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Abstract
This paper uses data from the National Longitudinal Study of Adolescent Health to examine the
extent to which school-level social and institutional factors moderate genetic tendencies to smoke
cigarettes. Our analysis relies on a sub-sample of 1,198 sibling and twin pairs nested within 84
schools. We develop a multilevel modeling extension of regression-based quantitative genetic
techniques to calculate school-specific heritability estimates. We show that smoking onset (h2 = .51)
and daily smoking (h2 = .58) are both genetically influenced. Whereas the genetic influence on
smoking onset is consistent across schools, we show that schools moderate the heritability of daily
smoking. The heritability of daily smoking is the highest within schools in which the most popular
students are also smokers and reduced within schools in which the majority of the students are non-
Hispanic and white. These findings make important contributions to the literature on gene-
environment interactions.
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Introduction
Researchers tend to attribute the cause of cigarette smoking to either social or genetic factors.
Although there have been calls to integrate environmental and biological explanations for
complex health behaviors such as cigarette use (Hernandez and Blazer 2006; Swan et al.
2003; Finch et al. 2001), only a limited number of studies have successfully done so (Kendler
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et al. 2005; Timberlake et al. 2006). We address this important topic by highlighting normative
and institutional aspects of adolescents’ schools that are hypothesized to restrict or enable
genetic tendencies to smoke cigarettes. We focus on schools as the environmental background
for our study because they denote well-defined social spaces and they serve as critical contexts
in which adolescents are socialized regarding smoking (Ennett et al. 1997; Ellickson et al.
2003; Eitle and Eitle 2004). Further, larger social environments such as schools speak more
directly to this literature and may be the most appropriate context in which to examine gene-
environment interactions among adolescents (Perrin and Lee 2007; Shanahan and Hofer
2005).

The goals of this paper are two-fold. First, we aim to document the extent to which the genetic
determinants of smoking vary in magnitude across schools. Second, we attempt to account for
the variation in heritability estimates using theoretically informed factors that are hypothesized
to influence the heritability of smoking. In doing so, we contextualize the risk factor (Link and
Phelan 1995) of genetic vulnerability to smoking and highlight the environment as a
fundamental cause of the genetic causes of smoking thereby integrating environmental and
biological explanations for cigarette use. Our paper addresses several theoretical and empirical
limitations in the existing gene-environment interaction literature that have been noted
elsewhere (Perrin and Lee 2007).

Heritability of smoking
It is well known that genetic factors play an important role in the use of tobacco. In a series of
highly publicized letters, Fisher (1958a, b) points to the genetic basis of regular cigarette use
by comparing the concordance of smoking among identical and fraternal twin pairs. In two
different studies, he shows that roughly 75% of identical twin pairs have the same smoking
status compared to only 50% among fraternal twin pairs. Based on this information, Fisher
states that:

There can be little doubt that the genotype exercises a considerable influence on
smoking and on the particular habit of smoking adopted, and that a study of twins on
a comparatively small scale is competent to demonstrate the rather considerable
differences which must exist between the different groups who classify themselves
as a non-smokers, or the different classes of smokers. (1958a, p. 12).

More recently, Slomkowski et al. (2005) estimate heritability of .44 for the frequency of
smoking (days in the past month) among adolescents and Maes et al. (1999) use a relatively
younger sample (ages 13–16) from the Virginia twin study of Adolescent Behavioral
Development and estimate that heritability accounts for 60 and 65% of the variation in current
and lifetime tobacco use, respectively. Similar results are reported using data from adults.
Compared to fraternal adult male twin pairs, Carmelli et al. (1992) find a greater concordance
in experimentation, current smoking, and cessation among identical twin pairs. Even more
convincing are heritability estimates for regular tobacco use obtained from adult twins raised
in the same home compared to cohort of adult twins raised apart (Kendler et al. 2000). These
estimates (h2

men = .51; h2
women = .64) closely resemble the estimates obtained from meta-

analytic reviews for the heritability of cigarette use (Li et al. 2003; Sullivan and Kendler
1999; Hall et al. 2002).

Researchers tend to calculate heritably estimates for total samples and few studies explicitly
examine systematic variation across sub-populations. However, there are theoretical reasons
to anticipate an interaction between genes and the environment which would lead to significant
variation in heritability estimates across groups that have different norms about smoking and
differential access to social and material resources (Shanahan and Hofer 2005). At least two
studies have tested for gene-environment interactions related to cigarette consumption by
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comparing heritability estimates across discrete social groups. In the first study, Kendler et al.
(2000) compare self-reports of lifetime regular tobacco use and calculate cohort-specific
heritabilities for men and women separately among pairs born during 1910–1924, 1925–1939,
or 1940–1958. They show that the estimate for men is consistent across birth cohorts (h2 ~ .
55) but the estimate for women increased significantly across the periods. The heritability for
the first cohort was zero but increased to 21%, and peaked at 64% in the third cohort. Thus by
the third cohort, there were no gender differences in the heritability of regular tobacco use. The
authors argue that the social restrictions on women’s tobacco use have relaxed significantly
across these three cohorts thus enabling genetic tendencies to use tobacco to manifest.

Timberlake and colleagues (2006) use Add Health data to model the heritability of smoking
by wave III of the study as a function of adolescents’ self-reported religiosity. Building on
work that demonstrates virtually no heritability for alcohol use among those who are raised
with a strong religious upbringing (Koopmans et al. 1999), they hypothesize that social
pressures to avoid smoking among highly religious families will reduce the extent to which
genes will influence smoking initiation. According to their results, the heritability of smoking
initiation was roughly 80% among those with low levels of self-reported religiosity but less
than 10% among those who self-identified as a religious person and reported that their religious
faith was very important to them.

In these examples the normative environment is posited as a restrictive mechanism that places
limits upon genetically oriented tendencies to smoke cigarettes. Within the language of gene-
environment interactions, this pattern is predicted by the social control model (Shanahan and
Hofer 2005) which hypothesizes that social norms constrain the choices available to individuals
within a particular social context and thus prevent genetic expression. As further explained:

Thus, social control mechanisms reflect norms and other social forces that
“canalize” (i.e., restrict variability in the phenotype of) genetically diverse people. As
these canalization forces increase (i.e., norms are more effective and choices are
minimal), genetic differences are of diminishing consequence. (p. 69).

The social control model does not differentiate between various levels at which social forces
are hypothesized to operate. That is, the social forces may be the norms developed by
individuals and groups (e.g., the students) but they may also be the rules, regulations, or laws
created and enforced by the institutions in which these individuals interact with one another
(e.g., the schools).

While this model anticipates a reduction in heritability due to normative pressures restricting
the activities of individuals, it is also possible that normative pressures work to encourage
behaviors that may not manifest otherwise (Perrin and Lee 2007). The likelihood that a
particular individual will respond to normative pressures to engage in an unhealthy activity,
rather than avoiding it, may also depend on their particular genetic makeup. Shanahan and
Hofer (2005) refer to this model as a contextual trigger model because the social context is
believed to be the underlying mechanism that gives rise to a genetic diathesis.

The most widely cited evidence for this perspective is the work of Caspi et al. (2003) who show
that individuals with the short allele of the 5-HTT gene-linked polymorphic region were more
likely to suffer from major depression compared to those that were heterozygous at this location
or those with two long alleles. However, these effects were limited to those who had
experienced a large number of stressful life events. That is, among those that had experienced
four or more stressful life events, the homozygous risk allele carriers (SS) had an estimated
probability of major depression of nearly .40 compared to only .15 among those with two long
alleles at this location. However there was no difference by genotype among those who had
not experienced a stressful life event. In this case they observed a non-significant main effect
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of genotype (b = −.15, P = .29), a significant main effect of stressful life events (b = .37, P < .
001), and a marginally significant interaction between the two (b = −.19, P = .056). In this
case, the stressful life events are posited as the trigger for genetic expression.

Schools and smoking
Given the critical timing of cigarette initiation during late adolescence (Breslau et al. 2001;
Hu et al. 2006) in conjunction with findings suggesting that one-fifth of the variation in smoking
among adolescents is between schools (Ennett et al. 1997), schools make a particularly useful
level at which to examine gene-environment interactions for smoking behaviors. In this paper
we review the literature that links school characteristics to the likelihood that a student will
begin to smoke and we focus on four distinct aspects of schools: (a) smoking prevalence; (b)
student norms; (c) school policies; and (d) social demographic composition.

Smoking prevalence
Ellickson et al. (2003) demonstrate how the proportion of students in an adolescent’s school
who are current smokers uniquely contributes to their risk of smoking, even one year after
school attendance. Their findings make a particularly strong case for the role of schools as
shaping patterns of cigarette use because they adjust their estimates for the smoking prevalence
among respondents’ friends. Eitle and Eitle (2004) show that school effects related to substance
use also operate independently of larger levels of aggregation including the county-level social
and demographic composition. By adjusting for proximate (peer group smoking) and distal
(county-level composition) factors that may potentially confound the effects of schools, these
two studies provide convincing evidence that schools have independent effects on the smoking
behaviors of the students and that schools are not simply proxies for other social processes.

Both papers account for the school-effects using the epidemiological language of contagion.
These models identify direct modeling of behaviors (imitation) and the reward systems that
reinforce these behaviors as integral components of the social learning process (Jessor and
Jessor 1997) and they posit that the prevalence of smoking within the school will not have a
measurable impact on an individual’s risk of smoking until the level of smoking crosses some
epidemic threshold; after which the effects will increase monotonically. That is, this model of
behavioral imitation anticipates a quadratic relationship between smoking prevalence and the
heritability of smoking. In this manner, high rates of smoking may serve as an important trigger
for genetic expression.

Smoking norms
The use of smoking prevalence to measure the process of social learning is limited for at least
two reasons. First, this explanation tends to focus on the transition from non-use to use rather
than explicitly focusing on persistent non-use, per se. While some have used similar language
to talk about non-smoking norms (Hill 1971) the direction of the prevalence model does not
anticipate non-use as an expected behavior that is equally enforced or rewarded. Second, this
approach tends to use the same language to talk about smoking prevalence and smoking norms
but it is not clear that these are interchangeable (Alexander et al. 2001).

One way to assess student norms regarding smoking is to measure the popularity and smoking
status of all students within a school (Alexander et al. 2001; Ennett and Bauman. 1993; Valente
et al. 2005). This work shows that a student’s social connections and social positions within
their school can influence their smoking behaviors and the behaviors of those around them.
With respect to the spread of smoking within schools, it also suggests that the observed smoking
prevalence may be less important than the status of those who are currently smoking. Peer
influence is regularly cited as one of the most important factors responsible for the initiation
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of substance use (Engels et al. 2004) and more popular students, simply because they may have
more social connections and thus social influence, may potentially shape both pro and anti-
smoking norms for the larger school-community (Ennett and Bauman 1993).

Not only do more popular students have more influence upon their peers, but the attitudes,
beliefs, and behaviors of the most popular students often reflect the norms of the existing
community (Becker 1970). Thus, by assessing the smoking status of the most popular students,
or by describing the association between popularity and smoking status within a school, it is
possible to describe smoking norms as well as the extent to which smoking norms are enforced.
Importantly, this orientation makes it possible to assess the entire range of smoking norms
which includes pro-smoking environments, anti-smoking environments (Pokomy et al.
2004), as well as the majority of environments in which there might not be clear norms
regarding smoking behaviors.

In this manner it is also possible to test different models related to the normative environment.
That is, social norms may serve as a trigger (in cases in which there are clear pro-smoking
norms), a control (in cases in which there are clear anti-smoking norms), or both (in which
there are only normative pressures felt at both extremes). To date, little research has addressed
the issues related to the functional form of normative environmental models of genetic
moderation.

School policies
The explanations above focus on the smoking-related norms that are proscribed and enforced
by the students within the school which may or may not be in line with the smoking norms of
the larger community. That is, there are clear differences in the ways in which schools monitor
and enforce policies regarding cigarette smoking on school grounds. Two studies show
somewhat mixed results about the ability of school policies to affect smoking behaviors.
Leatherdale et al. (2005) show that school rules allowing students to smoke on the periphery
of the school grounds increases the risk of smoking initiation but only among those with friends
who would disapprove of smoking. In other words, among those within networks who already
approve of and reinforce smoking, the rules of the school seem to have little or no effect.
Similarly, Kandel et al. (2004) use data from the Add Health study and predict the likelihood
of smoking onset and daily smoking by wave II as a function of several school level factors.
They show that smoking prevalence at the school-level strongly predicts the likelihood that a
formerly non-smoking student will begin smoking by wave II but the school-level policies do
not appear to have a significant impact on the risk of smoking.

It is possible that these rules may not have any average impact on smoking, but they may have
a pronounced impact on those students with a genetic vulnerability to tobacco use. Therefore,
we anticipate that school-rules regarding smoking are best characterized as a mechanism of
social control and clearly enforced rules about non-smoking and the punishment of students
for smoking will significantly reduce the genetic influence on smoking.

Social and demographic composition
Finally, there is a well-established literature that links the social and demographic
characteristics of schools to the patterns of smoking within schools. For example, Johnson and
Hoffmann (2000) show that, among black and Hispanic students, the risk of initiating regular
cigarette use decreases as the proportion of racial and ethnic minorities in their schools increase.
They argue that smoking differences among black and white students are compounded by the
high levels of racial segregation in schools and that this independently contributes to
differential norms about smoking. Kandel et al. (2004) also show a significant reduction in the
risk of transitioning to daily smoking among those who have experimented with cigarettes as
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the proportion of minority students within their schools increase. Therefore, it is possible that
the heritability of smoking will increase as the proportion of students who are non-Hispanic
and white increases. This association, however, should not persist above and beyond school-
level controls for smoking prevalence.

It is also possible that the racial composition of schools may capture organizational aspects
that differentiate between schools that are not captured with smoking norms or smoking
prevalence. That is, schools with a greater proportion of non-Hispanic white students may be
more organized and more equipped with resources to control the school environment (Kozol
1991). Similarly, schools with a greater access to economic resources may provide a more
controlled social environment and may be better equipped to enforce these rules than schools
with less resources. Therefore, once adjusting for the smoking prevalence and norms about
smoking, schools with a high proportion of non-Hispanic and white students may have
significantly lower levels of heritability simply because these environments may be more
highly controlled.

Summary of school-level factors
Taken together, this body of work suggests that school composition and context may influence
the genetic etiology of smoking via (a) social triggers or (b) social controls. We expect that
social norms that encourage smoking and a high rate of smoking will serve as social triggers.
We also expect school policies aimed at the reduction of smoking and peer norms that
discourage smoking to serve as social controls. The two models that describe the association
between the racial composition of schools and the heritability of smoking are equally plausible.

Data
This study employs the National Longitudinal Study of Adolescent Health data set to examine
health and health-related behaviors among a nationally representative sample of adolescents
in seventh through twelfth grades (Udry 2003; Harris et al. 2003). In 1994, 90,118 adolescents
from 134 different schools completed questionnaires about their daily activities, health-related
behaviors, and basic social and demographic characteristics. Following the in-school survey,
20,747 respondents were re-interviewed in their homes (Wave I) between the months of April
and December of 1995 and then again one year later (Wave II).

Two aspects of this study are particularly useful for our purposes. First, the Add Health study
over sampled twin pairs identified in the in-school survey. During Wave III of the study,
respondents who identified that they had a full sibling or a twin during Wave I were asked to
provide saliva specimens to be genotyped. Of the 3,139 individuals that were asked, 83% (n
= 2,612) agreed to take part in the study. Researchers then used 11 genetic markers to confirm
the reported zygosity of the twin and sibling pairs. In total, 34 pairs were reassigned zygosity
status as a result of this test. Based on this criterion of zygosity, we use 163 identical twin, 240
fraternal twin, 647 full sibling, and 148 half-sibling pairs for a total of 1,198 unique pairs.1
The pair-design makes it possible to calculate quantitative genetic estimates of genetic and
environmental influences (Falconer and Mackay 1996). Second, because nearly all students in
the schools responded to the initial survey, it is possible to measure aspects of schools that are
otherwise difficult to assess.

1Our data consists of a subset of the original sibling and twin pair data (see Harris et al. 2006 for a detailed description of these data).
Our analysis is limited to siblings and twins who attended the same school, those with information on smoking at wave II, sibling pairs
whose ages are at most three years apart from one another, schools with network data on friend nominations, schools with at least five
pairs of siblings, and schools that contained sampling weights. After these deletions our final sample consisted of 1,198 pairs nested
within 84 schools.
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The two dependent variables in our analyses were taken from Wave II of the study in which
respondents were asked if they had “ever smoked an entire cigarette” and if so, had they ever
smoked “at least 1 cigarette a day for 30 days.” We use the same definitions as previous work
in this area (Kandel et al. 2004) and refer to these outcomes as smoking onset and daily
smoking, respectively. Overall, 44.6% of the respondents reported smoking onset and 21.8%
reported daily smoking.

We develop a unique school-level measure that describes the social pressures to smoke or not
smoke within a school. This measure characterizes the popularity status of smokers and non-
smokers and indicates the extent to which the most popular students either smoke or do not
smoke. We believe that this item taps in to school-specific social norms with respect to smoking
that are otherwise difficult to measure. All students were asked to write down the names of
their five closest female friends and their five closest male friends. Each student in the school
was then linked with their respective nominees as well as those that nominated them. Each
student received a score that recorded the number of nominations that they received (median
= 3; min = 0; max = 36). Students were also asked to report their smoking during the past year.
Response options ranged from 0 “never” to 6 “nearly everyday”. We calculated a school-
specific correlation between the number of nominations that a respondent received (popularity)
and the level of smoking reported by the respondent (mean = −.01; min = −.16; max = .17).
Positive values indicate that the most popular students are also those that smoke and negative
values indicate that the most popular students are the non-smokers. Because we are concerned
with the two ends of this continuum, we use the 10 extreme values of this distribution to
characterize pro- and anti-smoking schools.2

In addition to smoking popularity we also consider other aspects of schools that may be
associated with the heritability of smoking. Institutional control is measured using two
measures from the School Administration component of the Add Health study. First, similar
to other work in this area (Kandel et al. 2004) we measure school smoking policies by summing
administrator responses regarding the disciplinary action of the school upon the 1st and 2nd
incidence of smoking on school-grounds including a) verbal warning; b) minor action; c) in-
school suspension; or d) expulsion. This school-level variable ranges from values of 0–7.
Second, we also include a dummy variable that assesses whether or not the teachers can smoke
on the school grounds. In total 67 of the 84 schools (79.7%) do not allow teachers to smoke.

We also examine the association between the level of smoking in the schools and the
corresponding heritability with a measure that captures the prevalence of smoking; the
proportion of students who reported that they have ever smoked a cigarette by the date of the
in-school survey (min 5.6%; Q1 28.1%; Median 36.5%; Q3 47.6%; max 55.3%). This variable
is used to assess the prevalence hypothesis which emphasizes a contagion or epidemic
understanding of the “spread” of smoking behaviors. Face-to-face interactions with peers
within schools will lead to social imitation that increases as the prevalence of smoking
increases. As described earlier we include a linear and quadratic term designed to capture the
curvilinear association between smoking prevalence and heritability of smoking anticipated
by this model.

Next, given the association between race and smoking (Pampel 2002), we also adjust for the
racial composition of the schools with a variable that measures the proportion of students who
are non-Hispanic and white. Because of observed differences with smoking and socioeconomic

2Because mechanisms of social control and social expression may be happening simultaneously, it is possible that there is no effect of
social norms at or near the average of the distribution and it is only in the extreme ends of this distribution in which social forces manifest.
This most closely resembles a cubic distribution with a positive linear, negative quadratic, and positive cubic term, but these models are
difficult to estimate with the limited number of schools that we have in the data. Accordingly, we took the extreme schools to capture
expression and control, respectively, in which their combined effects are interpreted in relation to the average normative environment.
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status (Pampel and Rogers 2004), these models also adjust for socioeconomic differences
across the schools with a variable that measures the highest level of education attained by
students’ mothers. We use this information to record the proportion of students’ mothers who
have completed college (mean = 26.8%; min = 5.7%; max = 80.5%).

Methods
We first calculate tetrachoric correlations for identical and fraternal twin pairs and full and
half-sibling pairs. These estimates are presented with their respective quantitative genetic
estimates describing the relative contribution of heritability, shared environment, and unshared
environment to overall phenotypic variation.3 We then propose a unique multi-level
application of multivariate regression-based techniques to provide evidence for the heritability
of smoking (DeFries and Fulker 1985). This extension provides a parameter estimate that
describes the school-level moderation of the heritability of smoking.

The standard model (see equation 1) relies on data obtained from sibling and twin pairs and
predicts the outcome of the second sibling of a pair (y2) as a function of the first sibling’s score
on the same outcome (y1), a measure of genetic similarity—average proportion of genes
identical by descent for each pair type—(g), and an interaction between genetic similarity and
the siblings’ score (y1g). Because identical twins share all of their genes, these pairs receive a
score of g = 1, fraternal twins and full siblings a score of g = .5, and half-siblings a score of
g = .25. If the similarity of the pair is conditional upon their genetic similarity, then a positive
and significant value for b3 indicates that the degree of similarity for smoking among sibling
pairs is a function of their genetic similarity. If the distribution of the dependent variable is
standard-normal, then the parameter estimates for b1 and b3 describe the relative contribution
of shared environment (c2) and heritability (h2), respectively, and the remaining proportion is
due to nonshared environmental characteristics (e2). This model is quite flexible and it can be
extended to include K covariates and it is well-suited to complex sampling designs.

(1)

(2)

Although the single-level model has undergone considerable modifications (Purcell 2002), it
continues to be used to assess the genetic contribution to a trait’s overall variation (Rende et
al. 2005; Slomkowski et al. 2005). In equation 2, we show how to extend this model to a
generalized linear and mixed modeling framework (Rabe-Hesketh and Skrondal 2005). This
parameterization is a particularly useful model because of (a) the ease with which other
covariates can be included in the model, (b) the flexibility of the model with respect to the
measurement of the dependent variable, and (c) the inclusion of random effects at the school-
level allows for a simple test for school moderation of heritabilty without relying on researchers
to specify a particular school-level characteristic. Because our dependent variables are binary,

3We use Mx, a structural equation modeling package that contains a number of standard procedures, to calculate quantitative genetic
parameter estimates for genetic and environmental components of phenotypic variance. There are a number of Mx scripts developed by
the GenomeUTwin group (Posthuma et al. 2003) that are freely available at: http://www.psy.vu.nl/mxbib/. We use the contingency table
script ctVCut2c.mx to estimate the ACE parameters presented in Table 1.
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we use a logit link to estimate a multi-level logistic model and we adapt this model to the sibling
pair approach used elsewhere (DeFries and Fulker 1985). Although the interpretation of the
value of the “heritability” estimate is not consistent with the standard normal model, the role
of the link function makes it possible to estimate similar models for continuous, count,
overdispersed count, and multi-nomial distributions (Rabe-Hesketh and Skrondal 2005).

According to the specification in equation 2, the ith pair is nested within the jth school and this
model includes two level-2 residual components (u0 and u1) that describe the random intercept
and the random slope, respectively. Variance estimates for these residual terms are described
in the final models. If this model is applied to the regression-based approach to quantitative
genetics then the score for the first sibling in pair i can be modeled as a function of their sibling’s
score (y1ij), the measure of genetic similarity, and the interaction term—or heritability estimate
—y1ijgij. Again this model can adjust for additional covariates. The error term at the end (gij)
captures an offset to the average heritability estimate for respondents within the jth school and
the variance of this estimate (σ2

u1) is the primary focus of our analyses. These estimates are
presented in Table 2.

If the presence of school-level moderation is detected with a significant level-2 residual
estimate (σ2

u1), then we will estimate models that include covariates designed to explain this
latent factor. We propose to analyze the empirical Bayes estimates for the random slope (or
school-specific heritability estimate) derived from the multilevel regression models. These
estimates are then treated as the dependent variable in a series of models designed to account
for school-level dispersion for this effect. These estimates are presented in Table 3. All
multilevel models are estimated with the GLLAMM procedure in Stata 9.0 (Rabe-Hesketh and
Skrondal 2005).4

Additional considerations: rGE and EEA
In the most basic model, genes and environments are believed to independently and additively
affect smoking. As described above, the effects can be multiplicative rather than additive (GE
interactions) but there are also reasons to believe that genes and environments are not
independent of one another. This is referred to as a gene-environment correlation (rGE)5 To
adjust for passive gene-environment correlations, we simply control for maternal smoking
behaviors with a dummy variable coded 1 if their mother reported smoking during the Wave
I in-home survey (22.9%) and to adjust for active rGE we include a dummy variable coded 1

4The GLLAMM procedure is comprised of a bundle of statistical procedures that are remarkably flexible and well-suited to the complex
design of the Add Health study. As an example, all parameter estimates in this paper are calculated using the sampling weights for both
individuals (GSWGT2) and schools (SCHWT1) provided by the Add Health study (Chantala and Tabor 2004). Because we estimate
random effects at the school level, individual and school weights were calculated using a PWIGLS macro in STATA 9.0 that was designed
for survey data obtained from more than one level (see Chantala et al. 2006 for a detailed discussion of this method).
5Jaffee and Price (2007) define gene-environment correlations as “genetic differences in exposure to a particular environment” (p. 2)
and describe both causal and non-causal variants. We are primarily concerned with two forms of rGE; both of which are causal. The first
is the passive form of rGE where children inherit both genes and the environment from their parents. Therefore, if a parent smokes because
of genetic reasons, then these genes will be shared with their children but their children will also be raised in an environment in which
cigarettes are easier to obtain and smoking behaviors are not negatively sanctioned. For example, Hill et al. (2005) show that, controlling
for other important factors, the onset of smoking among adolescents is strongly shaped by both parental smoking and household norms
about smoking but these environmental factors may have a genetic component that needs to be modeled explicitly. Active correlation is
the second major form of rGE. This model describes a situation in which individuals with genetically oriented tendencies to smoke
cigarettes will select in to social environments in which smoking is normative or rewarded. Some of the strongest evidence for active
rGE related to adolescent smoking comes from a study by Cleveland et al. (2005) who use traditional behavioral genetic models to
estimate the heritability of substance using or non-substance using friendship networks. That is, do genetics shape the composition of
adolescents’ friends as related to smoking, drinking, and drug use? According to their estimates, nearly two-thirds of the variance (h2
= .64) of the substance using behaviors of adolescents’ networks has a genetic component. This estimate is derived by comparing the
pair-wise correlations across identical twin (r = .61), fraternal twin (r = .27), full-sibling (r = .28), and half-sibling (r = .18) pairs. As
Jaffee and Price (2007) highlight, these two forms or rGE are particularly problematic for research on gene-environment interactions.
According to these authors “rGE does not have to reach statistical significance to profoundly affect the interpretation of G x E
estimates” (6). To deal with the possibility that our environmental measures may have a genetic component, we include statistical controls
that reduce the likelihood of rGE confounding our gene-environment interaction results.
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if any of their friends currently smoke (47.3%) and 0 if otherwise. While this later measure
may be subject to projection bias, the direction of this bias will most likely lead to an over-
control of active rGE and should be seen as a conservative operationalization of this important
concept.

Another important specification is the equal environment assumption (EEA) [Hrubec and
Robinette 1984]. This assumption states that identical and fraternal twins share similar
environmental exposures through the period of interest in a study. This assumption is critical
because it enables researchers to characterize excess similarity among identical twins to genetic
similarity.6 We use data from the friend nomination roster to examine the overlap in sibling
pairs’ friends. In total, 39% of the identical twins shared at least one friend in common
compared to 26% of fraternal twins, 18% of full-siblings, and 6% of half-siblings. Among
those that shared at least one friend, identical twins listed the same group of people as their
friends 44% of the time compared to 36% of fraternal twins. A measure that taps the overlap
in friend nomination networks is used in the models to adjust for these concerns.

Findings
Table 1 presents pairwise correlations for smoking onset and daily smoking for the four types
of sibling pairs in our sample. There is a clear gradient between genetic similarity and smoking
concordance for both measures of smoking; the sibling correlations are the highest for identical
twins and the lowest for half-siblings. Based on the resemblance of sibling pairs as a function
of their genetic similarity, we calculate a heritability estimate of .51 for smoking onset and .
58 for daily smoking. Thus, as with other research, these estimates provide support for the
notion that both smoking onset and daily smoking have an important genetic component.

We elaborate on these univariate estimates and take advantage of the complex design of the
Add Health study to address the importance of school context on heritability of smoking
behaviors. As we described earlier, the dependent variable is simply a dummy variable
indicating whether or not a respondent has ever smoked an entire cigarette or if they have
smoked daily. These results are presented in Table 2. As expected, having friends that are
current smokers strongly predicts current smoking status for both onset and daily smoking.
Having a parent that is a smoker increases the risk of daily smoking but not smoking onset.

Evidence for heritability is estimated by including an interaction between the genetic similarity
of the pair and the smoking status of the respondent’s sibling. Two models are included for
each smoking outcome. The first includes a random intercept only and the second includes the
random slope. For smoking onset, we show evidence for genetic influence in both models (b
= 2.955, b = 2.981).7 Whereas the random intercept is significant (σ2

u0 = .446, P < .008) there

6Using data from Add Health, Slomkowski et al. (2005) show that the similarity of sibling pairs is strongly conditional upon the social
connectedness of the pair. That is, pairs that report spending more time with one another, sharing similar friends, and having affection
for one another are much more alike one another than those who do not report this same level of closeness. Importantly, in wave II of
the study, identical twins with high levels social connectedness reported a sibling correlation for smoking of .83 compared to a value of .
54 for DZ twins with the same level of connection. However, when these sibling correlations were compared for those who reported low
social connection, the identical pair correlation was only .63 and the fraternal twin correlation remained roughly the same (r = .52).
Although their analysis of the sibling pair data does not show systematic differences in the heritability estimate by social connection
status, it is an important caveat to consider. Kendler and Gardner (1998) analyze three aspects of the EEA using retrospective data from
an adult sample of twin pairs: a) childhood treatment (i.e., how similarly they two were treated by others), b) co-socialization (i.e., how
much the twins tried to act like one another), and c) similitude (i.e., were they treated as individuals or were they always treated as a
“pair”). These factors were then used to compare concordance rates for smoking across the groups. While treatment and similitude were
not associated with smoking initiation, the sibling correlations were significantly moderated by their responses to the co-socialization
measure. High co-socializing identical and fraternal twins had a tetrachoric correlation of .87 and .51, respectively, but their low-
socializing counterparts had scores of .74 and .37. Again, these differences may have important implications for the heritability estimate.
7Because regression-based techniques are typically used in proband-based designs, the twins and siblings are double entered in the
multivariate models to adjust for the lack of an a priori proband in this sample. Standard errors are adjusted by a constant factor (2.5)
when calculating test statistics and corresponding statistical significance.
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is no evidence that the heritability of smoking initiation varies across schools. Specifically, the
parameter estimate (σ2

u1 = 1.161) statistically non-significant and the inclusion of the random
slope parameter estimate does not improve the overall model fit (Δ-2ll = χ2 = .124, n.s.). With
respect to daily smoking, these results point to an increased estimate of heritability (b = 5.668,
P < .05) and, more importantly, a large and statistically significant estimate for the school-
level residual variance increased significantly (σ2

u1 = 84.190, P < .05) and improved overall
model fit (χ2 = 13.004, P < .001).

The estimates presented in Table 3 are designed to examine the school-level factors that may
be responsible for the variation in heritability for daily smoking and they represent the latent
heritability factor regressed on the seven school-level factors described above. According to
these results, attending a school in which the more popular students are also the most likely to
smoke cigarettes significantly increases the heritability of smoking daily (β= 1.334, P < .001).
Although the heritability estimate is reduced within schools in which there are normative
pressures to avoid smoking (β= −.18, n.s.) this effect is not statistically significant. Importantly,
neither the linear nor the quadratic specification of smoking prevalence was significantly
associated with the school-level estimate for the heritability of smoking. Similarly, neither
form of institutional social control was associated with reduced heritability.

Importantly, we show a significant association between the racial composition of schools and
the heritability estimate. Specifically, we show that the heritability of daily smoking is
significantly reduced as the proportion of students who are non-Hispanic and white increases
(β= −.685, P < .008). Because predominantly white schools have higher rates of smoking
compared to other schools (Kandel et al. 2004), it was possible that these schools would also
have an increased estimate for heritability. As the results indicate, however, this does not appear
to be the case. Indeed, as smoking heritability among adolescents is more strongly affected by
smoking norms rather than a simple tabulation of prevalence, the potentially protective factor
of smoking rates among students at predominantly minority schools, does not necessarily
translate to a controlling mechanism on genetic tendencies to smoke.

To more fully examine this association, we examined school-level bivariate associations
between smoking popularity, smoking prevalence, and racial composition. These associations
are presented in Fig. 1. As implied in the result above, Fig. 1a. shows that there is no association
between smoking prevalence and the popularity of smokers within schools (r = .011, n.s.).
However, as shown in Fig. 1b, predominantly white schools appear to have stronger anti-
smoking norms compared to schools with a greater proportion of racial and ethnic minorities.
That is, the popularity of non-smoking students increases significantly as the proportion of
white students increases (r =−.361, P < .001). But, as described elsewhere (Kandel et al.
2004), this does not correspond with smoking prevalence. Figure 1c shows that predominantly
white schools have higher overall smoking rates compared to schools with few white students
(r = .329, P < .003). In ancillary analyses (results not shown) we calculate daily smoking rates
of 15% for students within predominantly white schools compared to less than 6% in schools
with no white students. Students in predominantly white schools smoke more often than do
students within other schools, but those that do smoke within predominantly white schools are
significantly less popular than their non-smoking counterparts. This same association is not
evident within schools with a greater proportion of minority students suggesting that smoking
norms may be somewhat less clear within these schools. Further, within predominantly white
schools, the popularity-smoking correlations are more tightly bounded compared to schools
with a greater number of racial and ethnic minorities. This reduced variability directly addresses
the social control model where social forces canalize phenotypic variation and restrict the range
of outcomes for diverse populations (Shanahan and Hofer 2005). Taken together with the null
effects for the smoking prevalence, this finding suggests that the social mechanisms through

Boardman et al. Page 11

Behav Genet. Author manuscript; available in PMC 2009 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which heritability for smoking is moderated may not simply be the exposure to smoking
behaviors and subsequent modeling, but rather more direct social pressures.

Discussion
In this paper, we estimate that a substantial portion of the variance in smoking may be due to
genetic factors. We demonstrate that the relative contribution of genetics to the daily use of
cigarettes is conditional upon student norms related to cigarette use. These findings make
substantive contributions to the fields of sociology and behavioral genetics and they help to
move the discussion away from characterizing phenomena as socially or genetically oriented.
Indeed, it would very difficult to describe the likelihood that two siblings will be concordant
for smoking without knowing the degree to which they are genetically similar as well as a
detailed account of their friends and social environments.

Importantly, we do not find evidence for the strongest version of the contextual trigger
argument. That is, even after accounting for school-level differences in smoking and school-
level differences in the heritability of smoking, we still show evidence that genetic factors
matter for regular smoking. In other words, we argued that the driving factor responsible for
genetic expression was the social environment and we expected to find that, without a
normative environment in which cigarette use is supported, the genetic determinants of
smoking would be non-existent; but this is not the case with our findings.

However, our findings are important because they speak to the continuing discussion regarding
the relative contribution of biological as opposed to social factors as the primary determinants
of complex behaviors. There are strong theoretical reasons (Shannahan and Hofer 2005;
Deater-Deckard and Mayr 2005) and corresponding empirical evidence (Turkheimer et al.
2003; Purcell 2002; Purcell and Sham 2003) to suggest that a full understanding of health-
related behaviors such as smoking requires information on processes both inside and outside
the body (Duster 2006). That is, smoking-related behaviors are in part genetically caused, but
the expression of a gene that may affect tobacco use is best understood only when situated in
a particular social or environmental context. If the degree to which behaviors such as smoking
are heritable is conditional upon social contexts, then it is important to develop theories,
hypotheses, and methods specifically designed to address the interaction between genes and
environments. This point is summarized nicely by Hewitt and Turner (1995) in the introduction
to Behavior Genetic Approaches in Behavioral Medicine:

Behavior genetics is the study of genetic and environmental determination of
individual differences in characteristics with a behavioral component. Traditional
genetics has treated environmental variation largely as “noise.” Traditional
epidemiology and many of the social sciences have either ignored genetic variation
or wished it would go away. In some cases, the emphasis of these traditional
disciplines on a particular component, either genetic or environmental, can serve a
useful scientific purpose. In other cases, it may be misleading and an obstacle to
understanding. (p. 3).

Our findings are also important because they are in line with emerging theories regarding the
most appropriate way to conceptualize the environment within gene-environment interaction
studies. Perrin and Lee (2007) argue that gene-environment interaction studies need to
understand that “interconnections between individuals and social structures can predict
important variations in individual behavior without recourse to individual traits” and thus
“environments and genetic potentials must be understood as nested and cross-cutting in
potentially complex ways” (311). Nevertheless, the bulk of gene-environment studies continue
to focus on the social and demographic characteristics of individuals or families rather than on
the composition of larger social contexts such as neighborhoods or schools (Swan et al.
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2003) and yet studies at this higher level of aggregation speak more directly to theories of gene-
environment interactions (Johnston and Edwards 2002; Shanahan and Hofer 2005; Perrin and
Lee 2007).

This perspective is particularly relevant when one considers the social pressures responsible
for school and neighborhood segregation by race (Massey and Denton 1993). That is, social
scientists are somewhat reticent to engage in behavioral genetic inquiry, especially if the part
of the explanation emphasizes the role of race as an enabling factor (Frank 2001; Zuberi
2001a, b; Duster 2006). However, the material resources available to communities and schools
are highly correlated with the racial composition of the area and there are, at times, equally
clear differences with respect to behavioral norms—including cigarette smoking. Therefore,
as evident in the results presented above, the concept of race should be understood as a critical
component of investigations into the genetic determinants of behavior precisely because of
environmental experiences that differ among black, white, Latino, and Asian-Americans.

Perrin and Lee (2007) also make the point that the social environment should be understood
as an enabling factor and not simply as a controlling mechanism as with most work in this area.
They argue that it is not possible to examine one of the important counterfactuals established
by most gene-environment interaction studies. Namely, the notion of “genetic potential” is
taken as the starting point and the environment simply constrains the capacity of factors that
are genetically determined. However, as our results show, it is also possible that genetic
orientations may not emerge unless the environment actively engages individuals in behaviors
and reinforces these behaviors. This point builds on the “fundamental causes” explanation for
health and health-related behaviors (Link and Phelan 1995). According to Link and Phelan
(1995), epidemiologic inquiry into the determinants of disease has focused almost exclusively
upon proximate causes rather than the social antecedents to these factors. While the proximate
determinants of disease risk may change, the social environment remains a fundamental cause
of disease and these risk factors need to be contextualized. Contextualizing risk factors means
that researchers should consistently examine the “conditions under which individual risk
factors are related to disease” (Link and Phelan 1995, pp. 84–85). That is, not only does the
environment shape exposure to risk factors, but environmental aspects fundamentally shape
the etiologic trajectories of known risk factors. When genetic vulnerability is characterized as
a risk factor, this theoretical perspective is highly relevant to cigarette use because genetic
factors may be particularly strong risk factors within certain environments (Shanahan and
Hofer 2005).

This same perspective may also help to account for the notable variability in the smoking
heritability estimates for adolescents that have been presented elsewhere. For example, our
calculation of smoking heritability (roughly 51–58%) is within the range of estimates obtained
from other studies but this range is as low as 44% (Slomkowski et al. 2005) and as high as 65%
(Maes et al. 1999). On the one hand, this variation can be considered a stochastic component
of the parameter estimate and dispersion about this estimate is akin to standard error. For
example, Li et al. (2003) use standard meta-analysis techniques to estimate the true population
parameter based on the distribution of heritability estimates from previous research. The
authors conclude that the true parameter is somewhere between 57 and 61%. This approach
remains an important method to characterize dispersion but it is also possible that the magnitude
and sign of these residuals can be anticipated with existing theory and they can be tested
empirically (Shannahan and Hofer 2005). In other words, sibling resemblance as a function of
zygosity can be modeled as a function of theoretically relevant characteristics that are believed
to enhance or suppress heritability. If, as we show, the social environment enables or limits
genetic effects then we should not expect heritability estimates to remain constant except in
cases in which the environment is held constant. Therefore, efforts should be made to identify
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social, environmental, spatial, or cultural factors that may account for the differences observed
in these studies.
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Fig. 1.
School-level bivariate associations between racial composition, smoking norms, and smoking
prevalence
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