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Genetic Stability of Cognitive Development
From Childhood to Adulthood
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Genetic stability from infancy to aduithood has been proposed to account for observed parent—child
resemblance in cognitive test scores in the Colorado Adoption Project. Although genetic variance
increases dramatically from infancy to aduithood, results of preliminary analyses suggested that the
genetic influences on cognitive ability in infancy and in adulthood may be highly cerrelated. To
assess genetic stability more rigorously, a path model of genetic and family environmental transmis-
sion was fitted 1o general cognitive ability data from adoptive and nonadoptive families in which
children were tested at |, 2, 3, and 4 vears of age, as well as to published twin correlations. Longitudi-
nal genetic correlations from infancy and early childhood to adulthood were modeled explicitly, as
were the effects of phenotypic assortative mating on both parent—child and twin resemblance. In
general, results of the present study suggest significant and substantial genetic stability from 2, 3,

and 4 vears of age to adulthood.

The longitudinal adoption study by Skodak and Skeels (1949)
is one of the most frequently cited articles in developmental psy-
chology. In this landmark study, 100 children adopted before
6 months of age were tested at least four times between early
childhood and adolescence, and their IQ scores were compared
to educational level and occupational status of their adoptive
parents, to education and occupation of their biological par-
ents, and to IQ scores of about two-thirds of the biological
mothers. In general, the correlations between the IQ scores of
biological mothers and those of their adopted-away children in-
dicated increasing genetic influence from early childhood to ad-
olescence, reaching a level of .44 at 13.5 years of age.

Despite the importance of this longitudinal adoption study,
over 20 years elapsed before the adoption design was again used
to study psychological development, Then, during the 1970s, a
number of studies employing the adoption design were reported
(see Plomin & DeFries, 1985, for a recent review);, however,
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none assessed genetic stability from infancy and early child-
hood to adulthood.

In 1975, Plomin and DeFries (1985) initiated the Colorado
Adoption Project (CAP). The CAP differs from previous adop-
tion studies in a number of respects: Data are obtained from
biological parents of adopted children, adoptive parents,
adopted children, and members of nonadoptive families; bio-
logical fathers are tested when possible; the design is longitudi-
nal (children are tested in their homes at 1, 2, 3, and 4 years of
age and in a laboratory setting at 7 years of age; and follow-up
studies during adolescence are in progress); the sample size is
large (over 200 adoptive and 200 nonadoptive families are cur-
rently participating in the study); behavioral assessments are
multivariate, and information concerning the home and family
environment is collected; selective placement is minimal; and
the design is prospective. These differences from previous adop-
tion studies facilitate unique analyses pertaining to the etiology
of stability from infancy and early childhood to adultheod.

One of the most exciting findings of the CAP to date has been
the suggestion of genetic stability from infancy to adulthood for
cognitive development (Plomin & DeFries, 1985). The power of
an adoption design lies in its direct estimate of genetic influence
from the phenotypic correlation between, for example, biologi-
cal parents and their adopted-away offspring. However, when
biological parents are tested as adults and their adopted-away
offspring are tested as children, significant resemblance be-
tween them requires not only that the characteristic be heritable
in adulthood and in childhood but also that it be influenced by
some of the same genes at the two ages. The genetic correlation
between cognitive scores in childhood and adulthood provides
an index of the extent of such genetic stability (Plomin & De-
Fries, 1981). In the CAP, resemblance between general cogni-
tive ability (1Q) of the biological parents and Bayley Mental De-
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velopment Index (MDI) scores of the adopted infants suggests
some genetic stability from infancy to adulthood.

Assuming random mating and no selective placement, the ex-
pected correlation between biological parents and their ad-
opted-away children is as follows:

oo = Sheharc, (1)

where r,, is the parent-child correlation, A, is the square root
of heritability (the proporticn of phenotypic variance due to
additive genetic variance; see Plomin, DeFries, & McClearn,
1980) of MDI scores in children, A, is the square root of herita-
bility of general cognitive ability in adults, and r; is the longitu-
dinal genetic correlation. Thus, if no correlation is found be-
tween biological parents’ 1Q and their adopted-away infants’
Bayley MDI scores, genetic effects on Bayley MDI scores in in-
fancy are not correlated with genetic effects on adult IQ scores.
If, on the other hand, the correlation between biological parents
and their adopted-away children is significant, some develop-
mental genetic stability must exist from infancy to adulthood.
The magnitude of the genetic correlation depends on the par-
ent-offspring correlation and the heritabilities in childhood and
adulthood. The genetic correlation will be especially high when
heritabilities are low at either or both ages; in this case, the mod-
est genetic effects at each age must correlate highly between the
ages in order to produce, as the product .5h.h.r;, the observed
phenotypic correlation between biological parents and their ad-
opted-away offspring.

In the CAP, the observed correlation between biological par-
ents’ [Qs and their adopted-away infants” Bayley MDI scores is
about .10. Twin data suggest that the heritability of Bayley MDI
scores in infancy is about .15 and the heritability of adult IQ
scores is about .50. Thus, according to the simple model de-
scribed in Equation 1, the genetic correlation between infant
MDI scores and adult IQ is about .75 (Plomin & DeFries,
1985). This evidence for substantial genetic stability between
infancy and aduithood suggests that, although heritability is rel-
atively low during infancy, individual differences in Bayley MDI
scores and adult IQ scores may be influenced by many of the
same genes. In other words, even though genetic variance ac-
counts for only a small proportion of the observed phenotypic
variance in Bayley MDI scores, this genetic variance in infancy
covaries highly with the greater genetic variance of adult IQ
scores.

A substantial genetic correlation from infancy to adulthood
implies that there is some phenotypic stability within individu-
als, but the phenotypic stability need not be substantial. The
genetic correlation indicates the extent 10 which genetic effects
overlap at two ages, regardless of their contribution to pheno-
typic variance. The genetic contribution to phenotypic stability,
on the other hand, is k.h.rg, the genetic correlation weighted by
the square roots of the heritabilities at each age. Thus, the CAP
data suggest that the genetic contribution to phenotypic stabil-
ity from infant Bayley MDI scores to adult IQ is about .20, En-
vironmental mediation of stability could add to this figure.
Nonetheless, this prediction of phenotypic stability is within
the limits of stability found in previous studies—for example,
a review by McCall (1979) yielded a median correlation of .32
for three studies that compared test scores of 13- t¢ 18-month-
old infants to their IQ scores at 8 to 18 years of age.

Subsequent to our early work on genetic stability, LaBuda,
DeFries, Plomin, and Fulker (1986) fitted a path model of ge-
netic and shared family environmental transmission to general
cognitive ability data from CAP adoptive and nonadoptive fami-
lies to assess the etiology of longitudinal stability from infancy
to early childhood. An inspection of genetic transmission pa-
rameters estimated from that study suggested substantial ge-
netic stability from infancy and early childhood to adulthood.

Eaves, Long, and Heath (1986) independently formulated a
path model of cognitive development in which genetic and envi-
ronmental influences are either constant across ages or specific
to each age. When this model was applied to cognitive data from
infancy and childheod in the Louisville Twin Study, results sug-
gested that genetic stability across ages is substantial.

Because of its important implications for developmental be-
havioral genetics, as well as the fact that genetic stability is
counter 1o the prevailing perspective of developmental theory
(Plomin, 1986), a more rigorous evaluation of the evidence is
warranted. For example, one inadequacy of the rudimentary
analysis by Plomin and DeFries (1985) was the assumption of
random mating. Moderate assortative mating for general men-
tal ability occurs in the CAP, and mate correlations contribute
to the observed parent-offspring resemblance (see Plomin et
al., 1980). Thus, solution of Equation 1 vields an overestimate
of the longitudinal genetic correlation when the parent~child
correlation is due in part to positive assortative mating. More-
over, when positive assortative mating occurs, heritability is un-
derestimated by doubling the difference between identical and
fraternal twin correlations. As may be seen from Equation 1,
underestimates of heritability yield overestimates of the longitu-
dinal genetic correlation. Although assortative mating was
modeled in the LaBuda et al. (1986) analysis of CAP parent~
offspring data, random mating was assumed when heritabilities
were estimated from twin data. Furthermore, in neither of our
previous analyses was the longitudinal genetic correlation ex-
plicitly modeled and tested for statistical significance.

Thus, the objective of the present study was threefold: (a) to
explore genetic stability in more detail by formulating path dia-
grams that model the longitudinal genetic correlation explicitly
and facilitate a test of its significance; (b) to model the effects
of phenotypic assortative mating on both parent-offspring and
twin resemblance; and (c) to analyze cognitive data from a
larger sample of CAP adoptive and nonadoptive families than
has previously been reported on.

Method

Sample

The CAP is a longitudinal, prospective study of behavioral develop-
ment in which adopted children and matched nonadopted children are
assessed during home visits at 1, 2, 3, and 4 years of age. Biological
and adoptive parents of adopted children and parents of nonadopted
children are administered a 3-hour battery of tests, and extensive goes-
tionnaire data are obtained. In the present study, separate analyses of
family data for children tested at each age were undertaken. The nom-
ber of adoptive families in each analysis ranges from 155 to 196, whereas
the number of nonadoptive families ranges from 129 to 161.

As described in more detail by Plomin and DeFries (1985), the vari-
ance in the CAP sample with regard to socioeconomic status is repre-
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semiative of the United States general population. However, the means
for adoptive and nonadoptive fathers are about one standard deviation
above the national average. For example, the mean {+ standard devia-
tion) revised Sociceconomic Index (SEL, Hanser & Featherman, 1977)
values for adoptive ard nonadoptive fathers are 63.4 + 20 5and 61.9 +
18.2, respectively. As expected, biologicat fathers are considerably youn-
ger than adoptive or nonadoptive fathers {over [0 years or average), and
their average SEI is lower (31.7 + 22.4), However, the parents of these
adults {i.e., the biological, adoptive, and nonadoptive grandparents) are
highly similar with regard to both mean SEI and variancs {see Plomin
& DeFries, 1985), suggesting that the biclogical parents of CAP adopted
children are not from 8 disadvantaged group. Selective placement has
been found 10 be negligible for all measures examined to date, including
sociceconomic status, education, and cognitive abilities,

In order to estimate longitudinal genetic correlations from the par-
ent—offspring data, twin correlations were also incorporated into onr
analyses. Correlations of identicat and fraternal twin pairs tested in the
L cuisvitle Twin Study (Wilsen, 1983 at I, Z, 3, and 4 years of age were
employed for this purpose. These correlations were estimated from the
foBowing numbers of identical and fraternal twin pairs: 1 year of age,
B9 and 92, 2 years, 88 and 115; 3 vears, 104 and 125; and 4 vears, 105
and 120. For older twins, corresponding correlations reperted by Loeh-
lin and Nichols (1978) were utilized. Although these correlations are
based on data from young adults, the sample is large (1,300 identical
and B64 fralernal twin pairs) and the obtained correlations are typical
of other twin studies of aduit IQ {cf. Bouchard & McGue, 1981).

Measures

A batiery of 13 cognitive tests that assess verbal, spatial, perceptual
speed, and memory factors is administered to adults, The tests, reliabili-
ties, methods employed for sex and age adjustment, and the factor struc-
fure are described elsewhere (e.g., DeFries, Plomin, Vandenberg, &
Kuse, 1981). The first unrotated principal component score is used as
a measure of general cognitive abitity,

During visits to the homes of the adopted and nonadopted infants at
12 and 24 months of age, the Bayley Scales of Infant Development
(Bayley, 1969) are administered. The Stamford-Binet Intelligence
Scale—Form 1-M {Terman & Merrill, 1973) is administered when the
chikiren are 3 and 4 years old,

Path Model

The path model employed in the present analysis is an extension of a
simplified version of the adoption model formulated by Folker and De-
Fries (1983). The model facilitates tests of additive genetic and shared
family environmental transmission, genetic conlinuity fram childhood
1o adulthood, zssortative mating, selective placement, and specia! envi-
ronmental influences shared by members of twin pairs. Although ele-
mentary, the model appears 1o be plausible for mental development.
Results of previcus analyses of CAP cognitive data have provided little
or no evidence for genctlype-envirgnment correlations or nonlinear in-
teracticns (e.g., Fulker & DeFries, 1983; Plomin & DeFries, 1985; Rice,
Fulker, & DeFries, 1986).

A path diagram of genetic and shared family environmental trans-
mission in aonadoptive families is depicted in Figure 1. The basic model
includes only two latent variables, additive genetic value (&) and envi-
ronmental deviaticn (E), which completely determine FP (the pheno-
typic value) with paths 4 and ¢, respectively. Residual causes have been
omitied from the diagram becanse they do nof contribute to expected
correlations arong the variabies. Both mother {Pue) and father (Pr} con-
tribute 10 the genetic (Go) and environmental {Eo) determinants of &
child’s mentai performance (Po). In order to assess genetic stability
from childhood 10 adulthood, the model includes genetic values of par-

ents both as aduls (Gy and G} and as children (G, and Gr). Thus,
the longitudinal gznetic correlation {rs) is modeled explicitly as a path
coeflicient between the parental genetic values as adults and as children.
CGienetic transmission from parent 10 offspring is modeled via Gy, and
G, with path coefficients of 1/2; transmission involving shared family
environment via the maternal and paternal phenotypes is modeled with
paths m and f, respectively.

Genotype—environment correlation is assumed to be zero and thus
is not modeled explicitly. Because of this assumption it is possible 1o
standardize G, £, and P 1o zero mean and unit variance for both adopted
and nonadopted chikiren and their parents. However, it may be noted
that in Figure 1 a correlation between genetic and eovironmental influ.
ences o the child will be induced if genetic and environmental trans-
mission both occur Thus, the significance of the genetic and environ-
mental transmission parameters included in the model will provide &
test of the validity of this assumption,

Phenotypic assortative mating, that is, the tendency for individuals to
select mates on the basis of observed phenotypes, is assumed. This pro-
cess resultsin a pherotypic correlation between spouses { p) and induces
correlations between their genotypic values (both as adults and as chil-

Figure 1. Path diagram representing genetic and shared family environ-
mental transmission in wonadoptive families (G = additive genetic
value, E = environmental deviation, P = phenotypic value, M = mother,
F = father, O = offspring, a = adul, ¢ = child).
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Table 1
Expected Phenotypic Correlations
Variable Expected correlation

Nonadoptive families

Pou, Fr Iy

Pu, Po Shoers (T p)+ edm+ pf)

FPr, Po Shierg (2 + pY + e S+ pr)
Adoptive families

Pm, PBF g

Pra, Pur P

Pou, Por Xy

Pow, Pan X2

Por, Pap X3

Por, Pam Xa

Pom, Pao Shyhere(l + @) + & (xy S+ )

Par, Puo Shdere (1 + g1 + e, (5 /4 Xam)

Pag, Pao e (f+ pm) + Shahcre(x, + xa)

Pru, Fan e {m + gf) + Skbhore (o + )
Adult twins

Py, Pn (idﬁﬂﬁm)

Pry, Pra (fraternal)
Child twins

PTh Pn (ﬂmuca.l)

Pry, Pr; (I'raiemal)

hE+el (o + 1+ 2mfp+ i)
ShA1+ i)+ (e + 2+ 2mfp + 10)

hitedn? + 24 2mip + 1)
ShI(l+ kirdpy+elim+2+2mp+1)

Note. M, F, O, BM, BF, AM, AF, AQ, T1, and T2 symbolize nonadop-
tive mother, nonadoptive father, nonadopted child, biological mother,
biological father, adoptive mother, adaptive father, adopted c¢hild, twin,
and co-twin, respectively. See Figures 1-4 for corresponding path dia-
grams.

dren). To model this complexity, the method of reverse path analysis
(s¢e Fulker & DeFries, 1983) was employed.

Figure | facilitates the derivation of three expected correlations
among the three manifest variables following the rules of path analysis
{Li, 1575). These expeciations for nonadoptive families, expressed in
terms of the model parameters, are presented at the top of Table §.

Qur mode] of transmission in adoptive families s depicted in Figure
2. Adoptive parents contribute only environmental influences (m and
T}, whereas biological parents contribute only genetically to the adopied
child’s phenotype. Althaugh litile or no evidence of selective placement
has been found to date in the CAP, for completeness it is modeled in
Figure 2 by correlations between the phenotypes of biological and adop-
1live parents (x, through x).

By comparing Figures 1 and 2, it may be seen that spouse resem-
blance is assumed to be similar for adoptive and nonadoptive parents.
However, assortative mating may differ for biclogical (unwed) parents of
adopted children, In order to test this hypothesis, a different assortative
mating parameter for biological parents of adopted children (g} is in-
cluded in the model.

The five manifest variables included in Figure 2 yield a total of 10
expected correlations. These expectations gre expressed in terms of the
model parameters in the middle portion of Table 1.

The path diagrams in Figures 3 and 4 illustrate how genetic and envi-
ronmental influences contribute 10 observed twin resemblance when
the twin pairs are tested either as aduhts or as children. In addition to the
transmission parameters that cause parent—child resemblance, a latent
variable (E,) with path coeflicient ! is included in the twin diagrams.
This parameter is included 0 account for any unique resemblance be-
tween members of twin pairs that is not due 1o parent-chiki transmis-
sion (e.g., special shared environmental influences due to twin contem-
poraneity, etc.). In ather words, t refers to correlations between the envi-
ronmental deviations of twins, The contribution of this parameter to
the twins' phenotypic correlation, usually called shared or common en-

vironment, is %1%, where ¢? is the proportion of observed variance due
to all environmental influences. Twins have been found to share envi-
ronmental influences to a greater extent than do other family members
such as nontwin sihlings (.., Plomin & DeFries, 1580), but 1he effec-
tive environments apparently are highly similar for the two types of
twins (Loehlin & Nichols, 1976; Scarr & Carter-Saltzman, 1979).

Although data from parents of twins were not included in our analy-
sig, 1t is assumed that spouse resemblance for parents of twins 18 similar
to that for adoptive and nonadoptive parents of singletons (p). In addi-
tion, it is assumed that environmental transmission is similar in families
of twins and singletons. Thus, it is possible to express expected identical
and fraternal twin correlations in terms of £ and the parent—child model
parameters (see bottom of Table 1).

Analysis

For families of singletons, the summary statistics 1o which the model
was fitted are variances and covariances. In the case of nonadoptive fam-
ilies, which include mothers, fathers, and children tested at a given age,
these statistics form a 3 X 3 matrix. The numbers of nonadoptive fami-
lies on which these matrices are based are as follows: chikd tested at 1
vear of age, 161; 2 years, 153; 3 vears, 146; and 4 vears, 129. In the case
of adoptive families, complete data on hiological mothers, biclogical
fathers, adoptive mothers, adoptive fathers, and adopted children vieki
a 5 X 5 covariance matrix for each age at which the children were tested.

Figure 2. Path diagram of genetic and shared family environmental
transmission in adoptive families (G = additive genetic value, E = envi-
ronmental deviation, P = phenotype value, BM = biological mother,
BF = biological father, AM = adoptivs mother, AF = adoptive fathes,
AQ = adopted offspring, a = adult, ¢ = child).
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Pt Prz

Figure 3. Path diagram of genetic and shared family environmental
transmission in famibies of twins tested as adults (G = additive genetic
valpe, E = environmental deviation, P = phenotypic value, M = mother,
F = father, T1 = twin, T2 = co-twin, 2 = adult).

Although considerable effort was made to test biological lathers of
adopted children, the 5 X § matrices that include data from hiological
fathers are based only on the following numbers of families: children
tested at | year of ags, 42; 2 years, 3%; 3 years, 40; and 4 years, 4.
However, the sample ol adoptive families lacking information from bio-
logical fathers is larger (1 year, 1354; 2 years, 140; 3 years, 136; and 4
years, 121) and was used to calculate independent 4 X 4 matrices. In
the case of twins, 2 X 2 correlation matrices (identical and fraternal
twin correlations for children tested at each age and for adults) were
analyzed, using the data of Wilson (1983) and Loehlin and Nichols
{1976).

To estimate the medel parameters for each age at which the children
were tested, the seven observed matrices were simultaneously equated
10 the expected matrices using a maximum-likelihood estimadon pro-
cedure (see Fulker & DeFries, 1983). The following function was mini-
mized using the generalized numerical optimization package MINUIT
(CERN, 1977);

F =T N{InlES) - S, + ]S850 - pul (2)
kel

where the k observed and expected matrices are symbolized §. and
£(S,), Tespectively. Ny is the degrees of freedom of the kth matrix, and
P« is the order of the matrix. In the present analysis, p, varies from
Bve to two and we sum over seven matrices. F, the log-likelihoed ratic
statistic, is distributed asymptotically as chi-square with the following
degrees of freedom:

df=Z Ipdpe + 112 -, 3

=1

where n is the number of parameters estimated.

The full model was first fitted to the data (separately as a function of
child’s age) to estimate the mode! parameters. Then a series of reduced
models was fitted 1o the data 10 test the significance of these parameter
estimates. Although standard errors of the parameter estimates were
computed, they are only approximate because of the numerical meth-
ods empioyed 1o derive them. In contrast, comparing the goodness of
fit of alternative models using chi-square provides significance tests that
are more robust,

Results

Observed correlations in nonadoptive families, pooled esti-
mates of observed correlations in adoptive families, and the
twin correlations analyzed each year the children were tested
are presented in Table 2. Inspection of the observed corre-
lations involving adoptive and biological parents indicates that
selective placement is negligible in the CAP and that assortative
mating is moderate. Moreover, the correlations between
adapted children and their biological and adoptive parents sug-
gest increasing genetic and shared environmental influences as
a function of child’s age.

Although inspection of the observed correlations in Table 2

Pm Pg
he hq
GM GF
G G

m m ) f
GMC GFC
172 172
172 172
Gry Ert Era Gtz
te ¢
E
he G ! e, he
Pr Pr2

Figure 4. Path diagram of genetic and shared family envireamental
transmission in families of twins tested as children (G = additive genetic
value, E = environmental deviation, P = phenotypic value, M = mother,
F = father, T1 = twin, T2 = co-twin, a = adul, ¢ = chikd).
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Table 2
Observed Correlations
Phenotypic correlation
Variable Year 1 Year 2 Year 3 Year 4
Py, Pr 13 A0 12 13
P, o .07 .20 .16 21
P, Po 10 A7 09 08
Adoptive families
(pooled)
Pom, Por 28 28 35 37
Pusts Par 28 28 .29 a1
Pem, Par —.01 -.03 -.03 07
Py, Pam .02 06 a7 14
PBFs AF ".13 _.08 _-07 .03
Por, Pam .04 1 .10 19
Pgm, Pac 10 07 .18 .24
Pyr, Fro 26 34 .27 A48
Par, Pao 09 08 A3 .11
Poms Puo A2 05 .14 17
Adult twins
Pr;, Pry
(identical)
Pr1, P .86 26 .86 86
{fraternal) 62 62 62 62
Child twins
Py, Py
{identical)
Py, P12 .68 21 .88 RX]
{fraternal) 63 3 .19 1

Note. Adult and child twin correlations are from Loehlin and Nichols
(1976) and Wilson {1983), respectively. M, F, O, BM, BF, AM, AF, AQ
T1, and T2 symbolize nonadoptive mother, nonadoptive father, non-
adopted child, biological mother, biological father, adoptive mother,
adoptive father, adopted child, twin, and co-twin, respectively.

is instructive, parameter estimates resulting from the simulta-
neous analysis of all of the data are more informative. Parame-
ter gstimates resulting from the fit of the full model (Model 1)
10 the data are presented in Table 3 for each year the children
were tested. As expected, the assortative mating parameters (p

Table 3

and g), selective placement {x, through x;), environmental
transmission { f and m), the special twin environments (t, and
L), and the square root of heritability for adults (4,) are fairly
constant across the four ages despite differences in sampie size.
In general, assortative mating is moderate both for biological
parents () and for adoptive and nonadoptive parents (p); selec-
tive placement parameters (x; through x,) are near zero; and
shared environmental transmission (fand m) is low, The find-
ing that shared environmental influence between parents and
children is low is not unusual: For example, in a study of 94
adoptive families, the 1Q correlation between adoptive mothers
and their adopted children at 4 years of age was .07 (Fisch, Bi-
lek, Deinard, & Chang, 1976). Studies of older children also
have found little resemblance between adoptive parents and
adopted children (Plomin, 1986).

In contrast, estimates of the square root of heritability for
adults (4,) and the special twin environments (f, and f.) are
large. It should be noted that the estimate of the heritability of
adult 1Q, k2 = .55, is somewhat higher than the value that we
used in our previous analyses (viz., .50), presumably due to the
fact that assortative mating was incorporated into the present
analysis. As expected, the heritability of the infant and child-
hood measures increases as a function of age (.10 to .26), and
these estimates are very similar to those used in our previous
analysis of a somewhat smaller data set (LaBuda et al., 1986).

As mentioned earlier, the contribution of £ to the phenotypic
correlation of twins, the shared environmental component of
variance, can be estimated as e%. At 4 years of age, t. = .87
and A, = .51. The proportion of the variance due to all sources
of environmental influence (&?) is estimated by assuming that
K + e® = |, that is, & = .74. Thus, shared environmental in-
fluences contribute about .56 to the observed twin correlation.
As in the vsual estimate of shared twin environments (given
identical and fraternal twin correlations of .83 and .71, respec-
tively, at 4 years of age in the Louisville Twin Study), the ¢ pa-
rameter in the present analysis suggests that twins share envi-
ronmental influences salient to cognitive development (e.g.,
age-linked maturational events with coincidental environmen-
tal effects due to contemporaneity) to a substantial degree.

Parameter Estimates (+ SE) for the Full Model (Model 1) and the Most Parsimonious Model (Model 3)

When Children Are Tested at 1, 2, 3, and 4 Years of Age

Model 1 Model 3
Parameter 1 year 2 years 3 years 4 years 1 year 2 years 3 years 4 years
D 22105 20+ 05 22+ .05 23+ .06 23+.05 21+ .05 23+ .05 24+ 05
q 32x.13 26 £.15 3413 34,13 —_ — - -
X1 ~.01 +£.07 ~.02+£.07 ~03+.07 06 + .08 —_ —_ - -
X2 03+.07 08 +.07 09+ .08 151 08 —_ - - -
X3 -08£.14 - 10+.15 -05=%.14 -02x.15 — — —_ —
X4 —07+.16 04+.15 A0+.16 A7+ .6 — — — —
I 06 £ .06 07+£.06 07+.06 01+ .07 — — —_ —_
m D6 x .07 07+.07 10+ .06 11 +.08 — — — -
L 831+.02 83+.02 .82+ .03 82+.03 83+.02 83+.m 83+ .02 .83 +.02
L 80 +.03 87202 91z .01 87+.02 .80+ .03 38£.02 S92+ 01 38+ .02
h. 74+ .04 J3+.04 74 + 04 74+ .04 T4+ .04 74+.04 74+ .04 J4+.04
h, 32+.25 41 =11 43+ .07 51+.09 33+ .22 42+ .11 44+ 07 52+.09
re 42+ .50 61£.33 56 .28 J5+.27 67+ .52 85+ .31 TJ9+ .25 S0+ .23
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Table 4
Fit of Alternative Models
Model statistics Change statistics
Age of
Model child x? df x? dar P

I Full 1 19.45 20 —_ — —
2 20.35 20 — —_ —
3 18.79 20 —_ —_ —_
4 19.73 20 — —_ —_

2P=g,X=X=X3=X,=0 | 20.67 25 1.22 5 95
2 2227 25 1.92 5 90
3 21.44 25 2.65 5 .80
4 24.62 25 4.89 5 50

3p=gxi=xa=xi=x4=0;m=/=0 1 22,54 27 1.87 2 50
2 24.30 27 2.03 2 50
3 25.12 27 3.68 2 .20
4 27.15 27 2.53 2 .30

dp=g=0x;=x=x3=x3=0 | 41.83 26 21.16 1 001
2 38.40 26 16.13 1 .001
3 41.34 26 19.90 1 001
4 43.46 26 18.84 | 001

Sp=gxi=X=X3=X=0;h,=0 | 292.37 26 271.7Q | 001
2 296.93 26 274.66 | 001
3 295.59 26 274.15 1 001
4 303.59 26 278.97 1 001

6p=gxi=xa=x1=Xx4=0;h.=0 1 22.55 26 1.88 1 .20
2 29.66 26 7.39 1 01
3 34.23 26 12.79 1 001
4 41.14 26 16.52 1 .001

T P=qX1=X=X3=X=0,7=0 | 22.05 26 1.38 | .30
2 26.62 26 4.35 1 05
3 2561 26 4.17 1 .05
4 33.28 26 8.66 1 .01

Note. Model 2 is tested against Model 1, whereas all others are tested against Model 2.

Of major interest to the present study is the childhood-to-
adulthood genetic stability parameter (rg) estimated at each
age. It may be seen from Table 2 that this parameter is moderate
at | year (.42) but increases to .75 by 4 years of age. Although
these estimates are somewhat lower than those we have pre-
viously reported (LaBuda et al,, 1986; Plomin & DeFries,
1985}, they nonetheless indicate substantial genetic continuity
from infancy and early childhood to adulthood. As is indicated
at the top of Table 4, results of goodness-of-fit tests indicate that
the full model provides an adequate representation of the data
{p =~ .50 at each age).

To test the significance of the parameter estimates and ex-
plore the data further, a series of reduced models was fitted to
the data. The difference in goodness of fit between two models is
itself distributed as chi-square and thus may be used to evaluate
various constraints imposed on the reduced model. Because the
selective placcment parameters were near zero, they were
dropped from the model first, and assortative mating was as-
sumed to be comparable for biological and adoptive parents of
adopted children; that is, x;, x2, X3, and x4 were each con-
strained to be zero in Model 2, and the assortative mating pa-
rameters (p and ¢) were equated. As shown in Table 4, the
changes in chi-square from Model | to Model 2 indicate the
acceptability of these constraints for each age at which the chil-
dren were tested.

Model 3 retains the constraints of Model 2 but also assumes

the absence of transmission due to shared family environment.
The changes in chi-square shown in Table 4 indicate that this
model is also acceptable at each age. As noted in a previous
section, this finding substantiates the absence of genotype—envi-
ronment correlations for CAP cognitive data, Model 3 is the
most parsimoniocus of the models for which adequate fits to the
data were obtained; thus, parameter estimates resulting from
the fit of this model to the data for each age are also presented
in Table 3. It may be seen that the parameter estimates obtained
from the fit of Model 1 to the data are highly similar to those
estimated from Model 3, with the exception of g, the genetic
continuity parameter. The estimates for this parameter are
somewhat higher when estimated from Model 3, presumably
because all parent—child resemblance is assumed to be due to
genetic influences in that model. Although the environmental
transmission parameters nt and fare small and nonsignificant,
they are predominantly positive. Thus, when Model 3 is fitted
to the data, estimates of the genetic correlations are somewhat
inflated.

Muodels 4-7 test other parameter estimates, For example,
Model 4 retains the constraints of Model 2 as well as assuming
that assortative mating is absent, As may be seen from the
changes in chi-square listed in Table 4, this hypothesis may be
rejected with considerable confidence. A comparison of Model
2 with Model 5 provides a test of the null hypothesis that the
heritability of IQ in adulthood is zero. As indicated by the very
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large changes in chi-square shown in Table 4, adult heritability
is highly significant. Correspondingly, Model 6 tests the hypoth-
esis that the heritabilities of the measure during infancy and
childhood are zero. This hypothesis cannot be rejected for chil-
dren tested at | year of age. However, there is evidence for sig-
nificant heritability at each of the later three ages. Of special
interest is Model 7, which constrains the longitudinal genetic
correlation to be zero. As may be seen in Table 4, this hypothe-
sis cannot be rejected for infants tested at | year of age; however,
the longitudinal genetic correlations arc significantly different
from zero at the later ages. This finding of substantial and sig-
nificant genetic stability from infancy and early childhood to
adulthood confirms and extends our previous findings.

Discussion

The primary objective of the present analysis was to explore
childhood-to-adulthood genetic stability in more detail {a) by
incorporating the longitudinal genetic correlation into our
adoption model of genetic and environmental transmission, (b)
by modeling the effects of phenotypic assortative mating both
for parent—child and for twin resemblance, and then (c) by ap-
plying the model in a simultaneous analysis of published twin
correlations and data from a larger sample of CAP adoptive and
nonadoptive families than was previously reported on. The
model was found to be tractable and was fitted to data from
families whose children were tested at 1, 2, 3, and 4 years of age
and to correlations for twin pairs tested at similar ages.

By inspection of the parameter estimates, as well as tests of
specific hypotheses resulting from comparisons of goodness of
fits of alternative models, several general findings emerged:
First, it was found that assortative mating is moderate (about
.25) and similar for biological and adoptive parents of adopted
children and for nonadoptive parents. Second, selective place-
ment is near zero, and environmental transmission parameters
are small and nonsignificant. Third, the correlation between
twin pairs due to shared environmental influences (¢?) is large
and highly significant, indicating that special factors such as
contemporaneity add importantly to twin resemblance.
Fourth, the heritability of 1Q in adults is large (about .55) and
highly significant. Fifth, heritability of 1Q in children is lower,
but increases from .10 at 1 year of age to .26 at 4 years of age.
And sixth, estimates of the longitudinal genetic correlation in-
crease from a nonsignificant .42 at 1 year of age to a highly
significant .75 at 4 years of age. Although somewhat smaller
than our previously reported estimates of genetic correlations,
the results of the present study suggest that genetic continuity
from infancy and early childhood to adulthood is substantial.

Substantial longitudinal genetic correlations suggest that ge-
netic factors that cause individual differences in infancy and
childhood covary highly with genetic causes of individual
differences in adulthood. This finding is all the more remark-
able because infant scores are measures of developmental rate,
pot final level—all human beings eventually are able to stick
the yellow pegs in the pegboard of the Bayley test. Genetic sta-
bility does not imply that the physiological or psychological
processes that underlie scores on cognitive tests are the same in
childhood and adulthood. For example, the same genes would
not necessarily be transcribed at the two ages even if the age-to-

age genetic correlation were 1.0: The relevant genes in child-
hood might no longer be actively transcribed, but their struc-
tural legacy (e.g., differences in neural networks) could produce
the genetic correlation between childhood and adulthood. Sim-
ilarly, the psychological processes underlying the measures in
childhood and aduithood need not be isomorphic. For instance,
“childhood genes” might affect rate of language acquisition,
whereas “adult genes” might affect symbolic reasoning. How-
cver, it is also possible that similar cognitive processes are in-
volved at both apes, as has been argued in the case of infant
novelty preference and its relation to later IQ (Fagan, 1982,
1985);

To predict later intelligence, the task is to tap processes during in-
fancy which are similar in kind to processes known 10 be related
10 later intelligence. On later intelligence tests, children are asked,
for example, to discriminate among stimuli, to retain new infor-
mation, to identify similarities, and to categorize. Over the last de-
cade, methodological advances and empirical studies in the field
of infant visual perception and recognition memory have made it
possible to ask an infant to exkibit discrimination, retention, iden-
tification, and categorization. {Fagan, 1982, p. 22)

One important direction for future research is to identify the
processes in childhood and adulthood through which genetic
stability occurs,

One question that arises from finding such substantial genetic
stability is: How can genetic stability be so high when genetic
variance increases so dramatically from about .20 in earty
childhood te over .50 in adulthood? Fer example, if the genetic
correlation were 1.0, any increase in heritability from child-
hood to adulthood would present a paradox. Although the mag-
nitude of the genetic correlation in the present study is not nec-
essarily discrepant with the increase in heritability, it is interest-
ing heuristically to consider the possibility that the effects of
genes that cause individual differences early in life become am-
plified during development. In other words, aithough genetic
variation accounts for a smaller proportion of the observed
variance of cognitive ability in infancy and early childhood than
in adulthood, the effects of many of the same genes may be man-
ifested increasingly as development proceeds,

How could the effects of the same genes be amplified during
cognitive development? Consider the genetic control of neuro-
logical development as a hypothetical exampile. Let us suppose
that genetic differences among infants are responsible for
differences in the complexity of dendritic spines as they develop
during the first few years of life and that information-processing
capability is a function of the complexity of dendritic spines.
Such structural differences might result in only minor func-
tional differences among infants due to their limited informa-
tion-processing capability. However, functional differences
could be manifested to a greater extent during childhood as
more information is processed. In this manner, genetic differ-
ences would contribute only negligibly to variance in Bayley
MDI scores but would increase in their relative contribution
as development proceeds. Although the genetic variance is less
during early development, the genetic correlations from infancy
and early childhood to adulthood could be substantial because
the effects of many of the same genes are being expressed at
each stage of development.

Another implication of the genetic stability model is that it
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predicts some phenotypic stability from early childhood to
adulthood. As mentioned in the introducticn, the genetic con-
tribution to phenotypic stability is a function of the longitudinal
genetic correlation between the two ages and the square roots
of the heritabilities at each age. If either of the heritabilities is
low, the genetic contribution to phenotypic stability (i.e.,
hyh.rc) will also be low. Results of the present study suggest that
the genetic contribution to phenotypic stability between 3 years
of age and adulthood is .18. Between 4 years and adulthood,
the genetic contribution to observed cognitive stability is .28.
Longitudinal studies of IQQ have vielded stability correlations of
about .40 and .50, respectively, from 3 and 4 vears of age to
adulthood (Bayley, 1954; Honzik, MacFarlane, & Allen, 1948).
Thus, the results of the present study suggest that about half of
the phenotypic stability between childhood and adulthood is
mediated geneticaily.

The genetic contribution to phenotypic correlations between
childhood and adulthood (about .20 to .30) is not large enough
to be of practical utility in predicting adult IQ, at least with
our current measures. However, the present findings support
an emerging theory of the origins of individual differences in
cognitive development. Genetic differences among children ac-
count for only 10% to 15% of the variance assessed by the Bayley
MDI at | and 2 vyears and only 15% to 25% of the variance
assessed by the Stanford-Binet at 3 and 4 years. Nonetheless,
the surprising aspect of these results is that most of this genetic
variance covaries highly with adult [Q. As mentioned earlier,
an important direction for future research is to identify those
genetically influenced psychological and physiological pro-
cesses that correlate so highly between childhood and adult-
hood. Finally, although the magnitude of the genetic corre-
lations from childhood to adulthood is surprisingly high, they
are less than 1.0. Thus, these data point to both genetic change
and genetic continuity during cognitive development. A little
bit of genetic change might go a long way toward altering the
course of development. For this reason, developmental behav-
ioral genetics must continue to focus on genetic change as well
as continuity.

References

Bayley, N. (1954). Some increasing parent—child similarities during the
growth of children. Journal of Educational Psychology, 45, 1-21.

Bayley, N. (1969). Manual for the Bayley Scales of Infant Development.
New York: Psychological Corporation.

Bouchard, T. J., & McGue, M. (1981). Familial studies of intelligence:
A review, Science, 212, 1055-1059.

CERN (1977). MINUIT: A system for function minimization and anal-
ysis of the parameter errors and correlations. Geneva: Author.

DeFries, J. C., Plomin, R, Vandenberg, S. G., & Kuse, A. R. (1981).
Parent—offspring resemblance for cognitive abilities in the Colorado
Adoption Project: Biological, adoptive, and control parents and one-
year-old children. Iatelligence, 5, 245-277.

Eaves, L. 1., Long, J., & Heath, A. C. (1986). A theory of developmental

change in quantitative phenotypes applied to cognitive development,
Behavior Genetics, 16, 143~162.

Fagan, J. E Tl (1982). A visual recognition test of infant intelligence.
Infant Behavior and Development, 5, 22, (Abstract)

Fagan, J. F [11(1985). A new look at infant intelligence. In D. K. Detter-
man (Ed.), Current topics in human intelligence: Vol 1. Research
methodology (pp. 223-246). Norwood, NJ: Ablex.

Fisch, R. O, Bilek, M. K., Deinard, A. .C., & Chang, P. N. (1976).
Growth, behavioral, and psychologic measurements of adopted chil-
dren: The influences of genetic and socioeconomic factors in a pro-
spective study. Behavioral Pediatrics, 89, 494-500.

Fulker, D. W., & DeFries, J. C. (1983). Genetic and environmental
transmission in the Colorado Adoption Project; Path analysis. British
Journal of Mathematical and Statistical Pswhology: 36, 175-1838.

Hauser, R. M., & Featherman, D. L. (1977). The process of stratifica-
tion: Trends and analysis. New York: Academic Press.

Honzik, M. P., MacFarlane, J. W., & Allen, L. {1948). Stability of men-
tal test performance between 2 and 18 years. Journal of Experimental
Education, 17, 309-322,

LaBuda, M. C., DeFries, J. C., Plomin, R., & Fulker, D. W. (1986).
Longitudinal stability of cognitive ability from infancy to carly child-
hood: Genetic and environmental etiologies. Child Development, 57,
1142-1150.

Li, C. C. (1975). Path analysis: A primer. Pacific Grave, CA: Boxwood
Press.

Loehlin, J. C,, & Nichols, R. C. (1976). Heredity, environment, and per-
sonafity. Austin: University of Texas Press.

McCall, R. B. (1979). The development of intellectual functioning in
infancy and the prediction of later IQ. In J. D. Osofsky (Ed.), Hand-
book of infant development (pp. 707-741). New York; Wiley-Intersci-
ence,

Plomin, R. (1986). Development, genetics. and psychology. Hillsdale,
NJ: Erlbaum.

Plomin, R., & DeFries, J. C. (198¢). Genetics and intelligence: Recent
data. Intelligence, 4, 15-24.

Plomin, R., & DeFries, J. C. (1981). Multivariate behavioral genetics
and development: Twin studies. In L. Gedda, P. Parisi, & W. E. Nance
(Eds.), Progress in clinical and biological research, Vol 69B, Twin
research 3: Inteliigence, personality, and development (pp. 25-33).
New York: Liss.

Plomin, R., & DeFries, J. C. (1985). Origins of individual differences
in infancy: The Colorado Adoption Project. Orlando, FL: Academic
Press.

Plomin, R., DeFries, J. C., & McClearn, G. E. (1980). Bekavioral genet-
ics: A primer San Francisco: Freeman.

Rice, T, Fulker, D. W., & DeFries, J. C. (1986). Multivariate path analy-
sis of specific cognitive abilities in the Colorado Adoption Project.
Behavior Genetics, 16, 107-125.

Scarr, S., & Carter-Saltzman, L. (1979). Twin method: Defense of a criti-
cal assumption. Behavior Genetics, 9, 527-542.

Skodak, M., & Skeels, H. M. (1949). A final follow-up on one hundred
adopted children. Journal of Genetic Psychology, 75, 85-125.

Terman, L. M., & Merrill, M. A. (1973). Stanford-Binet Intelligence
Scale: 1972 norms edition. Boston: Houghton Mifflin.

Wilson, R. C, (1983). The Louisville Twin Study: Developmental syn-
chronies in behavior. Child Development, 54, 298-316.

Received December 9, 1985
Revision received April 3, 1986 &



