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A B S T R A C T   

While adoption studies have provided key insights into the influence of the familial environment on IQ scores of 
adolescents and children, few have followed adopted offspring long past the time spent living in the family home. 
To improve confidence about the extent to which shared environment exerts enduring effects on IQ, we esti-
mated genetic and environmental effects on adulthood IQ in a unique sample of 486 biological and adoptive 
families. These families, tested previously on measures of IQ when offspring averaged age 15, were assessed a 
second time nearly two decades later (M offspring age = 32 years). We estimated the proportions of the variance 
in IQ attributable to environmentally mediated effects of parental IQs, sibling-specific shared environment, and 
gene-environment covariance to be 0.01 [95% CI 0.00, 0.02], 0.04 [95% CI 0.00, 0.15], and 0.03 [95% CI 0.00, 
0.07] respectively; these components jointly accounted for 8% of the IQ variance in adulthood. The heritability 
was estimated to be 0.42 [95% CI 0.21, 0.64]. Together, these findings provide further evidence for the pre-
dominance of genetic influences on adult intelligence over any other systematic source of variation.   

1. Introduction 

Cognitive ability tends to aggregate strongly in families, with both 
genetic and environmental factors contributing to family resemblance. A 
long history of twin and family studies has found that between 50 and 
80% of variance in IQ is associated with genetic factors in industrialized 
countries, with perhaps 50% attributable to additive genetic factors 
alone (Hunt, 2011; Polderman et al., 2015). However, this imprecision 
owes in part to the inclusion of individuals over a wide range of ages, 
and studies of fully-adult individuals have found a heritability of intel-
ligence closer to 0.80 (Warne, 2020). While these estimates are largely 
derived from twins and parent-offspring pairs, adoption studies have the 
ability to more precisely disentangle genetic and environmental sources 
of variance, as adopted individuals share all of their rearing environ-
ments but none of their genetic variance with their adoptive families 
(Plomin, DeFries, Knopik, & Neiderhiser, 2013). For this reason, re-
searchers consider adoption to be one of the most powerful ways to test 
for the presence of environmental influence on the development of in-
telligence (Horn, Loehlin, & Willerman, 1979; Plomin & DeFries, 1980). 

Observational studies of adopted children and adolescents have 
consistently found a significant positive effect of their rearing environ-
ment on their developing IQs. The role of the rearing environment can 

be examined both through the correlations between the IQs of adopted 
individuals and their adoptive family members and through the differ-
ence between their IQs and those of their biological relatives remaining 
in their original rearing environments. Since samples of adopted in-
dividuals with known biological parents are rare, much of our current 
understanding comes from correlations between adoptive relatives; 
however, several studies looking at the “treatment effect” of adoption 
have found consistent results. For example, a meta-analysis conducted 
by van Ijzendoorm, Juffer, & Poelhius, 2005 reported that adoption 
generally improves the IQs of children relative to their biological par-
ents. One such classic study found a mean increase in IQ of adopted-out 
children relative to their birth mothers roughly equivalent to 13 points 
after correcting for the Flynn Effect (Flynn, 1993; Skodak & Skeels, 
1949). 

The question of persistence is perhaps the most important in 
considering the effects of the rearing environment on IQ, especially since 
other types of studies have documented a “fadeout” of environmental 
improvements over time (e.g., Protzko, 2015). Kendler and colleagues 
have used a cosibling control design to examine the effect of the rearing 
environment on IQ in a sample of 436 adoptive-biological sibships 
(Kendler, Turkheimer, Ohlsson, Sundquist, & Sundquist, 2015). These 
male, 18–20 year old adopted Swedish conscripts showed a mean gain in 
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4.41 IQ points relative to their biological siblings, who were raised by 
the original biological family. This finding, which they replicated in a 
larger sample of half-sibs (with a mean gain of 3.18 IQ points associated 
with adoption), is a strong indicator that IQ can be, to some extent, 
affected up to late adolescence by the family environment. These results 
are consistent with those from the classic cross-fostering study of 14- 
year-old French children by Capron and Duyme (1989). 

Studies such as these do suggest that although this effect is small 
relative to the genetic effects on IQ, it is not zero; however, the size of 
this effect diminishes substantially after adolescence. Sandra Scarr, a 
pioneer of modern IQ adoption studies, was perhaps the first to note this 
fadeout phenomenon (e.g., Scarr & Weinberg, 1978). With respect to the 
tapering correlations in IQ between children and their adoptive parents 
as the child matured, observed in the Minnesota Adolescent Adoption 
Study, Scarr & Weinberg remarked: 

We interpret the results to mean that younger children, regardless of 
their genetic relatedness, resemble each other intellectually because 
they share a similar rearing environment. Older adolescents, on the 
other hand, resemble one another only if they share genes. Our 
interpretation is that older children escape the influences of the 
family and are freer to select their own environments. Parental in-
fluences are diluted by the more varied mix of adolescent experi-
ences. (Scarr & Weinberg, 1983, p. 264). 

Scarr’s observation would form the basis of a set of hypotheses 
regarding gene-environment correlation (rGE) and its three types of 
expression: passive, evocative (often referred to as “reactive”), and 
active (Plomin, DeFries, & Loehlin, 1977; Scarr & McCartney, 1983). 
While traditional twin and adoption studies of heritable human traits 
typically strive to estimate how much variation in a phenotype is due to 
differences among genotypes, Scarr’s popularization and exploration of 
this new terminology sought to move the focus onto processes as they 
occur over time, rather than static estimates at a given time point. 
Consequently, this exploration has led to many new questions about 
developmental processes and trajectories. 

1.1. Gene-environment correlation 

Today, gene-environment correlation is widely recognized among IQ 
researchers, with some authors estimating that its effects might account 
for up to 30% of the variance in adult IQ (Johnson, Penke, & Spinath, 

2011). And while the heritability of IQ gradually increases over the 
lifespan, research has also shown that this may be explained in part by a 
concordant increase in active gene-environment correlation (Haworth 
et al., 2010). A continuous increase of active gene-environment corre-
lation over the life course may also explain the high genetic correlation 
between childhood and adult IQ inferred from biometrical studies and 
GWAS in the simultaneous presence of the increasing heritability of IQ 
(Briley & Tucker-Drob, 2013; Sniekers et al., 2017). Passive gene- 
environment correlation, by contrast, occurs necessarily in the pres-
ence of parental effects, but can be inflated by mechanisms unrelated to 
parental involvement. For example, it can sometimes be induced by 
population stratification (Balbona, Kim, & Keller, 2021). In biological 
families, passive gene-environment correlation driven by the parents 
can manifest in a number of ways. For example, a child may inherit from 
her parents both genes for high verbal ability and access to the means to 
use this ability—such as encouragement in learning to read by her 
highly verbal parents—which may increase the child’s verbal ability 
over time. 

A formalization of this notion is a path model with directed edges 
going from the parental phenotypes to the phenotype of their offspring 
(Fig. 1). Models of this type were proposed by Eaves (1976) and Clo-
ninger, Rice, & Reich, 1979 among others. If the phenotype is verbal 
ability, say, then a nonzero path coefficient means that a highly verbal 
parent exerts a positive environmentally mediated effect on the off-
spring’s own verbal ability. This mechanism results in passive gene- 
environment correlation because offspring receiving genes for a partic-
ular level of ability also tend to be raised by parents providing an 
environment with correlated effects on ability (Fig. 1). In a study of both 
biological and adoptive parent-offspring sets, one can use biometrical 
methods to estimate the extent of passive gene-environment correlation 
induced by this mechanism. 

1.2. Current study 

At the Minnesota Center for Twin and Family Research (MCTFR), the 
Sibling Interaction and Behavior Study (SIBS) has followed a sample of 
adoptive and biological Minnesota families for nearly two decades. With 
initial IQ assessments having been conducted when offspring were 
approximately 15 years of age, the current SIBS assessment wave will 
comprise the first study of cognitive ability in an adoption sample that 
includes fully genotyped individuals, one or both parents, and sibling 
pairs of offspring who now average above age 30, well past the typical 

Fig. 1. Path diagram following Fig. 1 from Keller 
et al. (2009) illustrating variance components and 
effects in an example family consisting of a father, a 
mother, one biological offspring, and one adopted 
offspring. Values for paths are as labeled except for 
the dashed paths from the genetic value of the 
parent to the genetic value of the biological 
offspring, which are fixed to 1/2 according to 
standard genetic theory. Components S and E have 
variance = 1; variance of F (x) and A (q) are noted 
in supplementary section 1.   
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rearing period of American families (Dey & Pierret, 2014). With several 
measures of IQ from both childhood and adulthood, our central aim was 
to conduct biometric decomposition to estimate the proportions of 
heritability, non-genetic familial influence, and gene-environment 
covariance that contribute to the IQ scores of adult offspring using an 
adaptation of the extended twin-family design “Cascade” model (Eaves, 
2009; Keller et al., 2009). 

Although adoption studies are a powerful tool for investigating ge-
netic and non-genetic effects on IQ, they are not without their potential 
issues. One common criticism of biometrical estimates derived from 
adoptive samples (e.g., of twins reared apart) is that such estimates are 
unreliable because adopted offspring may have been selectively placed 
in their adoptive families based on some perceived similarity to the 
adopting parents (Loehlin, Horn, & Willerman, 1997). Although previ-
ous research has shown that moderate placement effects do not strongly 
influence parent-offspring correlations (Bouchard & McGue, 1990; 
Loehlin et al., 1997) and such effects are unlikely to occur in the present 
sample, who are predominantly international placements with limited 
information on birth background (McGue et al., 2007), a placement 
effect for IQ in adoptive families could nevertheless pose a threat to the 
validity of its biometrical estimates. 

We tested for placement effects using polygenic scores for educa-
tional attainment (PGSEA) derived from the largest genome-wide asso-
ciation study to date (Lee et al., 2018). These scores, which were 
available for approximately 90% of the present sample, are able to 
predict 11–13% of the variance in years of education and 8–10% in IQ, 
with which it is highly correlated. In addition to validating the predic-
tive accuracy of PGSEA on IQ phenotypes in the current sample, parent 
and offspring scores enable an empirical test of adoption placement for 
IQ and related phenotypes. We test for the presence of placement effects 
by comparing the correlations between parent and offspring PGSEA to 
their theoretically predicted values, which—in the absence of placement 
effects—should not differ significantly from zero in adoptive families. 

It is important to understand that placement bias and passive gene- 
environment correlation are not equivalent concepts. Placement bias 
is a threat to the validity of inferences drawn from adoption studies, 
whereas gene-environment correlation is usually thought of as a natural 
phenomenon occurring in populations of intact biological families. If 
adoptees with genotypes causing higher IQ are placed in home envi-
ronments that also foster higher IQ, then we have a case of both place-
ment bias and a kind of passive gene-environment correlation in this 
sample of adoptive families. In the majority of families, however, there 
may be no passive gene-environment correlation at all. In this paper we 
use “gene-environment correlation” and related terms to mean heritable 
traits of the parents exerting environmentally mediated effects on the 
same traits in their biological offspring. If there is no placement bias in 
the adoptive families, then this kind of gene-environment correlation 
does not occur among them. Note that in Fig. 1 this situation is repre-
sented by the various paths connecting the A and F of the biological 
offspring but not those of the adopted offspring. 

2. Method 

2.1. Participants 

Participating families were originally assessed on IQ measures be-
tween 1998 and 2004 as part of the Sibling Interaction and Behavior 
Study (SIBS) (McGue et al., 2007), a sample of adoptive and biological 
families recruited by the Minnesota Center for Twin and Family 
Research (MCTFR). Adoptive and biological families were identified 
from adoption agencies and Minnesota birth records, and are composed 
of at least one parent and two offspring who were adolescents at the time 
of intake (M age = 14.9 years, SD = 1.6). Study eligibility was limited to 
those families living within driving distance of the research lab and 
having adolescent offspring within five years of age of each other. In 
addition, adolescents in adoptive families were required to have been 

placed for adoption before reaching two years of age (M = 4.7 months, 
SD = 3.4 months). At least one parent from each participating family 
was interviewed to establish family eligibility, most of whom agreed to 
participate in the study (63% of the adoptive families and 57% of the 
biological families). Valid measures of IQ are available from this intake 
sample for 461 mothers, 46 fathers, 690 adoptive and 538 biological 
offspring. No information on the biological parents was available for all 
adopted offspring. 

Eligible parents and sibling pairs from this sample began their third 
follow-up assessment in 2017 via phone interview and mailed or online 
survey. At the end of this follow-up in summer 2020, at least two 
members from a total of 486 families had participated in current IQ 
assessment, which includes 226 adoptive families, 164 biological fam-
ilies, and 96 mixed families which have both biological and adopted 
offspring. A total of 764 offspring, composed of 415 adopted and 347 
biological individuals, now average 31.8 years of age (SD = 2.7) and are 
all fully adult (minimum age = 24.7 years; maximum age = 40.5 years). 
Comparison of non-participants to current participants on intake mea-
sures reveals a small amount of attrition associated with IQ, though all 
standardized mean differences (d) were less than 0.20 in absolute value, 
suggesting minimal attrition bias (SI Table S1). An overview of the 
sample at intake and follow-up 3 is shown in Table 1. 

2.1.1. Sample ethnicity 
The ethnic composition of offspring in this sample is additionally 

unique; while 95% of parents and biological offspring are of non- 
Hispanic white European ancestry, 21% of the adoptive offspring are 
white, 66% are Asian, and 13% are of other ethnicities (McGue et al., 
2007; Miller et al., 2012). McGue et al. (2007) reported minimal 
ethnicity effects in the SIBS sample at intake, which we largely replicate 
in the current follow-up assessment. While rearing family socioeco-
nomic status and polygenic scores were both moderately higher among 
Asian offspring (Cohen’s d = 0.36–0.46; p < .01), no measure of 
cognitive ability differed significantly between offspring of different 
ethnicities. See SI Table S6 for these and other comparisons, along with a 
discussion of their relevance. 

2.2. Measures 

In addition to the measures described below, age, years of education, 
and highest degree achieved were also included in some analyses, along 
with family socioeconomic status (SES), which is computed as a stan-
dardized composite of Hollingshead job status, years of education, and 
income as determined at initial assessment. Total valid entries, means 
and standard deviations for each scale and demographic measure for 
mothers, fathers and offspring for adoptive and biological families are 
given in SI Table S2. 

Table 1 
Description of SIBS sample.  

Sample Number of 
individuals 

M age at Intake 
(SD) 

M age at Follow-up 3 
(SD) 

Parents 
Mothers 419 46.6 (4.2) 63.9 (4.8) 
Fathers 201 48.2 (4.4) 65.4 (4.7) 

Adopted offspring 
Female 235 15.2 (2.2) 32.5 (2.8) 
Male 127 14.8 (1.8) 31.6 (2.5) 

Biological offspring 
Female 186 14.9 (1.9) 31.5 (2.5) 
Male 120 14.8 (1.8) 31.1 (2.6) 

Note: Number of individuals listed represents those with valid scores for either 
Vocabulary or the ICAR-16 at follow-up 3. Valid N for each intake measure are 
shown in SI Table S2. 
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2.2.1. Cognitive ability scales 
All eligible offspring were assessed on IQ at intake, and one parent 

from each family was assessed at the first follow-up. IQ scores were 
assessed using an abbreviated form of either the Wechsler Adult Intel-
ligence Scale–Revised (WAIS-R; Wechsler, 1981) for participants age 16 
years and older (26.7% of the offspring sample), or the Wechsler Intel-
ligence Scale for Children–Revised (WISC-R; Wechsler, 1974) for those 
younger than 16 (73.3% of sample). Available measures at intake 
include age-scaled Verbal, Performance and Total IQ, as well as age- 
scaled subtest scores for Vocabulary, Information, Block Design, and 
Picture Completion. Following intake assessment, one individual with 
an IQ below 70 was dropped from subsequent assessments (McGue et al., 
2007). 

At follow-up 3, offspring were again administered the Vocabulary 
subtest; both parents and offspring were administered the ICAR-16, a 
measure of general intelligence. The ICAR-16 is a 16-item short form of 
the International Cognitive Ability Resource assessment, a public- 
domain cognitive assessment tool created by Condon and Revelle 
(2014). This reliable measure (see SI Tables S3, S4 and S5) of cognitive 
ability is useful as a short-form stand in for general intelligence. 

Intercorrelations across all measured variables are shown for the full 
sample, both parents and offspring in each family type in SI 
Tables S8–S10. Adopted and biological offspring differed significantly in 
ICAR-16 and intake Information scores; these differences are shown in SI 
Table S7. 

2.2.2. Polygenic scores 
Approximately 90% of the SIBs follow-up 3 sample have valid ge-

notype data, which was assessed as part of an MCTFR genome-wide 
association study (Miller et al., 2012) and from which polygenic 
scores (PGS) for educational attainment were derived in the current 
sample. Participating individuals were genotyped on 527,829 single- 
nucleotide polymorphisms (SNPs) using the Illumina Human660W- 
Quad array. A polygenic score, often called the polygenic risk score in 
disease prediction, is calculated from a set of SNPs that are tested in the 
initial sample for association with a trait of interest. We used a PGS for 
educational attainment (PGSEA) derived from Lee et al. (2018) to test for 
placement effects and predictive utility for measures of IQ in the current 
sample. See Supplementary Information: Polygenic scores for methodo-
logical detail on PGS construction, and Miller et al. (2012) for additional 
details on sampling, ancestry control, assessment, quality control, and 
imputation performed on the MCTFR samples. 

Parent-offspring correlations for polygenic score use the mean PGSEA 
of mother and father, henceforth denoted as the “midparent” value. 
Since PGSEA were available for the majority of parents in this sample 
(79% of fathers; 89% of mothers), midparent PGSEA analyses were 
conducted using only families with valid scores for both parents. Under 
genetic theory, one would expect midparent-offspring PGS correlations 
close to their theoretically predicted values of 1̅ ̅

2
√ for biological parent- 

offspring pairs (Wright, 1931) and ~0 for adoptive pairs; in adoptive 
pairs, significant deviation from zero would suggest that adoption 
placement effects may be operating on IQ, with which educational 
attainment is highly genetically correlated (Lee et al., 2018). While such 
an observed deviation would constitute positive evidence for placement, 
the lack of such an effect would not definitely show that placement for 
IQ is implausible, as educational attainment may not be the only rele-
vant variable related to potential parenting effects on IQ. 

Predictive utility of PGSEA on cognitive phenotypes was assessed 
separately for white and Asian subsamples. A total of 810 white and 365 
Asian individuals (including parents and offspring) had valid PGSEA and 
full-scale IQ data, affording the ability to detect a correlation between 
PGSEA and full-scale IQ as small as 0.12 (r2 = .014) in the white sample, 
and a correlation as small as 0.18 (r2 = .032) in the Asian sample at p <
.01 and with 80% power. For the testing of placement effects, a total of 
258 midparent-offspring pairs had valid PGSEA in the adoptive Asian 

sample, affording the ability to detect a placement correlation as small 
as 0.21 at p < .01 and with 80% power. 

2.3. Biometric modeling 

To estimate variance components, including the heritability, we 
adapted Keller et al. (2009)’s extended twin-family design (ETFD) 
“Cascade” model, which is itself a development of earlier work (Fulker, 
1988; Heath, Kendler, Eaves, & Markell, 1985; Truett et al., 1994). After 
applying Fisher’s z-transformation (e.g., Eaves, Hatemi, Prom-Womley, 
& Murrelle, 2008), we adjusted parameter estimates to minimize the 
squared differences between the empirical correlations and theoretical 
(model-predicted) correlations. Each sum of squared differences term 
was weighted by the reciprocal of its variance (N − 3, where N is the 
number of pairs in the correlation). We constrained any variance to be 
non-negative. To perform statistical inference, we took bootstrap 
resamples of our families and re-estimated the parameters iteratively. 
Additionally, we constrained the dominance genetic variance to equal 
zero. Since there is compelling theory and evidence for most genetic 
variance being additive (Hill, Goddard, & Visscher, 2008; Mäki-Tanila & 
Hill, 2014) and dominance variance being negligible (Hivert et al., 
2021; Pazokitoroudi, Chiu, Burch, Pasaniuc, & Sankararaman, 2021), 
and the point estimate of this parameter was usually zero for most IQ 
phenotypes, we constrained this parameter to zero in order to improve 
statistical inference about other parameters. 

For each phenotype, heritability (h2) = a2q; sum of maternal +
paternal environment (Cmp) = m2 + p2 + 2mpμ; sum of maternal +
paternal G-E covariance is equivalent to 2wa. Although maternal and 
paternal environment parameters were estimated independently for 
each phenotype (SI Table S12), no evidence was observed for signifi-
cantly different contributions between parents, perhaps due to the 
relatively small sample of fathers. μ refers to the phenotypic correlation 
between parents, which is modeled with a copath (edge with no arrows) 
via special rules clarified by van Eerdewegh (1982). The modeling as-
sumes that the correlation between parents is entirely the result of 
phenotypic matching, the effects of which on the additive genetic 
variance have reached an equilibrium. A special type of edge with 
distinctive path-tracing properties is required because a correlation due 
to phenotypic matching is not explained by one variable affecting the 
other or both being affected by a common cause, as assumed in 
elementary accounts of structural equation modeling (Lee, 2012). De-
tails of parameter estimates and variance components, along with model 
assumptions and justifications, can be found in the Supplementary 
Material. 

Decomposition of variance terms presented in Table 3 were 
computed from these parameters. Refer to Supplementary Information 
(“Methods”) for more detail. 

3. Results 

Measures of full-scale IQ taken at follow-up 3 were moderately 
correlated over time for both offspring and parents (all p < .001). For 
offspring, ICAR-16 scores (follow-up 3) correlated with intake Total IQ 
at r = 0.46 [95% CI 0.40, 0.52]; for parents, this correlation was also r =
0.46 [95% CI 0.38, 0.53]. The moderate size of these correlations 
partially reflects the approximately 17-year gap between testing ses-
sions, especially for offspring who were of adolescent age at intake 
assessment (see, e.g., Hoekstra, Bartels, & Boomsma, 2007), but are 
nevertheless within the range reported by Condon and Revelle (2014) 
for the ICAR-16 and various measures of general ability. 

Offspring Vocabulary scores taken at intake correlated with their 
Vocabulary scores at follow-up 3 at r = 0.53 [95% CI 0.47, 0.58]. SI 
Tables S8—S10 show full correlation tables between these and other 
intake measures of IQ for each sub-sample of individuals. 
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3.1. Familial correlations 

At intake, parent-offspring correlations were significant and 
moderately sized only in biological families, with two exceptions 
(Table 2). Picture Completion showed very low correlations between all 
relatives except father and biological child (r = .30). Vocabulary was an 
exception in that the correlations between adoptive relatives were also 
moderate in size. 

At follow-up 3, familial correlations for the ICAR-16 are largely 
consistent with the expected patterns of correlations between biological 
and adoptive relatives for a heritable trait little affected by shared 
environment (Table 2). The correlations between biological relatives are 
significant and moderate in size, whereas those between adoptive rela-
tives are consistently smaller. Vocabulary, by contrast, shows surpris-
ingly persistent correlations between both adoptive and biological 
relatives in adulthood. The correlations specifically between parent and 
offspring are displayed in Fig. 2. 

To model the expected correlation for each type of relationship, we 
adapted the expressions for the correlations between relatives from 
Keller et al. (2009) to include adoptive relationships. The model allows 
for parent-to-offspring transmission through both genetic (biological 
families only) and environmental (both family types) pathways. The 
model also allows for assortative mating and environmental effects 
shared by siblings reared together that are not induced by the pheno-
types of their parents. Observed and model-predicted correlations for 
each relationship pair are shown in Table 2, with 95% CIs for observed 
correlations in SI Table S11. We evaluated model fit for each scale with 
the standardized root mean residual (SRMR), a summary of the 
magnitude of difference between observed and predicted correlations 
where “good fit” is generally considered to be < .08 (Hu & Bentler, 
1999). Note that we follow the recommendation of McDonald (2010) to 
report each individual discrepancy, and our finding no consistent dif-
ference between observed and model-predicted correlation suggests that 
there was no general bias associated with our modeling approach. Model 

fit was good for most IQ measures with the exception of the Picture 
Completion and Block Design subtests, which contributed to the high 
SRMR for Performance IQ. Across all cognitive ability measures, the 
mean SRMR was 0.06. 

3.2. Variance decomposition 

For intake measures, variance decomposition for each ability mea-
sure revealed substantial contributions of genetics. The column parental 
environment in Table 3 refers to the proportion of variance in the 
offspring test score attributable to any environmentally mediated effects 
of the parental test scores. The largest such proportion can be seen for 
Vocabulary, suggesting that the vocabularies of parents may affect those 
of their children through environmental mechanisms, perhaps by 
exposing them to more or fewer vocabulary words during childhood. 
The percentage of the variance attributable to the parental scores, 
however, is quite modest (0.04). The column sibling environment in 
Table 3 refers to the proportion of variance in the offspring test score 
attributable to aspects of the environment shared by siblings reared in a 
common home, other than the parental phenotypes, and it can be seen 
that estimates of this parameter are fairly small. 

When a trait is both heritable and affected by the parental pheno-
types through some environmental mechanism, then we have a case of 
passive gene-environment correlation. The column “G-E covariance” in 
Table 3 gives the proportion of the variance attributable to this corre-
lation. A relatively large proportion of the variance in Vocabulary (0.12) 
is the result of G-E covariance. 

At follow-up 3, variance decomposition revealed a strong effect of 
genetics on ICAR-16 scores with little evidence for contributions of the 
familial environment. Vocabulary scores showed a moderate influence 
of parental environment (0.10) and, unexpectedly, a smaller genetic 
contribution than is seen for the same measure at intake. 

Table 2 
Observed and model-predicted correlations for each measure and sub-measure of IQ and ICAR-16 score.   

Parent correlations  Sibling correlations    

Mom/bio Dad/bio Mom/adopt Dad/adopt Dad/mom  Bio/bio Adopt/bio Adopt/adopt  SRMR  

Intake measures 
Performance IQ           0.10 
Observed 0.28 0.41 0.12 -0.08 0.08  0.26 0.27 0.08   
Expected 0.28 0.25 0.12 0.10 0.08  0.30 0.13 0.11   
Verbal IQ           0.04 
Observed 0.35 0.41 0.07 0.19 0.40  0.43 0.24 0.07   
Expected 0.35 0.46 0.07 0.19 0.40  0.42 0.16 0.12   
Total IQ           0.05 
Observed 0.36 0.46 0.09 0.16 0.30  0.34 0.30 0.09   
Expected 0.34 0.43 0.11 0.20 0.30  0.39 0.16 0.11   
Block Design           0.11 
Observed 0.32 0.41 0.14 -0.10 0.03  0.28 0.32 ~ 0   
Expected 0.32 0.28 0.14 0.10 0.03  0.31 0.11 0.07   
Picture Completion           0.08 
Observed 0.09 0.30 0.04 0.01 0.13  0.07 0.19 0.02   
Expected 0.09 0.18 0.04 0.13 0.13  0.11 0.06 0.05   
Vocabulary           0.05 
Observed 0.39 0.44 0.07 0.26 0.37  0.39 0.24 0.04   
Expected 0.38 0.50 0.09 0.21 0.37  0.40 0.13 0.07   
Information           0.02 
Observed 0.23 0.28 0.04 0.15 0.34  0.37 0.15 0.13   
Expected 0.24 0.33 0.04 0.13 0.34  0.34 0.17 0.14    

Follow-up 3 measures 
ICAR-16           0.02 
Observed 0.27 0.31 -0.03 0.10 0.19  0.27 0.05 0.07   
Expected 0.24 0.33 -0.01 0.08 0.19  0.30 0.06 0.05   
Vocabulary           0.04 
Observed 0.33 0.45 0.18 0.32 0.37  0.24 0.16 0.25   
Expected 0.30 0.42 0.20 0.32 0.37  0.30 0.21 0.18   

Note: Expected correlations are derived from the best-fitting estimates of the biometrical parameters. SRMR refers to the standardized root mean residual. See SI 
Table S11 for 95% CIs for observed family correlations. 
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3.3. Polygenic scores and adoption placement effects 

In an aggregated sample consisting of all white participants 
(offspring and both parents), an R2 of 0.154 [95% CI 0.113, 0.195] in 
our prediction of Verbal IQ with a PGS surpasses all previous bench-
marks known to us (Allegrini et al., 2019; Lee et al., 2018; Rietveld et al., 
2014; Savage et al., 2018; Selzam et al., 2017; Sniekers et al., 2017), and 
an R2 of 0.114 [95% CI 0.077, 0.151] for Total IQ is near the upper end 
of previous predictions (SI Table S13). However, we acknowledge that 
our sample is not large by the standards of PGS validation. 

PGSEA were generally less predictive for Asian than for white 
offspring, which is expected because when the validation sample is 
different from GWAS sample, predictive accuracy falls due to different 
SNP correlations in different populations. Standardized mean PGSEA 
were significantly different between these ethnicities (Cohen’s d = 0.87; 
see SI Table S6), as well as between adopted (21% white) and biological 
(95% white) offspring (Cohen’s d = − 0.27; see SI Table S7). Despite 
these mean differences, PGSEA remained strongly predictive (p < .001) 
of all IQ phenotypes except Performance IQ and Picture Completion in 
both adoptive and biological offspring (SI Table S14). 

Nevertheless, to account for the possibility of biased predictions 
introduced by population stratification, the test of placement effects was 
conducted separately for white (N = 83) and Asian (N = 258) adoptees. 
In the sample of biological offspring (N = 271, all white), midparent 

PGSEA correlated with offspring PGSEA at r = 0.65 (95% CI [0.58, 0.71]; 
p< 0.001), which is very close to the theoretical prediction of 1/

̅̅̅
2

√
. 

There may be collider bias as a result of excluding individuals with very 
low IQs from the study (Lee, 2012; Pearl, 2009), spuriously reducing the 
correlation below 1/

̅̅̅
2

√
, but any such reduction appears to be small. At 

the same time, the correlation between midparent and offspring PGSEA 
in adoptive families was not significantly different from zero for either 
Asian (r = − 0.04; 95% CI: − 0.16, 0.08) or white adoptees (r = 0.07; 95% 
CI: − 0.14, 0.28). The similarity of these correlations to their theoreti-
cally predicted values provides evidence that the placement of adoptees 
in their homes was not strongly purposive or selective, implying that the 
adoption process may somewhat approximate a true experiment. 
Although educational attainment variance is slightly higher in adoptive 
offspring (SI Table S2), a nominally significant difference (F = 1.4, p =
0.002), range restriction for education in adoptive and biological par-
ents is unlikely to bias these parent-offspring correlations (McGue et al., 
2007). 

4. Discussion 

While the high heritability of IQ is now well known, the question of 
whether and to what extent general intelligence is malleable by the in-
fluences of parental environment has remained a topic of great interest 
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Fig. 2. Scatter plots and associated regression lines for measures of cognitive ability g taken at intake and follow-up 3 for both biological (left panel) and adopted 
(right panel) offspring and their rearing parents. Intake measure of g is full-scale Wechsler IQ score, and follow-up 3 measure is ICAR-16 score. All parent-offspring 
pairs are included, which means that the data points are not independent. All values are standardized. 

Table 3 
Decomposition of variance [95% CI] for each measure and subtest of cognitive ability.   

A  C   E  

Heritability (h2)  Parental environment Sibling environment G-E covariance  Non-shared environment 

Intake 
Performance IQ 0.26 [0.14, 0.40]  0.02 [0.01, 0.07] 0.08 [0.01, 0.14] 0.06 [0.01, 0.11]  0.58 [0.50, 0.64] 
Verbal IQ 0.36 [0.26, 0.46]  0.03 [0.00, 0.10] 0.07 [0.00, 0.15] 0.10 [0.04, 0.14]  0.44 [0.34, 0.53] 
Total IQ 0.32 [0.20, 0.45]  0.04 [0.01, 0.10] 0.06 [0.00, 0.13] 0.11 [0.04, 0.15]  0.47 [0.38, 0.56] 
Block Design 0.32 [0.19, 0.45]  0.03 [0.01, 0.07] 0.03 [0.00, 0.10] 0.09 [0.03, 0.13]  0.53 [0.46, 0.60] 
Picture Completion 0.08 [0.00, 0.21]  0.02 [0.00, 0.06] 0.03 [0.00, 0.10] 0.01 [0.00, 0.04]  0.86 [0.80, 0.89] 
Vocabulary 0.37 [0.27, 0.49]  0.04 [0.01, 0.09] 0.02 [0.00, 0.09] 0.12 [0.05, 0.16]  0.45 [0.37, 0.55] 
Information 0.28 [0.19, 0.39]  0.02 [0.00, 0.06] 0.12 [0.05, 0.18] 0.05 [0.01, 0.08]  0.53 [0.48, 0.60]  

Follow-up 3 
ICAR-16 0.42 [0.21, 0.64]  0.01 [0.00, 0.03] 0.04 [0.00, 0.15] 0.03 [0.00, 0.07]  0.50 [0.44, 0.57] 
Vocabulary 0.12 [0.00, 0.25]  0.10 [0.03, 0.23] 0.06 [0.00, 0.15] 0.08 [0.00, 0.13]  0.64 [0.53, 0.75] 

Note: 95% CIs are computed from each parameter’s 200 bootstrap iterations (Efron & Tibshirani, 1993) for each scale. Non-shared environment is computed by 
subtracting the heritability, parental environment, sibling environment, and gene-environment (G-E) covariance from 1. For full parameter estimates, see SI Table S12. 
Column values add up to 1, total phenotypic variance. 
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in behavior genetics. IQ has been subject to a large number of twin and 
adoption studies, many of which have found a small but significant ef-
fect of parental transmission in adoptive samples up until late adoles-
cence. Kendler, Turkheimer, Ohlsson, Sundquist, & Sundquist, 2015, for 
example, found in a sample of 18–20-year-old half-sibships that adop-
tion was associated with a gain of approximately 3.18 IQ points (SE =
0.34). Our biometric decomposition of variance is consistent with this 
figure: the parental environment contributing 4% of the variance in full- 
scale IQs at age ~15 (Table 3), with a standard deviation of 14.2 for full- 
scale IQ in adopted offspring, indicates that a 1-SD increase in the 
quality of the parental environment would increase IQ by approximately 
2.83 points (i.e., 14.2 ×

̅̅̅̅̅̅̅
.04

√
; Burks, 1938). 

The evidence for parenting effects on Wechsler IQ subtests is more 
equivocal, and biometric decomposition reveals a moderate but signif-
icant effect of gene-environment covariance on Vocabulary in child-
hood. While a similarly-sized G-E covariance is observed for childhood 
Total IQ, this effect has completely disappeared in adulthood; the same 
cannot be said unambiguously for Vocabulary, which retains weak ev-
idence in adulthood for a persistent parenting effect. 

Nevertheless, we acknowledge that this indeterminate evidence does 
not conclusively answer the question of parenting effects on Vocabulary. 
Indeed, either interpretation of the validity of parenting effects on Vo-
cabulary would be consistent with existing proposals. Vocabulary is a 
particularly interesting facet of human intelligence for this reason; while 
such a test may intuitively seem to reflect only culturally-obtained word 
knowledge—and, indeed, it has been shown to be the most “culturally- 
loaded” (Georgas, van de Vijver, Weiss, & Saklofske, 2003) of all 
Wechsler subtests—Vocabulary has also emerged as the IQ subtest that 
shares the most genetic variance with general intelligence (Johnson 
et al., 2007). If substantial and persistent parenting effects on offspring 
Vocabulary reflect the reality of how verbal ability develops over time, 
this may be consistent with proposals that have posited gene- 
environment correlation as an important factor in the high apparent 
heritability of certain verbal abilities (e.g., Kan, Wicherts, Dolan, & van 
der Maas, 2014). 

Our study is limited by a number of factors that may contribute to 
this lack of definitive evidence for Vocabulary in the present sample. The 
current wave of SIBS assessments, though reasonably large by the 
standards of historical adoption studies, may be underpowered for 
reliable estimates of variance components for Vocabulary. Additionally, 
the lack of diversity in IQ measures at follow-up 3 makes it impossible to 
directly compare the effects of Vocabulary to other WAIS-R subtests that 
were only administered to this cohort in childhood. In particular, it is 
difficult to know why the heritability of Vocabulary at follow-up 3 is 
surprisingly low (e.g. Capron & Duyme, 1996; DeFries et al., 1979; 
Johnson et al., 2007; Rijsdijk, Vernon, & Boomsma, 2002) without 
additional WAIS-R subtests administered at follow-up 3 to compare. 

Despite these limitations, this study brings a number of novel insights 
to the ongoing discussion of genetic and environmental contributions to 
IQ. Our PGS for educational attainment provide what is, at moment of 
writing, the largest R2 estimates for any cognitive phenotype (0.113 for 
Total IQ; 0.154 for Verbal IQ). The particularly high predictive validity 
for PGSEA for verbal IQ is perhaps to be expected given that verbal IQ 
correlates more strongly than other IQ subscales with educational 
attainment, particularly for parents (SI Table S9). These scores also 
enable a unique test for the so-called “placement effect,” wherein 
adoptees (typically twins reared apart) are thought by some skeptics to 
resemble their adoptive parents prior to placement, thus biasing 
biometrical estimates. By demonstrating a total lack of evidence (p =
0.514) for a correlation between parents and adoptive offspring in 
polygenic scores, we provide support for the validity of at least some 
adoption studies in establishing causal inference. 

Another strength of our study is the use of parents and offspring to 
estimate the heritability of intelligence. Such designs are less susceptible 
than twin studies to non-additive genetic variance inflating estimates of 

the narrow-sense heritability (Lynch & Walsh, 1998). The broad-sense 
heritability, including both additive and non-additive sources of ge-
netic variance, is less useful a measure than the narrow-sense herita-
bility for a number of reasons. For instance, although the broad-sense 
heritability is well estimated by the correlation between monozygotic 
twins reared apart, it is the narrow-sense heritability to which PGS 
predictions should converge as GWAS grow in size and reduce the so- 
called missing heritability. Our estimate of 0.42, for an IQ test with a 
reliability of 0.64, is fully consistent with previous parent-offspring 
studies supporting a narrow-sense heritability between 0.4 and 0.6 
(Björklund, Eriksson, & Jäntti, 2009; Black, Devereux, & Salvanes, 2009; 
DeFries et al., 1979; Loehlin et al., 1997; Plomin, Fulker, Corley, & 
DeFries, 1997; Scarr, 1997). 

Our heritability estimate is consistent with estimates of the narrow- 
sense heritability obtained by applying the genomic-relatedness method 
to GWAS data (Davies et al., 2011), although this method is limited to 
capturing only the heritability attributable to genetic variants above a 
certain allele frequency (Lee & Chow, 2014; Yang et al., 2010). A recent 
study assaying all variants with a minor allele frequency greater than 
0.00002 estimated the heritability of a fluid-reasoning test to be 0.39 
(Evans et al., 2018, SI Table 10). All of these results are consistent with 
any missing heritability being merely undiscovered rather than truly 
missing; traditional biometrical studies and GWAS are in good 
agreement. 

Perhaps most importantly, our unique sample of families with fully 
adult offspring enables the first investigation of parenting effects on IQ 
in adopted offspring over the age of 30. Generalizations about how ge-
netic and environmental effects on intelligence change with age tend to 
rely heavily on studies of the young and the elderly (Hunt, 2011; 
Mackintosh, 2011). Our study, which consists of offspring over the age 
of 30, therefore contributes to a better sampling of the entire life course. 
Vocabulary results are somewhat difficult to interpret, the lack of evi-
dence for parenting effects on general intelligence in adulthood is far 
clearer. By examining parent-offspring resemblance in a sample of 
offspring that are among the oldest of any adoption study of IQ to date, 
we have effectively tested for the presence of parenting effects that 
would have persisted for more than a decade after the conclusion of the 
typical rearing period. No such persistence is found to occur in our 
unique sample. Although molecular methods have profoundly changed 
the face of behavior genetics, it is clear that adoption studies, which 
have been a cornerstone of the field throughout the 20th century, can 
continue to bear new fruit in the search for causal bases to psychological 
traits. 
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