separated, or divorced; 12% lacking a high- 
school diploma and 33% college graduates; and 
65.8% Protestant, 15.5% Catholic, 3 .9% Jewish, 
and 10.3% another (unspecified) religion. This may 
be compared to the U.S. population, where whites 
are 51.2% female and 90% Catholic or Protestant, 
3% Jewish, and 7% "o ther"  or " 'no" religion. The 
median family income in this study is $34,000, 
compared to the estimated $30,260 average family 
income for Caucasians in 1985 (New York Public 
Library, 1989). 

R E S O L V I N G  B I O L O G I C A L  AND 
C U L T U R A L  EFFECTS ON C H U R C H  
ATTENDANCE 

The self-report data on church attendance in 
the " V A  30,000" are used to illustrate the potential 
value of the data set. The data were obtained using 
a question which asked the respondents to indicate 

the number corresponding to the frequency at which 
they attend church services. The responses were 
scored on a 6-point scale': don't know = 1 (these 
were treated as missing values); more than once a 
week = 2; once a week = 3; once or twice a 
month = 4; a few times a year = 5; rarely = 6; 
and never = 7. The question also asks twins to 
report on their cotwins, parents, and spouse rela- 
tives. The item included on surveys that were sent 
to nontwins was similar except that parents were 
asked to report on both twins, and other relatives 
were asked to report only on themselves, their 
spouses, and their parents. 

Because twins scored their relatives as well as 
themselves for frequency of church attendance, the 
data can be examined for a response bias by com- 
paring differences in the twins' reporting of the fre- 
quency of church attendance for nonresponders 
versus responders. The frequencies from this analy- 
sis are presented in Table I. Relatives reported as 
deceased were omitted from this analysis. A slight 
bias was noted for husband and cotwin responders 
to be more frequent church attenders but this bias 
was not present in parents or wives. Although the 
differences in frequency distribution are statistically 
significant, the differences in mean rating are smatl. 
For twins with relatives who did respond, the cor- 
relation between the twins' estimation of  their rel- 
atives' church attending habits and the relatives' 
self-report was .86, .87, .87 and 0.88 for mother, 
father, spouse, and cotwin, respectively. Table t 
also presents self-report church attendance frequen- 
cies for the VA 30,000 by sex. 

C A L C U L A T I N G  C O R R E L A T I O N S  
B E T W E E N  RELATIVES 

The model presented in this paper (see below') 
utilizes the self-report data from all respondents in 
the study. Biological inheritance and cultural in- 
heritance yield algebraically distinct contributions 
to some 80 unique collateral and two generational 
correlations from these kinships when sex differ- 
ences are permitted in genetic and environmental 
effects. Computing the summary correlations be- 
tween relatives for these extended kinships of twins, 
therefore, becomes a formidable task. Because of 
the difficulty of obtaining self-reports from adults 
in three generations within a single family, most 
families involve only two generations--either twins 
and their parents or twins and their children. Fewer 
than 100 (of 8644) families have responses from at 
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Table I. Twin's Reports on Relatives by Response Status of Relative and Frequency Distribution (%) of Self-Report Church 
Attendance 

i 

Relation 2 + 1-2 Few 
to twin Status times/wk 1 time/wk times/wk times/yr Rare ly  Never Total 

Mother Respondents 16.0 36.3 11.8 11.8 15.6 8.5 7,865 
Nonrespondents 15.6 36.0 10.9 13.5 15.8 8.2 2,186 

Father Respondents 12.2 31.9 10.5 11.5 20.0 13.9 7,895 
Nonrespondents 11.7 29.0 8.4 13.0 21.3 16.7 1,415 

Wife Respondents 12.6 35.0 13.8 16.1 16.7 5.9 1,416 
Nonrespondents 16.4 29.3 12.1 16.7 17.5 8.1 1,473 

Husband Respondents 9.1 34.1 9.4 14.0 21.6 11.7 2,668 
Nonrespondents 11.1 23.1 8.8 14.6 26.6 15.7 2,058 

Cotwin a Respondents 16.4 31.8 10.9 14.6 18.2 8.1 2,123 
Nonrespondents 12.8 26.6 10.2 16.8 22.8 10.7 10,735 

Self report 
All females 16.2 31.3 11.0 17.0 17.4 7.1 17,349 
All males 13.1 25.2 11.0 18.5 23.0 9.2 11,714 

" Cotwins cannot be divided by gender since the gender of nonresponding twins is unknown. 

least one parent and one offspring of the twins. 
Thus, the effort of specifying the expected corre- 
lations for these relationships greatly exceeds their 
contribution to the parameter estimates, so grand- 
parental correlations are omitted from the analysis. 
Data from half-siblings and step- and adoptive re- 
lationships are omitted for identical reasons. 

The required correlations are computed in three 
stages using a SAS program. First, the entire data 
set is corrected for the linear and quadratic effects 
of age, sex, twin status, and source of ascertain- 
ment (Virginia vs. AARP) and interactions between 
these effects. Subsequent analyses are based on the 
residuals from this regression analysis. Optimally, 
the regression model (and the residual phenotypic 
variances) would be simultaneously estimated in the 
genetic analysis. We chose not to do this because 
of the computational burden, but experience sug- 
gests that the results differ little under the two ap- 
proaches. All family members are defined by their 
relationship to the twins within the family and Pear- 
son product-moment correlation coefficients cal- 
culated for every possible pair. Some of the expected 
correlations should be algebraically identical under 
the most simple model of genetic and cultural in- 
heritance (i.e., the father-son relationship (corre- 
lation) should not differ between a male twin/father 
pair and a male twin/son pair). An efficient algo- 
rithm for maximum-likelihood estimation of the 
correlations has not yet been formulated for this 

complex family structure and large sample sizes. 
Therefore, the correlations are pooled into groups 
(retaining sex specificity) as defined by the pair's 
familial relationship using the procedure outlined 
by Snedecor and Cochran (1980). For example, the 
multiple estimates of the father-son correlation 
(fathers of twins with first or second twin, father 
of twins with male siblings of twins, male twins 
with their male children, and husbands of female 
twins with their male children) can now be pooled 
into a single father-son estimate. For sibling and 
cousin correlations, several possible pairings exist 
within a family. For these groups, therefore, each 
possible pairing is used in calculating the correla- 
tion. This means that the statistics are not indepen- 
dent  and their  p rec i s ion  m a y  be s o m e w h a t  
overestimated; however, they are unbiased (McGue 
et aL, 1984). 

Regression analysis produced an overall mul- 
tiple r a of .0545. The residuals were correlated across 
relative pairs and then pooled to obtain 80 corre- 
lations. These and the number of pairs contributing 
to each correlation for self-report church attendance 
are presented in Table II. The amount of informa- 
tion about the correlations will be strictly correct 
only if the raw observations are normal. In our case, 
with categorical data, they will be an approximation 
at best. 

A preliminary examination of the correlations 
provides some expectations concerning the struc- 
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T a b l e  I I .  Church  At tendance :  Correla t ions  for Biological  Rela t ionships  

M a l e - m a l e  F e m a l e - f e m a l e  M a l e - f e m a l e  
r /,/a r n a r Et a 

m~ 

F e m a l e - m a l e  
r /"t a 

Nuclear  famil ies  
Sibl ings .312 1538 .331 3630 
D Z  twins  .387 575 .402 1165 
M Z  twins  .502 772 .600 1863 
Paren t -ch i ld  (paren t ' s  sex  l s t )  .342 2160 .401 4541 

A v u n c u l a r  v ia  ~ 
Fa the r ' s  M Z  cotwin  .262 221 - -  
M o t h e r ' s  M Z  cotwin  - -  .263 1046 
Fa the r ' s  D Z  cotwin - . 0 5 6  107 .178 192 
M o t h e r ' s  D Z  cotwin .130 161 .266 520 
Fa the r ' s  s ibl ing .222 96 .173 198 
M o t h e r ' s  s ibl ing .257 234 .129 548 

Cous ins  v ia  
Oppos i t e - sex  D Z  twins  ~ .078 37 - . 0 5 3  67 
M Z  father .252 37 .178 95 
M Z  m o t h e r  .200 155 .252 347 
D Z  father - . 3 1 9  18 .108 40 
D Z  mo the r  - . 0 8 4  53 .124 145 

Spouses  - -  - -  

Spouse  o f  twin wi th  d 
M Z  cotwin - -  - -  
D Z  cotwin  .126 357 .243 448 
Sibl ing o f  twin  .179 431 .266 476 
Parent  o f  twin .248 194 .309 303 
Spouse  o f  M Z  cotwin  .375 300 .294 182 
Spouse  o f  D Z  cotwin  .314 122 .454 105 

Aff ine  avuncula r  v ia  ~ 
Fa the r ' s  M Z  cotwin  - -  .257  221 
M o t h e r ' s  M Z  cotwin  .208 347 - -  
Fa the r ' s  D Z  cotwin  .130 34 .281 82 
M o t h e r ' s  D Z  cotwin .249 123 .099 97 

" N u m b e r  o f  pairs .  
b A u n t / u n c l e ' s  sex  listed first; n i e c e / n e p h e w ' s  s ex  l isted second .  

First sex  listed is sex  o f  ma le  tw in ' s  child.  
d First s ex  l isted is s p o u s e ' s  sex .  
" A u n t / u n c l e ' s  s ex  l isted first; n i e c e / n e p h e w ' s  s ex  l isted second .  

.314 4370  - -  

.296 1310 - -  

.361 3004 .372 3052  

.223 341 - -  
- -  .234 674 
.227 147 .109 116 
.226 202 .204 334 
.112 155 .211 137 
.158 294 .146 397 

- . 0 5 8  51 - . 1 1 0  72 
.230 100 - -  
.170 449 - -  
.004 50 - -  
.064 160 - -  

.707 4837 - -  

.424 1148 .383 614 

.370 608 .321 417 

.258 752 .192 363 

.281 349 .168 215 

.137 163 - -  

- -  .287 130 
.233 508 - -  
.248 61 .090 59 
.331 171 .020 72 

ture of the model necessary to account for the cor- 
relations. The large spousal resemblance indicates 
that assortative mating or marital interaction will be 
required. The correlations between siblings and 
parents and offspring are quite large compared with 
correlations in the personality domain (Eaves et aL, 
1989) and comparable with many in the cognitive 
and physiological domains (Fuller and Thompson, 
1978), indicating substantial involvement of ge- 
netic or environmental factors in family resem- 
blance. Virtually all the correlations invOlving the 
MZ relationship are greater than the corresponding 
correlations involving DZ twins. Not only do the 

MZ twin correlations exceed the DZ correlations, 
but the correlations between cousins related through 
MZ twins exceed those related through DZ twins, 
etc. This indicates that genes may play a substantial 
role in behaviors such as church attendance. Cor- 
relations between female pairs generally exceed 
correlations between males, indicating that genetic 
and environmental effects may depend on the sex 
of the individual. The resemblance of like-sex DZ 
twins is slightly greater than that for like-sex sib- 
lings, which may indicate a small special twin en- 
vironment or an interaction between genotype and 
age or parity. These considerations are formalized 
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in a model for family resemblance in the Virginia 
30,000. 

METHODS: A M O D E L  F O R  F A M I L Y  
R E S E M B L A N C E  

The model is presented in three stages: 
(1) the model without sex differences, assum- 

ing that mate selection and cultural inher- 
itance are both based on the measured 
phenotype; 

(2) the model without sex differences, including 
a latent variable for which assortment and 
nongenetic inheritance occur; and 

(3) the model allowing for sex differences in all 
genetic and environmental factors and con- 
taining a latent variable for assortment and 
cultural inheritance. 

The Basic Model Without Sex Differences 
(Fig. 2) 

Figure 2 summarizes the elements of this model. 
The lowercase letters denote the path coefficients 
and correlations as follows: 

(1) additive genetic effects, h; 
(2) genetic dominance, d; 
(3) path from environment to phenotype, e; 
(4) path from parental phenotype to offspring 

environment, w; 
(5) phenotypic correlation between mates, I~; 
(6) path from residual sibling shared environ- 

ment to phenotype, s; 
(7) path from additional twin shared environ- 

ment to phenotype, t; and 
(8) correlation between genotype and environ- 

ment, p. 
The model assumes primary phenotypic as- 

sortative mating (No. 5 above) and "P- to-E"  
vertical cultural inheritance (No. 4 above). The 
genotype-environment correlation, p, occurs when 
the parental phenotype, which can contribute to 
the offspring's environment through parent-off- 
spring transmission, is partly genetic in origin. 
This results in a correlation between the off- 
spring's environment and genes. The process of 
transmission and assortment is assumed to be in 
equilibrium, and thus, p is constant between gen- 
erations. That is, Ppa~nt is constrained to be equal 
to Pchild- Since models are fitted to correlations, 
the scale of measurement has unit variance; 
therefore, we impose the further constraint that 

the sum of all sources of variance for individuals 
equals one. 

Assortment and Cultural Transmission 
Based on a Latent Variable 

The measured trait may not correlate per- 
fectly with the trait for which mate selection and 
cultural transmission are actually occurring. 
Morton (1974) argued for a model of "'social 
homogamy" in which assortment and cultural 
transmission are based on a correlated latent var- 
iable to which genes make no contribution. An- 
other mechanism of assortment (proposed by Heath 
and Eaves, 1985) presents a model for mixed 
homogamy in which mate selection is based on 
both the social background of the spouses and 
the phenotype of the mate. We have used "'phe- 
notypic assortment plus error" (Heath, /983) ,  in 
which the actual measurement is considered a 
more or less unreliable index of  the latent score 
on which assortment is based. In this model, all 
expected correlations were multiplied by the square 
of the path from " t rue"  (or latent) score to "'ob- 
served" score [the reliability (tel)]. When there 
is significant assortative mating or cultural in- 
heritance, there is sufficient information to esti- 
mate the reliability without repeated measurement 
(Heath, 1983). 

Allowing for Sex Differences in Model 
Parameters (Fig. 3) 

It is possible that the genetic and environ- 
mental factors causing variation differ between 
the sexes. For the simple case of randomly mat- 
ing populations, a model for sex differences in 
gene action was specified by Eaves (1977), 
which allowed for the same genes to have dif- 
ferent magnitudes of effects on males and fe- 
males. This model allows for estimation of 
separate genetic variances for males and fe- 
males and a correlation between gene effects 
in males and females. The genetic correlation 
between the sexes will be unity if the effects 
of all autosomal loci on one sex are constant 
multiples of their effects on the other sex. In 
this case, we speak of "'scalar sex limitation of 
the gene effects. '" Analogous definitions may 
be given for the " 'sex-l imited" effects of  the 
shared environment. 

If the magnitudes of the loci or, by analogy, 
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Fig, 2. The extended family model without sex differences for opposite-sex DZ, twins and their parents. Additive genes and 
environment are correlated in the children as shown for the parents. 

"environmental effects" on one sex are not con- 
stant multiples of their effects on the other sex, 
then we speak of nonscalar sex limitation of ge- 
netic (or environmental) effects. 

In the present model, we employ the fol- 
lowing notation for the effects of  dominance, 
sibling environment, and special twin environ- 
ment: din, Sin, and tm, respectively, for males; 
dr, st, and t~ for females; and rd, r~, and r t for 

the correlations across sexes of the dominant, 
sibling environmental, and twin environmental 
effects. Our model for the twin environment 
assumes that the same basic environmental fac- 
tors influence twins and nontwins. Hence, the 
parameter t 2 contributes to the total variance of  
all individuals in the study. However, only in 
twins are these environmental effects corre- 
lated. We note that genotype x age interaction 
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Male Female 
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Fig. 3. The full sex-dependent extended family model for opposite-sex DZ twins and their parents. Path coefficients are the 
same in both generations. Gene-gene and gene-environment correlations occur in both generations. Space limitations made 
labeling all paths impossible. The parameters are explained in the text. 

effects may  create the semblance  of  a shared 
twin envi ronment  in data o f  this type (Eaves,  
cited by  Eysenck ,  1980). 

Since vertical cultural transmission is as- 
sumed under this model to be based on the pa- 
rental phenotype for the trait under investigation, 
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the question of "non scalar" vertical cultural 
transmission does not apply. However, the cul- 
tural impact of mothers may differ from that of 
fathers and may further depend on the sex of the 
offspring. In the model for sex differences, there- 
fore, we require f o u r  cultural parameters: Wmm, 
Wmf , Wfm , and wff. The first subscript denotes the 
sex (m = male) of the offspring, and the second 
denotes the sex of the parent. 

Specification of sex-limited additive genetic 
effects is more difficult when there is assortative 
mating, which induces correlations between loci 
that would otherwise be independent (see, e.g., 
Fisher, 1918). We have adopted one of several, 
formally equivalent, ways of parametefizing the 
additive sex-limited effects. Recognizing that the 
additive genetic variances in the two sexes and 
the genetic covariance between them require three 
free parameters for their complete specification, 
we assume that one set of genes explains all the 
genetic variance in females and the genetic co- 
variance between the sexes. The paths from this 
" 'common" set of genes to the male and female 
phenotypes are denoted hmo and hfc, respectively. 
A second set of genes has effects which are spe- 
cific only to males, and the path from these genes 
to the male phenotype is specified by hmm. Al- 
though the "male-specific" genes are not ex- 
pressed in females, they are still present in females 
and correlated, through phenotypic assortment, 
with the "common genes."  We denote the in- 
duced correlation between the two sets of addi- 
tive genetic effects CXom. 

The joint effects of assortment and vertical 
cultural transmission i nduce  f o u r  genotype-en-  
v i r o n m e n t  co r r e l a t i ons :  two  b e t w e e n  the 
" c o m m o n "  additive genetic effects and the en- 
vironments of males and females, Pcm and Pcf, 
respectively; and two between the "male-spe-  
c i f ic"  additive genetic effects and the environ- 
ments of males and females, Prnm and Pmf, 
respec t ive ly .  These  g e n o t y p e - e n v i r o n m e n t  
correlations are estimated as constrained pa- 
rameters when fitting the model (i.e., they are 
functions of other parameters). Separate pa- 
rameters are required to specify the path from 
male environment to phenotype (em) and fe- 
male environment to phenotype (ee). Under the 
simple model for "phenotypic  assortment with 
error ,"  the paths from true score to observed 
score, relm and rele, may differ between males 
and females. 

Since the total phenotypic variance is stan- 
dardized to unity in both sexes, two further con- 
straints are required to enforce these conditions. 
Thus, seven constraints are imposed on param- 
eter values under the full model. The full model 
for sex-limited effects is given for pairs of un- 
like-sex DZ twins in Fig. 3. 

FITTING M O D E L S  TO THE OBSERVED 
C O R R E L A T I O N S  

The rules of path analysis can be used to 
derive algebraic expectations for the 80 correla- 
tions between relatives under the above model. 
An annotated FORTRAN subroutine coding these 
expectations is available from the authors. 

Initially, two classes of models can be fit to 
the observed correlations for the measured vari- 
able. The first set constrains the genetic and en- 
vironmental effects to be identical in males and 
females and is referred to as "sex-independent 
models ."  The " fu l l "  form of this model (Model 
1) is specified by constraining all parameters to 
be identical across the sexes and by fixing the 
cross-sex correlations to unity: hmm -'- 0, hmc = 
hfe, e m ~ e l ,  W m m  ~--- W r a  f ~ W f r  n ~ W f f ,  d m = 

de, S m : S f ,  t m : t f ,  Dcm ~"  P c f ,  O~crn ~ 0 ,  P r o m  

= Pine = 0, and rd = rs = rt = 1. Eight sub- 
models, each of which tests the significance of 
a particular parameter or group of parameters by 
comparison of goodness-of-fit statistics to the full 
model, can be fit to the data. The second prin- 
cipal class of models allows for sex differences 
between parameters of the model. The full model 
shown in Fig. 3 (Model 6) allows all effects in 
the model to differ in magnitude between the 
sexes and allows for all effects in the model to 
be partially sex specific ("nonscalar sex limita- 
tion"). Within each principal set of models, sub- 
models can again be fit to test specific hypotheses. 
The submodels, hypotheses tested, and corre- 
sponding degrees of freedom m'e detailed in Ta- 
ble III. 

The models are fitted to the z-transformed 
observed correlations by iterative diagonal 
weighted least squares (WSL) using the amount 
of information about each transformed product- 
moment correlation ( N - 3 )  as weights. Minimi- 
zation of the loss function s z = Y_, wi(zi-Ezi) z was 

performed using a FORTRAN program which 
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Table III.  Models Tested with Goodness-of-Fit Statistics 
III 

Parameters 
No. Hypothesis tested" fiwolved X 2 df p AIC 

Models without sex differences 

1 Full model 117.76 73 .00 - 2 8 . 2 4  
2 No latent phenotype reI = 1.00 122.60 74 .00 - 25.40 
3 NSE: assortative mating ~ c 74 .00 - -  
4 NSE: common family environment t, s, w 135.56 76 .00 - 1 6 . 4 4  
4A NSE: twin environment t 125.99 74 .00 - 2 2 . 0 1  
4B NSE: sibling environment s 124.24 74 .00 - 23.76 
4C NSE: cultural transmission w 124.45 74 .00 - 2 3 . 5 5  
5 NSE: genes h, d 272.12 75 .00 122.12 
5A NSE: dominant genes d 134.62 74 .00 - 13.38 

Models with sex differences 
6 Full sex-dependent modeP 65.98 61 .31 - 5 6 . 0 2  
7 No latent phenotype re l=  1.00 74.13 63 .16 - 5 1 . 8 7  
8 NSE: assortative mating': - -  62 .00 - -  
9 NSE: common family environment tin, tf, Sin, 108.40 71 .00 --33.60 

Sf~ Wm~ Wf 
9a NSE: twin environment t~, tf 90.26 64 .02 - 3 7 . 7 4  
9b NSE: sibling environment sin, sf 84.79 64 .04 - 4 3 . 2 1  
9c NSE: cultural transmission win, w~ 77.43 65 .14 - 5 2 . 5 7  
10 NSE genes hm, hf, dm 132.20 67 .00 - 1.80 
10a NSE: dominant genes dr, din, dr 71.13 64 .25 - 5 6 . 8 7  
l l a  NSD: latent trait relm = rel~ 67.04 62 .31 - 56.96 
l l b  NSD: cultural inheritance w,= 76.36 64 .14 - 5 1 . 6 4  
1 lca NSD: twin environment rt = 1 69.92 62 .23 - 54.08 
l l c b  NSD: effects of twin environment tm=t~ 81.73 63 .06 - 4 4 . 2 7  
l l d a  NSD: sibling environment r~ = 1 65.98 62 .34 - 58.02 
l l d b  NSD: effects of sibling environment sm=sf 66.34 63 .36 - 5 9 . 6 6  
l l e a  NSD: dominant genetic effects r d = l  65.98 62 .34 - 5 8 . 0 2  
l l e b  NSD: effects of dominant genes d~,=df 67.61 63 .32 - 5 8 . 3 9  
11f NSD: residual environment e ~ = e f  69.23 63 .28 - 5 6 . 7 7  
12 NSD: additive genetic effects h ~  = 0 66.08 62 .34 - 57.92 
13 Proposed model (see Table V for details) 75.89 72 .35 -68 .11  

" NSE, effects of parameter listed are not significant; NSD, effects of parameter stated are not sex dependent. 
b Seven parameters (era, er, acm, ace, rmm, rcf, rc~) can be expressed as functions of the other parameters of the model. Hence, 

there are only 19 free parameters in the full model, yielding 8 0 -  19 = 61 df for the goodness-of-fit chi-square. 
c Model did not converge to stable solution. 

used the NAG routine E04UCF for constrained 
nonlinear optimization. A copy of the code 
(without the associated copyright routines) may 
be obtained from L.J.E. 

Since the pairs of relatives are not indepen- 
dent in our sample, the weight matrix is not strictly 
diagonal and the resulting loss function may be 
somewhat greater than the chi-square which would 
result from application of strict maximum like- 
lihood. While theoretically more efficient, max- 
imum likelihood adds an extreme computational 
burden when calculated for each of the 8644 pe- 
digrees in this large sample. However, simula- 
tion studies have been conducted (McGue et aL, 

1984) which suggest that although inferences as- 
suming diagonal WLS based on the chi-square 
test goodness of fit are overpowered, they are 
not seriously misleading. 

Test of nested hypotheses were conducted 
by treating the difference between the loss func- 
tion under the more general and restricted models 
as a chi-square with degrees of freedom equal to 
the difference in the number of free parameters 
under the two models. Choice between alterna- 
tive models is a decision process subject to error, 
however, we seek the best compromise between 
parsimony and fit. Akaike's information criterior 
(AIC; Akaike, 1970) (obtained by subtracting 
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twice the residual degrees of freedom from the 
goodness-of-fit chi-square) is one quantitative in- 
dex reflecting these two criteria. Alternatively 
we may select the simplest model which fits as 
well as the full model by likelihood-ratio criteria. 
In our case, both criteria lead to the same con- 
clusion. 

RESULTS:  A P P L Y I N G  THE M O D E L  TO 
THESE DATA 

Because the full model without sex differ- 
ences fit significantly worse than the full model 
with sex differences (• = 117.67, p = .00, 
vs. X~l = 65.98, p = .31), sex-dependent pa- 
rameters must be included to explain the patterns 
seen in our correlations. Therfore, only results 
from sex-dependent model testing are presented. 
The models tested and their corresponding good- 
ness-of-fit statistics are presented in Table III. A 
summary of the results from sex-dependent model 
testing follows. 

Reliabilities Cannot Be Jointly Set to Unity 
(X22 = 8.15, p < .01; Model 7) 

This indicates that church attendance is ac- 
tually a measure of a latent variable on which 
assortative mating is based and for which cultural 
transmission is occurring. The correlation be- 
tween the latent variable and the measured phe- 
notype (church attendance) is .94 in males and 
.97 in females. These terms can be squared to 
provide a measure of the reliability, with the re- 
sults of .88 in males and .94 in females. Reli- 
ability can also be estimated by calculating the 
correlation between a twin's self-report and the 
cotwin's estimation of his/her frequency of church 
attendance. For male twins (N= 2273) this cor- 
relation was .88, and for female twins (AT= 3441) 
the correlation was .90. The similarity of these 
two calculations implies that both methods of 
calculating reliability are fairly accurate. Con- 
straining the male and female reliabilities to be 
equal (Model 11a) did not significantly worsen 
the fit of model, indicating that correlation be- 
tween the measured phenotype and the latent var- 
iable  for  wh ich  a s s o r t m e n t  occur s  is not 
significantly different in males and females. 

All Sources of  Family Environment Cannot 
Be Jointly Eliminated from the Model (X2~o 
= 42.42, p < .01; Model  9) 

Individual tests indicate that environments 
shared by twins (Model 9a) and by siblings (Model 
9b) cannot be removed from the data (• = 24.28 
and 18.81; p < .01 for both). However, the cor- 
relation between sibling environment in males 
and sibling environment in females approached 
unity, and the path coefficients between the en- 
vironments and the phenotype were nearly equiv- 
alent  b e t w e e n  the sexes ,  ind ica t ing  sex-  
independent effects, an observation confirmed in 
Model 11db (• = .36 ,p  = .84). Models 11ca 
and 11cb confirm that the twin environments are 
sex specific and uncorrelated. Removal of all pa- 
rental effects on the child's environment (Model 
9c) significantly worsens the model's fit (X~ = 
11.45, p = .00); however, individual tests of 
significance indicate that only maternal effects, 
the magnitude of which are four times the mag- 
nitude of paternal effects in the full model, should 
be retained. This would mean that mothers influ- 
ence their child's church attendance (independent 
of the child's sex), while fathers do not. 

All Sources of  Genetic Variation Cannot Be 
Jointly Removed from the Model (~6 = 
66.22, p < .01; Model  10) Without  
Worsening the Fit 

The genetic components are divided into ad- 
ditive and dominant genetic effects; however, the 
latter do not contribute significantly to the model 
(X 2 = 5.15, p = .16; Model 10a). Goodness- 
of-fit parameters indicate that, for church attend- 
ance, sex-specific additive genetic effects are not 
significant. The genetic effects on church attend- 
ance can be completely attributed to common 
genes which have a greater impact on females. 

Taking all these and other results into ac- 
count, we proposed a reduced form of the '~full" 
model which omitted sex-specific additive ge- 
netic effects, dominance, and the effects of the 
paternal environment. The effects of the shared 
sibling environment were assumed to be per- 
fectly correlated across sexes (r~ = 1) and the twin 
environments appeared to be entirely sex specific 
(rt = 0). The parameter estimates of fitting this 
model (and the full model) are presented in Table 
IV. The AIC under this model is - 6 8 . 1 1 ,  corn- 
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Table IV. Full and Reduced Model Parameter Estimates for "Frequency of Church Attendance" Data 

Genetic parameter Environmental parameters Other parameters 

Full Reduced Full Reduced Full Reduced 

htr 
hme 
hmm 
acre 
am 
d, 
ra 

.437 .579 tm .323 .365 Ix .782 .756 

.426 .511 tf .329 .373 roe .171 .092 

.159 -- r t -- .287 .000" r ~  .137 b 

.053 -- sm .295 .247 r~  .038 -- 

.196 -- st .247 b r ~  .030 -- 

.356 -- rs 1.000 1.000 a relm .935 .968 
1.000 -- wff .284 .172 relf .966 b 

w,~ .235 b 
wfm .072 -- 
w=. .051 - -  

e~ .645 .630 
em .685 .692 

a Parameter is equated to the parameter directly above it (such as equating the effects of twin environment across sexes). 
b Parameter is fixed to the value shown. 

pared with a value of  - 5 6 . 0 2  under the full 
model ,  suggesting a gain in information. How-  
ever, the decision about the form of  the reduced 
model  was based on post hoc inspection of  the 
model-fit t ing results and so should be accorded 
little more than exploratory status. 

In Table IV, we present the proportions of  
the total t rue  s c o r e  variance in each sex attributed 
to the principal sources of  variation under the full 
sex-limited model and the proposed reduced form. 
This helps to clarify the overall inheritance pat- 
tern. The proportions of  variance are calculated 
using the equations presented in Table V. 

This estimation would be straightforward 
were no genotype-envi ronment  covariance or 
phenotypic  assortment present in the model ,  be- 
cause each proportion would be the path from 
the source to the phenotype squared. For covar- 
iates, the product of  the path coefficients from 
the phenotype through the two sources of  varia- 
tion back to the phenotype equals the proportion 
of  variance resulting from covariation. The pro- 
portion of  genetic variance resulting from assor- 
tative mating is most easily obtainable as the 
difference between the total genetic variance and 
the proportion due to non-assortative (random) 
genetic effects. The genetic parameter values 
presented in Table IV assume an assortatively 
mating population. The proportion of  random ge- 
netic effects in an assortatively mating popula- 
tion is h 2 ( 2 - 2 ~ ) ,  where  oL is the proportion of  
genes shared by  siblings (not necessarily equal 

to .5 if parents did not randomly mate).  The dif- 
ference between this and the total additive ge- 
netic component  equals the genetic variance 
resulting from assortment. 

For the reduced model  for church attend- 
ance, in males genes contribute 26.1% of  the 
variance,  family environment contributes 20.9%, 
and unique environment accounts for 46.5%; and 
in females the percentages are 33.5 (genes), 21.2 
(family environment) ,  and 38.6 (unique environ- 
ment). Gene-environment covariance explains the 
remaining variance.  There is substantial assor- 
tative mating (~ = .756); however ,  only 7 .22% 
(males) and 9.26% (females) of  the phenotypic 
variance results f rom the consequent increase in 
additive genetic variance.  

D I S C U S S I O N  

The detailed analysis of  the sources of  var- 
iation (Table VI) indicates the power of  the ex- 
tended twin-kinship design to test hypotheses 
which are beyond the scope of  designs more lim- 
ited in sample sizes and in their set of  relation- 
ships. Our results, together with the weight of  
previous data (e.g. ,  Eaves et  a L ,  1989), strongly 
suggest that studies which lack either the size or 
the structure to analyze sex differences in the 
causes of  variation are potentially misleading. 

Parameters which were not retained in the 
reduced model explained little of  the variance in 
the full model.  The removal of  these parameters 
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Table  Vo Formulae for Comput ing the Components  of  
Variance 

Males  

Genes = hm~ z + h~,, a + 2hmch~.a=, + dr, 2 
Additive = hm, 2 + h ~  a + 2 h m ~ a ~  

Random = hm~ 2 (2 - 2ace) + hm~ 2 (2 - 2am~) 
Assortative = (hm~ 2 + h~,~ 2 + 2 h ~ h ~ . , a ~ )  

- [(h~.2 (2 - 2a~)  + h ~  ~ (2 - 2 a ~ ) ]  
Dominant  = d~ z 

Environment  = tm 2 + em 2 + s~  2 
Family = t~ 2 + s 2 + em 2 (w,~. 2 + Wine 2 + 2W,~,~W,.xV.) 

Maternal = e~ 2 ( w ~  2 + w~-.wmftx) 
Paternal = er~ 2 (w~,~ 2 + W~.~Wr~Z) 
Twin = tm 2 

Sibling = s m  2 
Residual = e~ 2 [1 - (Wmm 2 + W ~  + 2W~.,W,,n~Z)] 

G - E  covariance = 2emh~,d'cm + 2e~h~,,~r~ 

Total = t m  2 + e m  2 + S m  2 "t- dine 2 + hme 2 + h ~  z + 2r~emh~o 
+ 2 h m ~ h ~ a ~  + 2 e m h ~ r ~  

Females  

Genes = hre  2 + hf~ 2 -}- 2 h f e h f t a c f  + d r  2 

Additive = hfr 2 + h~f z + 2hffl~ace 
Random = hf= 2 (2 - 2a~o) + hfe 2 (2 - 2af0 

Assortative = (bee z + hff z + 2hfehffacf ) 

- [h,o �9 (2 - 2aoo) + h ,?  (2 - 2a,,)] 
Dominant  = df z 

Environment  = tf z + e~ + sf 2 
Family = t~ + s z + e~ 2 (Wff 2 + Wfm 2 -1- 2WrfW~IX) 

Maternal = e z (w~ z + w~fw~.lx) 

Paternal = e~ (were 2 + wrfw~lx) 
Twin = tf z 

Sibling = s ~  
Residual = e~ [1 - (wf~ + wf~ 2 + 2WffWfml.L)] 

G - E  covariance = 2ethfj'r + 2eeh~fr~f 

Total = t? + e~ + s? + + d~ + hf~2 -t- h ~  + 2r~e~hf~ + 2hfchaa ~ 
+ 2e~frrr~ 

resulted in changes of only .85, 1.28, and 2.14% 
in the genetic, environmental, and gene-environ- 
ment covariance contributions to the variance, 
respectively. In females, the changes were equally 
small: 1.70, 1.21, and 2.92%, respectively. Thus, 
reduction to the final model clarifies rather than 
changes the inheritance pattern in any substantial 
w a y .  

It is expected, a priori, that a variable which 
seeks to index a characteristically human trait, 
such as religious behavior, would maximize our 
chances of detecting nongenetic inheritance. Al- 
though it is clear that there are significant shared 
environmental effects on twins and siblings liv- 
ing together, only a small fraction of these influ- 
ences derives directly from the parental phenotype, 

Tab le  V I .  Estimates of  the Components  of  Variance for 
Church Attendance for the Full and Reduced Models.  

Males Females 

Component  Full Reduced Full Reduced 

Total genes 25.23 26.08 31.78 33.48 
Additive genes 21.37 26.08 19.08 33.48 

Variance under 16.54 18.87 14.77 24.22 

random mating 
Variance due to 4.83 7.22 4 .3 i  9.26 

assortment 
Dominate genes 3.85 .00 12.70 .00 

Total environment 66.12 67.40 58.58 59.79 
Family environments 22.76 20.89 21.83 21.22 

Twin  10.43 13.35 10.8t  13.93 

Sibling 8.73 6.12 6.11 6.12 
Maternal cultural 3.03 1.42 4.04 1.18 
Paternal cultural .56 .00 .89 .00 

Unique environment 43.36 46.51 36.74 38.57 
Gene--environment 8.66 6.52 9.64 6.72 

covariance 

Totals 100.0 100.0 100.0 100.0 

and virtually none from the father. Most of these 
effects are uncorrelated with the parental phe- 
notype for church attendance and may arise from 
e~rafamilial sources such as peers and teachers. 
As with almost every other human behavioral 
trait studied so far, the largest fraction of the 
environmental variation arises from those spe- 
cific environmental influences which do not cor- 
relate even between identical twins. These analyses 
are based on cross-sectional data from individu- 
als of widely differing ages. Any tendency for 
genetic or cultural factors to interact with age 
would reduce, for example, intergenerational 
correlations, compared with intragenerational 
correlations. This effect, in term, would tend to 
inflate estimates of nonadditive genetic variance 
and reduce estimates of intergenerational trans- 
mission. Further analysis is required to resolve 
these more complex effects. 

An emerging puzzle within human behav- 
ioral genetics is the relatively trivial contribution 
of vertical cultural transmission to individual dif- 
ferences and family resemblance for human char- 
acteristics expected to show mainly nongenetic 
transmission. Assuming that all the studies of 
individual differences are not intrinsicatbr biased 
in favor of genetic interpretation, an integrative 
theoretical framework is needed which can make 
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sense of these findings. Such a framework cannot 
come from within behavioral genetics itself, at 
least as it is currently practiced, because it em- 
phasizes the analysis of the immediate causes of 
individual differences, trait by trait. There has 
been little attempt to account for the patterns of 
individual differences across variables in terms 
of the comparative evolutionary trajectory of 
populations subject to different regimes of selec- 
tion and causation. The only possible exception 
is the concern for analyzing "genetic architec- 
ture" as a key to the evolutionary history of traits. 
In contrast, human sociobiology is replete with 
fertile speculation about why things are the way 
they are but lacks data to match the quality and 
subtlety of those available to the behavioral ge- 
neticist. 

The large and informative samples now 
available to the human behavioral geneticist are 
making it possible to establish a number of repl- 
icable findings about the differential causes of 
family resemblance. Among the issues which 
could benefit from an evolutionary theoretical 
perspective are the differential contribution of as- 
sortative mating to different variables, the pattern 
of sex differences in genetic and environmental 
control, and the contribution (or lack of it) or 
vertical cultural inheritance to variation in a wide 
range of human traits. It has long been recog- 
nized that the relative uniformity of any environ- 
ment will leave only genetic effects and errors 
of measurement to be expressed. Perhaps the rel- 
ative lack of vertical cultural inheritance has little 
explanation beyond the fact that cultural change 
is so rapid and dependent on extrafamilial infor- 
mation that the only differences left to study are 
the genetic "no ise"  which creates relatively mi- 
nor idiosyncracies of taste. If this is so, then 
behavioral genetics, whatever it might achieve in 
terms of practical understanding of human di- 
versity at a particular point in history, will say 
relatively little about what it is to be human. 
Cohort and secular effects will emerge as major 
contributors to variation in comparison to indi- 
vidual differences at a particular moment. Of 
course, our sample includes only adults and does 
not exclude a major impact of nongenetic effects 
between parents and their younger children. Al- 
ternatively, the apparent lack of vertical cultural 
inheritance might be attributable to the fact that 
parents are relatively unreliable as a source of 
adaptive information in a rapidly changing en- 

vironment. That is, the optimal strategy for an 
individual is to select, from the smorgasbord of 
opportunities available, those in which his/her 
individual genotype is best able to prosper. One 
possible consequence of this mechanism is a pro- 
gressive increase in the genetic component of 
variation during development. To be equally sen- 
sitive to any parental pressure, or to allow pa- 
rental influence to extend beyond the period of 
actual physical and economic dependence, may 
actually be evolutionarily disadvantageous. 

Obviously, speculations of this type have no 
solid theoretical basis at present, but such a foun- 
dation is sorely needed in the future if human 
behavioral genetics is to go beyond mere empir- 
ical description of human differences. 
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