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Selection homophily and peer influence for
adolescents’ smoking and vaping norms and
outcomes in high and middle-income settings

The MECHANISMS study investigates how social norms for adolescent smoking and vaping

are transmitted through school friendship networks, and is the first study to use behavioral

economics methodology to assess smoking-related social norms. Here, we investigate the

effects of selection homophily (the tendency to form friendships with similar peers) and peer

influence (a social process whereby an individual’s behavior or attitudes are affected by peers

acting as reference points for the individual) on experimentally measured smoking and vaping

norms, and other smoking outcomes, in adolescents from high and middle-income settings.

Full school year groups in six secondary schools in Northern Ireland (United Kingdom) and

six secondary schools in Bogotá (Colombia) participated (n= 1344/1444,

participation= 93.1%, target age 12–13 years). Over one semester, pupils received one pre-

viously tested school-based smoking prevention program (ASSIST or Dead Cool). Outcomes

included experimentally measured smoking/vaping norms, self-report and objectively mea-

sured smoking behavior, and self-report smoking norms, intentions, susceptibility, attitudes,

and psycho-social antecedents. We investigated selection homophily and peer influence

using regressions and SIENA modeling. Regression results demonstrate lagged and con-

temporaneous selection homophily (odds ratios [ORs]= 0.87–1.26, p≤ 0.01), and peer

influence effects for various outcomes from average responses of friends, school classes, or

school year groups (standardized coefficients [βs]= 0.07–0.55, ORs= 1.14–1.31, p≤ 0.01).

SIENA models showed that comparable proportions of smoking/vaping-based similarity

between friends were due to selection homophily (32.8%) and peer influence (39.2%). A

higher percentage of similarity between friends was due to selection homophily and/or peer

influence for ASSIST schools compared to Dead Cool. Selection homophily was also more

important in Bogotá, whilst peer influence was stronger in Northern Ireland. These findings

support using social norms strategies in adolescent smoking prevention interventions. Future

research should consider selection homophily and social influence jointly, and examine

whether these findings translate to other high and low-middle-income settings with varying

cultures and norms.
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Introduction

Every year, over seven million people die from tobacco
consumption and 1.2 million die from second-hand smoke
(World Health Organization, 2020). Smoking rates are

declining in high-income countries, but remain high in low- and
middle-income countries (LMICs), with over 80% of the world’s
1.3 billion tobacco users living in LMICs (World Health
Organization, 2020). Smokers usually start during adolescence
when social influences (from observing others’ smoking beha-
viors, attitudes, and norms) are prevalent (Allen and Feigl, 2017;
Littlecott et al., 2019). The risk of developing smoking-related
diseases increases as the number of smoking years and cigarettes
smoked per day increases (Difranza and Richmond, 2008).
E-cigarettes are also gaining popularity, particularly amongst
adolescents (Perikleous et al., 2018; Schneider and Diehl, 2016).
While adult smokers are more likely to use e-cigarettes as a
smoking cessation aid (Chan et al., 2021), they are typically used
for experimentation amongst adolescents, similar to how ado-
lescents typically use conventional cigarettes and could serve as a
“gateway to smoking” (Perikleous et al., 2018; Soneji et al., 2017).
Smoking prevention programs usually target younger adolescents
(12–13 years), and many use social norms-based approaches or
attempt to leverage peer influences (Campbell et al., 2008; Tho-
mas et al., 2015).

Peer influence is a social process by which a focal individual’s
behavior or attitudes are affected by peers acting as reference
points for the individual within social networks (Montgomery
et al., 2020; Steglich et al., 2012). Whether it is due to peer
influence or selection homophily processes (the tendency for
individuals to form friendships with others of similar character-
istics and behaviors (Krupka et al., 2016; Steglich et al., 2012)),
research shows that adolescent smokers usually have more
smoking friends, whilst non-smokers have more non-smoking
friends (Liu et al., 2017; Steglich et al., 2012). This correlation
between an individual’s smoking and the smoking behaviors of
their peers has been shown to differ according to cultural char-
acteristics (i.e., to be stronger for adolescent samples drawn from
collectivistic, versus individualistic, cultures) (Liu et al., 2017). In
general, high-income countries such as those in the United States,
United Kingdom (UK), and Europe, tend to be more individua-
listic, whilst LMICs including those in Latin America tend to be
more collectivistic (Peng and Paletz, 2011; Weiss et al., 2019).
Schools are appropriate settings for delivering interventions
attempting to adjust health behaviors by shaping peer norms and
interactions. Most children can be reached through schools,
tobacco education fits naturally into school activities, and schools
are important determinants of adolescent friendship formation
(Thomas et al., 2015). In a 2015 meta-analysis, school-based
smoking prevention programs combining social influence and
social competence components were most effective (Thomas
et al., 2015). However, only four of the 50 included trials were
conducted in non-high-income settings (Thomas et al., 2015). In
a 2012 review conducted in LMICs, only three of the included
interventions incorporated social influence components, and the
evidence was inconclusive for whether they were effective in
reducing smoking uptake and progression to regular smoking
(Munabi-Babigumira et al., 2012). The authors highlighted the
need for rigorous studies to be conducted in LMICs, incorpor-
ating delivery strategies of interventions that have been successful
in high-income settings, and appropriately adapted to account for
local contextual factors and culture (Munabi-Babigumira et al.,
2012). A more recent review of school-based smoking prevention
programs for adolescents in developing countries found only
seven articles meeting the eligibility criteria but concluded that
peer education programs were effective and could be tailored to
the conditions of the country (Huriah and Dwi Lestari, 2020).

Interventions targeting groups of people and social networks
may be more effective at reducing health inequalities than those
focusing on individuals (Hunter et al., 2019, 2020; Montgomery
et al., 2020). The A Stop Smoking in Schools Trial (ASSIST)
intervention works by identifying influential pupils in school year
groups to promote anti-smoking norms amongst school peers, by
aligning a peer-focused education program with social network-
based principles (Campbell et al., 2008). Such group or social
network-based interventions frequently act, at least partly, by
changing social norms (Hunter et al., 2020). Social norms are
defined as rules and standards understood by members of a social
group, which guide or constrain social behavior without enfor-
cement by law (Cialdini and Trost, 1998). Injunctive norms are
shared perceptions about behaviors that are associated with social
approval or acceptance (e.g., peer approval of smoking), while
descriptive norms are shared perceptions about behaviors that are
undertaken by others in a social group in any given situation (e.g.,
peer engagement in smoking) (Cialdini and Trost, 1998; Mackie
et al., 2015). Whilst social network structures affect how social
norms spread, social norms also derive from shared under-
standings between individuals within social networks (Hunter
et al., 2020; Panter-Brick et al., 2006). Therefore, interventions
targeting social norms span different levels of the Socio-
Ecological Model of behavior change since they rely on indivi-
dual perceptions of the consequences of non-compliance (at the
individual level), and on others’ behavior within the social net-
work (at the social environmental level) (Bronfenbrenner, 1977;
Hunter et al., 2020; Panter-Brick et al., 2006).

Public health research has traditionally relied on self-report
assessments of norms, however, such methods are often charged
with being susceptible to social desirability biases (Mackie et al.,
2015; Murray et al., 2020). Experimental methods of eliciting
social norms, drawn from behavioral economics and game theory,
can deepen our understanding of the mechanisms of norms-
based public health interventions since they mitigate social
desirability bias and provide rich information regarding the dis-
tribution of acceptability of various actions (i.e., norms) (Kim-
brough and Vostroknutov, 2016, 2018; Krupka and Weber, 2013;
Murray et al., 2020). For example, Krupka and Weber used
financially incentivized co-ordination games to elicit social norms
for choices in a standard dictator game (Krupka and Weber,
2013). The Mechanisms of Networks and Norms Influence on
Smoking in Schools (MECHANISMS) study is the first to use
these behavioral economics methods (Kimbrough and
Vostroknutov, 2016, 2018; Krupka and Weber, 2013) to elicit
social norms for adolescent smoking and vaping behaviors
(Hunter et al., 2020; Murray et al., 2020). The study aims to
investigate the mechanisms through which social norms for
adolescent smoking and vaping are transmitted through school
friendship networks (Hunter et al., 2020; Murray et al., 2020). To
do this we have elicited social norms (for various adolescent
smoking and vaping behaviors and actions) (Kimbrough and
Vostroknutov, 2016, 2018; Krupka and Weber, 2013) and
friendship networks pre- and post-implementation of two dif-
ferent types of school-based smoking prevention programs with
proven effectiveness in previous cluster randomized controlled
trials: ASSIST and Dead Cool (Campbell et al., 2008; Thurston
et al., 2019). The incentivized experimental methods applied in
the MECHANISMS study reduce social desirability bias when
measuring social norms since they require participants to guess
how peers in their school year group would answer. Specifically,
participants are provided with monetary incentives to try to
‘match’ their own response to the most common response in their
school year group. Injunctive norms, for example, are measured
by asking participants to guess how their peers would rate the
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social appropriateness of “a parent smoking in front of young
children”. Participants are told that they will be paid a fixed
amount if their response to a randomly selected question “is the
same as the most common response provided in your school year
group”. The modal answer is elicited as the social norm for the
school year group. Since participants are encouraged to think
about how peers will respond rather than providing personal
opinions the need for social desirability, which affects commonly
used self-report assessment methods, is mitigated (Burks and
Krupka, 2012). Introducing incentives to guess how most others
are guessing, provides further reason to report beliefs truthfully.

This paper aims to investigate selection homophily and peer
influence effects for these novel experimental measures of
smoking and vaping norms. Previous norms-based public health
studies have relied on limited self-report methods of measuring
social norms, and have not attempted to empirically measure
these effects directly (Hunter et al., 2020). The underpinning
methodology will also have broader relevance for studying other
health-related behaviors in the future (Hunter et al., 2020). Our
study is also novel in that it includes data from schools in two
different settings (a high-income setting, and a middle-income
setting). Northern Ireland (NI) is a high-income country in the
United Kingdom (UK) (The World Bank, 2020b), with
approximately 2 million inhabitants (Northern Ireland Statistics
and Research Agency, 2019), and current cigarette consumption
rates of 4% for adolescents aged 11–16 years (12% report having
smoked tobacco at least once) (Foster et al., 2017). Current
e-cigarette consumption rates were 4.9% for adolescents aged
11–18 years across the UK in 2019 (15.4% had tried vaping at
least once) (Action on Smoking and Health (ASH), 2019). Bogotá
is the capital city of Colombia, an upper-middle-income country
(The World Bank, 2020a), with over 7 million inhabitants
(National Administrative Department of Statistics, 2019), and
current cigarette consumption rates of 13.1% for adolescents aged
12–18 years (25.0% of adolescents aged 13–15 years report having
smoked at least once) (Ministry of Health and Social Protection,
2020; Ministry of Justice and Law et al., 2016). In 2017, 15.4% of
adolescents aged 13–15 years across Colombia reported that they
had tried e-cigarettes at least once (Ministry of Health and Social
Protection, 2020). Since e-cigarettes are growing in popularity
among adolescents, norms for smoking and vaping were both
considered in the MECHANISMS study (Perikleous et al., 2018;
Schneider and Diehl, 2016). Studying norms for adolescent
smoking and vaping in two different settings is an important
aspect of the MECHANISMS study since most of the world’s
tobacco users now live in LMICs, and previous studies have
highlighted a lack of relevant research in LMIC settings (Huriah
and Dwi Lestari, 2020; Munabi-Babigumira et al., 2012; Thomas
et al., 2015).

Our paper also presents an overview of selection homophily
and peer influence effects for a broad range of smoking-related
psychosocial antecedents that may lead to smoking behavior (e.g.,
attitudes, self-efficacy, and perceived risks and benefits), and
objectively measured smoking behavior. Previous studies exam-
ining peer influence and peer selection homophily in adolescent
smoking have mostly limited their focus to examining social
network processes for smoking behavior, intentions, or suscept-
ibility, and very few have incorporated psychological character-
istics. For example, Go et al., examined selection homophily and
peer influence processes using mixed-effects logistic regression
with propensity score modeling and found both processes
explained the association between peer smoking and adolescent
smoking initiation (Go et al., 2012). Hoffman et al., modeled peer
influence and selection homophily using cross-lagged panel
structural equation models (CLPMs) and found that whilst both
effects were occurring simultaneously, peer influence was a more

salient predictor of adolescents’ ‘ever smoking’ than peer selection
(Hoffman et al., 2007). However, a longitudinal social network
analysis in the original ASSIST trial found that smoking-based
selection of friends explained a greater proportion of smoking
behavior similarity over time than peer influence (Mercken et al.,
2012). The authors recommended that future adolescent smoking
prevention research should not focus solely on social influence,
but should also consider selection homophily (Mercken et al.,
2012). In a recent paper, Chu et al., used agent-based models to
describe cigarette and e-cigarette use with data from the state of
Pennsylvania in the United States (children and adults), which
showed declines in cigarette, e-cigarette, and total nicotine use
when implementing a program of e-cigarette education and
policies (Chu et al., 2020). The authors also developed a model
that considered a social contagion factor where schools func-
tioned as a transmission vector, but they did not attempt to
explore selection homophily and peer influence (Chu et al., 2020).

Selection homophily and peer influence are both mechanisms
producing homogeneity of peer networks (Go et al., 2012), and
disentangling the two processes has been recognized as challen-
ging (Ragan et al., 2019; Shalizi and Thomas, 2010). This paper
aims to explore the behavioral mechanisms underlying the
influence of social norms on adolescent smoking and vaping by
examining whether changes in the experimentally elicited norms
measures over time are correlated amongst friendship cliques,
and broadly within the larger school community (e.g., school
classes and school year groups). Our statistical approach draws
upon the work of Krupka et al. (2016), who studied selection
homophily and peer influence effects for university freshmen’s
economic preferences (and related self-report outcomes), and our
study’s power calculation was also based on the work of Krupka
et al., to detect changes in these effects (Hunter et al., 2020).
Specifically, we examine selection homophily processes using
mixed-effects logistic regressions to investigate whether similarity
with another pupil on the smoking and vaping outcomes
increases the likelihood of nominating them as a friend (objective
1). Peer influence effects (from the average responses of pupils’
friendship networks and broader social communities within
school classes and school year groups) are examined using
ordinary least square regressions (objective 2). Previous health-
related and behavioral economics studies have used similar
regression-based approaches to investigate selection homophily
and social influence (Flashman and Gambetta, 2014; Fowler and
Christakis, 2008; Go et al., 2012; Hoffman et al., 2007; Miething
et al., 2016; Parkinson et al., 2018; Rohrer et al., 2021). To
examine selection homophily and peer influence effects simulta-
neously, we also conducted longitudinal CLPMs examining cross-
lagged and auto-regressive effects between adolescent and friends’
smoking and vaping outcomes between baseline and follow-up
(objective 3). This is similar to the approach adopted by Hoffman
et al., to examine peer influence and selection homophily for
adolescent smoking behavior (Hoffman et al., 2007). Finally, we
compared the results of our regressions and CLPMs with simu-
lation investigation for empirical network analysis (SIENA)
models, which simultaneously estimate selection homophily and
peer influence effects, whilst accounting for network dynamics,
network structure, and the characteristics of the actors in the
network (Mercken et al., 2009, 2012; Ripley et al., 2022; Steglich
et al., 2010) (objective 4). This is similar to the approach of Ragan
et al. who compared estimates of selection homophily and peer
influence effects derived from conventional regression methods to
estimates from SIENA models for adolescents’ deviance and
school performance and found no evidence that the regression
methods tended to be biased toward overestimating peer influ-
ence compared to SIENA (Ragan et al., 2019). For the SIENA
models, we also investigated differences across subgroups of
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schools defined by setting (NI versus Bogotá), and intervention
program (ASSIST versus Dead Cool; objective 4). In previous
work, our group combined Latent Transition Analysis (LTA) with
Separable Temporal Random Graph Models (STERGMs) to
examine selection homophily and peer influence processes in
terms of the MECHANISMS study experimental measures of
smoking and vaping norms (Montes et al., 2023). In the LTA,
pupils were classified into unobserved (“latent”) groups char-
acterized by whether they changed their smoking/vaping
injunctive and descriptive norms (“favorable towards smoking”
or “against smoking”) between baseline and follow-up. The
STERGM showed that pupils were more likely to be friends with
others who had social norms against smoking, but that pupils
with social norms favorable towards smoking had more friends
with similar views than the pupils with perceived norms against
smoking. Subgroup analyses also showed that the proportion of
pupils who changed their norms to be “against smoking” was
higher for ASSIST schools compared to Dead Cool (Montes et al.,
2023). The current paper adds to our previous work by providing
a broader overview of selection homophily and peer influence for
our experimental smoking and vaping norms measures (in terms
of pupils’ observed scores on the scales, and individual ‘norms’
items), comparing statistical methods used to address these
questions in behavioral economics (regression, e.g., Krupka et al.,
2016) and network sciences (SIENA, e.g., Mercken et al., 2012),
examining peer influence from proximal (e.g., nominated friends)
versus distal (e.g., school classes and school year groups) peers,
and also examining selection homophily and peer influence for
our study’s other (self-report) smoking outcomes and objectively
measured smoking behavior.

Thus, the aim of this paper is primarily to investigate selection
homophily and peer influence effects for our experimental mea-
sures of smoking and vaping norms (that is, how norms for
different smoking/vaping-related actions are diffused through
school friendship networks). As a secondary aim, we have also
investigated selection homophily and peer influence for related
self-report outcomes (including self-report smoking norms,
behavior, intentions, knowledge, attitudes, and other psycho-
social antecedents), and objectively measured smoking behavior.

Methods
Study design. The MECHANISMS study is a pre-post quasi-
experimental study (Hunter et al., 2020). Twelve schools (N= 6
NI, N= 6 Bogotá; participation= 93.1%, n= 1344/1444 pupils)
participated in the MECHANISMS study between January and
November 2019 (Hunter et al., 2020). Study procedures have
previously been described in the study protocol and related
publications (Hunter et al., 2020; Murray et al., 2020; Sánchez-
Franco et al., 2021). We recruited full school year groups (NI Year
9, Bogotá Year 7; target age 12–13 years). In NI, schools were
recruited for the full phase of the MECHANISMS study between
November 2018 and January 2019. Schools were prioritized if
they were non-selective secondary education schools not already
enrolled in the Dead Cool program, mixed gender, had over 100
pupils in Year 9, were of higher deprivation levels, and ranged in
geographical location (urban, rural) and sector (controlled,
maintained, integrated). In Bogotá, schools were recruited
between March and May 2019. A list of 40 private and public
schools was prioritized based on health risks outlined by the
Education and Health secretaries. From this list, 13 schools were
invited to participate according to the following criteria: schools
in urban areas; mixed gender; having enrolled between 90 and
150 students in 7th year (equivalent of Year 9 in NI). Only six
schools accepted the invitation and were selected for the final
sample. Schools were assigned to one of two smoking prevention

programs: ASSIST (which is specifically designed to leverage peer
influence) or Dead Cool (which is based on more conventional
classroom pedagogy) (Campbell et al., 2008; Thurston et al.,
2019). In a pre-post design, pupils participated in incentivized
(monetary) norms elicitation experiments, designed on beha-
vioral economics and game theory principles (Kimbrough and
Vostroknutov, 2016, 2018; Krupka and Weber, 2013), and com-
pleted a self-report survey over one semester.

Ethics approval was granted from Queen’s University Belfast in
September 2018 (reference 18:43) and Universidad de los Andes
in July 2018 (reference 937/2018). Prior to the baseline
assessment, each school was provided with Teacher information
sheets, Pupil information sheets, Parent/guardian information
sheets, Pupil consent forms, and Parent/guardian opt-out forms.
All pupils were required to complete written consent forms
indicating whether they agreed or declined to participate. Parents/
guardians who did not wish their child to take part were asked to
return completed opt-out forms. The experimental protocol, and
all data collection procedures, were carried out in accordance
with institutional guidelines for research involving human
participants and with the Declaration of Helsinki. Experiments
and surveys were delivered via Qualtrics (Qualtrics, Provo, UT,
USA) and completed on tablet computers. Participants were
instructed not to communicate with classmates during data
collection. Prior to implementation in Bogotá, all study materials
were culturally adapted, including translation into Spanish
language (Sánchez-Franco et al., 2021). Further details on study
procedures are available in the Supplementary Information (see
the Supplementary Methods, ‘Study Procedures’ subsection, the
study flow diagram in Supplementary Fig. S1, and participants’
baseline characteristics in Supplementary Table S1).

Incentivized experiments. The game theory experiments inclu-
ded several incentivized tasks (Kimbrough and Vostroknutov,
2016, 2018; Krupka and Weber, 2013). Part 1 included a rule-
following task measuring individuals’ social norms sensitivities
(Kimbrough and Vostroknutov, 2016, 2018). Participants were
given five minutes to allocate 50 balls across two buckets fol-
lowing an arbitrary rule with explicit monetary costs: “The rule is
to put the balls in the blue bucket”. Individuals’ norms sensitiv-
ities were elicited as the number of balls allocated to the rule-
following bucket (‘Rule-following’).

Parts 2–3 included incentivized co-ordination games to elicit
injunctive and descriptive norms for smoking and vaping in
whole school year groups (Krupka and Weber, 2013). Participants
were informed they would receive a payment if their response to a
randomly selected question matched the most common answer in
their school year group. The financial incentives are included to
encourage participants to match their ratings/estimates to others
in their school year group instead of providing personal opinions.
Injunctive norms, reflecting shared beliefs about what actions
people ought to take (Krupka and Weber, 2013), were assessed by
asking participants to ‘co-ordinate’ with others in their school
year group (as described above) to rate the social appropriateness
of eight smoking- and vaping-related scenarios (P2S2–P2S9). The
scenarios included: a parent smoking in their own home in front
of children under the age of 5 (P2S2); an adult smoking in a car
with children under the age of 16 in the car (P2S3); someone
selling cigarettes to a teenager who looks younger than 16 without
requesting proof of age (P2S4); in a recent superhero movie the
lead actor is seen smoking in the opening scene (P2S5); an older
student from school is smoking outside school, for example, at a
bus stop (P2S6); a pupil from school is using an e-cigarette while
walking to school (P2S7); a pupil from school shares a
photograph of him/herself using an e-cigarette on social media
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(P2S8), and; a pupil from school is chewing tobacco (P2S9).
Pupils provided their ratings on a six-point scale (“extremely
socially inappropriate” to “extremely socially appropriate”).
Descriptive norms, reflecting shared beliefs about what actions
people actually do take (Krupka and Weber, 2013), were assessed
with two items asking participants to ‘co-ordinate’ with others in
their school year group to estimate the proportion of their school
year group who would be accepting of a close friend smoking
(P3Q1) or vaping (P3Q2). Pupils provided their ratings on a six-
point scale (“none of my peers” to “all of my peers”). For each
situation, the ‘norm’ was elicited as the modal response in the
school year group.

Part 4 assessed participants’ willingness to pay to support anti-
smoking norms. Participants were informed that they would
receive ten virtual tokens of equal monetary value, asked how
many they wanted to donate to the organization responsible for
delivering the smoking prevention program in their school, and
informed that they would receive a payment equal to the amount
not donated. The extent of a participant’s willingness to incur a
cost to make a higher donation to a smoking prevention program
reveals their support for creating anti-smoking norms (‘Donation
to ASSIST/Dead Cool’).

Participants received participation fees of £5.00 (NI; COP$5000
Bogotá), and could earn money in each part of the experiment
(maximum £30 NI, COP$50,000 Bogotá) depending on their
answers and answers provided by others in their school year
group. Payments were received after the follow-up experiment.
See the ‘Game Theory Experiments’ and ‘English and Spanish
language versions of the experimental protocol’ subsections of the
Supplementary Methods. Supplementary Table S2 shows the
assessed smoking- and vaping-related scenarios, and numerical
coding of responses.

Self-report survey and carbon monoxide measurements. A
survey was used to collect socio-demographics (gender, age,
ethnicity, socio-economic status), friendship networks, self-report
smoking outcomes, personality characteristics, and wellbeing. In
NI, socio-economic status was based on the Northern Ireland
Multiple Deprivation Measure (NIMDM2017) (Northern Ireland
Statistics and Research Agency, 2017). The NIMDM2017 ranks
NI postcodes based on seven domains of deprivation (Northern
Ireland Statistics and Research Agency, 2017). In Bogotá, socio-
economic status was determined as the socio-economic level
index provided by the Colombian National Administrative
Department of Statistics (National Administrative Department of
Statistics, 2021).

Survey items were previously validated and adopted from
studies of similar-aged participants (Hunter et al., 2020). Self-
report injunctive smoking norms (IN1–IN7) were assessed with
seven items enquiring about perceived approval of smoking from
groups of important others, including “most of the people who
are important to me” (IN1), “my mother” (IN2), “my father”
(IN3), “my brother(s)” (IN4), “my sister(s)” (IN5), “my friends”
(IN6), and “my best friend” (IN7). Pupils provided their answers
on a five-point scale (“think(s) that I definitely should smoke” to
“think(s) that I definitely should not smoke”) (Cremers et al.,
2012). Self-report descriptive smoking norms were assessed with
two scales (DN1.1–DN1.5; DN2.1–DN2.3) (Cremers et al., 2012).
The first scale consisted of five items enquiring about how often
groups of important others engaged in smoking behavior,
including “best friend” (DN1.1), “mother” (DN1.2), “father”
(DN1.3), “brother(s)” (DN1.4), and “sister(s)” (DN1.5). Pupils
provided their answers on a five-point scale (“very often” to
“never”/“don’t know”). The second scale consisted of three items
enquiring about the proportion of groups of important others

who are smokers, including “friends” (DN2.1), “other family
members” (DN2.2), and “classmates” (DN2.3). Pupils provided
their answers on a five-point scale (“almost all of them” to
“almost none of them”/“don’t know”). Other self-report smoking
outcomes included past/current smoking behavior (Dunne et al.,
2016; Fuller and Hawkins, 2012), smoking intentions and
susceptibility (Dunne et al., 2016; Mazanov and Byrne, 2007;
Pierce et al., 1998), smoking knowledge (Cremers et al., 2012),
attitudes towards smoking (Ganley and Rosario, 2013), self-
efficacy (emotional, friends, and opportunity subscales) (Con-
diotte and Lichtenstein, 1981; Lawrance, 1989), perceived risks
(physical, social, and addiction subscales) (Aryal et al., 2013;
Halpern-Felsher et al., 2004; Song et al., 2009), perceived benefits
(Aryal et al., 2013; Halpern-Felsher et al., 2004; Song et al., 2009),
perceived behavioral control (easy to quit smoking) (Smith et al.,
2006), and perceived behavioral control (to avoid smoking)
(Smith et al., 2006).

Pupils had their smoking behavior in the last 24 h objectively
measured using hand-held carbon monoxide monitors (PICOAd-
vantage Smokerlyzer, Bedfont) (Bedfont Scientific Ltd., 2018),
which measure expelled air carbon monoxide in parts per million
(Bedfont Scientific Ltd., 2018). Objectively measured smoking
behavior was analyzed as a continuous variable (Thurston et al.,
2019). Details of all measurement instruments are available in
Supplementary Table S2.

Social networks data. School friendship networks were assessed
by asking pupils to name up to ten of their closest friends in their
school year group (Dunne et al., 2016). The social network data
was anonymized by matching participants’ nominations to class
rosters containing unique study IDs, using the ‘agrep’ function in
R (R Core Team, 2022). The ‘agrep’ function automatically
matched 90% of nominations. The remaining 10% were inde-
pendently hand-matched by two researchers, with discussion to
resolve disagreements. Throughout this paper, references to
‘friendship networks’ mean all of the nominated closest friends in
the school year group for each focal participant (up to 10).

Statistical analysis. Analyses were conducted using Stata 13
(StataCorp, 2013) and R version 4.2.1 (R Core Team, 2022). Due
to multiple testing, we have discussed our results with reference to
a significance level of p ≤ 0.01. Throughout the results tables and
supplementary tables, we have also highlighted which results
would have attained statistical significance (p ≤ 0.05) after using
the Holm–Bonferroni procedure to adjust the p-values for mul-
tiple testing (Holm, 1979). Means and standard deviations were
computed, and histograms were graphed to visualize distribu-
tions. Cronbach’s alpha coefficients for individual scales and
Wilcoxon matched-pairs signed-ranks tests (Wilcoxon, 1945)
examining pre-post intervention changes in outcomes are
reported in Table 1.

For objectives 1–4, we investigated selection homophily and
peer influence processes in terms of our smoking and vaping
outcomes, namely: experimentally measured injunctive smoking
and vaping norms (P2S2–P2S9), experimentally measured
descriptive smoking and vaping norms (P3Q1–P3Q2), number
of tokens donated to ASSIST/Dead Cool, self-report injunctive
norms (IN1–IN7), self-report descriptive norms scale 1
(DN1.1–DN1.5), self-report descriptive norms scale 2
(DN2.1–DN2.3), self-report smoking behavior, self-report smok-
ing intentions, smoking knowledge, attitudes towards smoking,
self-efficacy (emotional, friends, and opportunity subscales),
perceived risks (physical, social, and addiction subscales),
perceived benefits, perceived behavioral control (easy to quit),
perceived behavioral control (easy to avoid), objectively measured
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smoking behavior, and smoking susceptibility (a binary outcome
variable coded 1 if the individual was susceptible to commencing
smoking and 0 if they were not susceptible to commencing
smoking). To investigate selection homophily and peer influence
for individual norms items, models were run treating the norms
outcomes from the experiment and survey as individual items
(experimental injunctive norms P2S2-P2S9, experimental
descriptive norms P3Q1–P3Q2, self-report injunctive norms
IN1–IN7, and self-report descriptive norms DN1.1–DN1.5 and
DN2.1–DN2.3). These analyses were repeated including the
average of each scale as the outcome variable. For the SIENA
models, only the scale averages were considered for the
experimental injunctive norms, experimental descriptive norms,
self-report injunctive norms, and self-report descriptive norms
scales (objective 4).

The statistical methods used to address objectives 1 to 4 have
been summarized below, and more detailed descriptions of the
methods have been provided in the Supplementary Methods
(‘Statistical analysis’ subsection). Detailed examples of the syntax
used to generate the results for objectives 1–4 have also been
provided in the Supplementary Methods.

Objective 1: Friendship networks at baseline and follow-up
were graphed for each school, and network descriptive statistics
were calculated. Descriptive statistics included: the number of
edges, network density, dyadic reciprocity, edgewise reciprocity,
reciprocated ties, transitive ties, transitivity, transitive triplets,
number of actors at distance two, number of three-cycles, and
Jaccard similarity indices. See the ‘Glossary’ subsection of the
Supplementary Methods for definitions.

Selection homophily was examined using mixed-effects logistic
regressions with binary outcome variables indicating whether the
focal participant: (1) nominated the individual as a friend at
baseline; (2) added the individual as a friend between baseline and
follow-up; or (3) dropped the individual as a friend between
baseline and follow-up. The predictor variable was the absolute
difference between focal participant outcome scores, and outcome
scores of potential friends on the smoking/vaping-related
outcomes, at baseline or follow-up. Models included random
intercepts at the individual participant level. Standard errors (SEs)
were also clustered at the individual level, similar to Krupka et al.
(2016). Odds ratios (ORs), SEs, and intraclass correlation
coefficients were extracted for each model. To provide compar-
able effect size estimates for variables with different scales, the
mixed-effects logistic regressions were repeated, with the smoking
and vaping outcomes re-scaled (0–10), before computing absolute
differences. Mixed-effects logistic regressions were also run with
binary predictor variables indicating whether the focal participant
and potential friend had matching smoking susceptibility
statuses.

Previous health-related and behavioral economics studies have
used similar approaches, based on logistic or probit regressions,
to investigate selection homophily (Flashman and Gambetta,
2014; Parkinson et al., 2018; Rohrer et al., 2021), and our study’s
power calculation was specifically conducted to detect changes in
these effects, based on the work of Krupka et al. (Hunter et al.,
2020; Krupka et al., 2016).

Objective 2: Ordinary least square (OLS) regressions with
robust (Huber–White) SEs (Huber, 1967; White, 1980) were used
to examine peer influence effects for focal participant outcomes at
follow-up from the average responses of: (1) their nominated
friends; (2) other pupils in their school class, and; (3) other pupils
in their school year group (Krupka et al., 2016).

Whilst an individual’s current social context may be the most
prominent, it may also take an extended amount of time or
sustained exposure for influence to occur (Krupka et al., 2016).
All models were conducted with peer-group averages at baseline

(to examine influence effects from the social context at baseline)
and were repeated with peer-group averages at follow-up (to
examine influence effects from the contemporaneous social
context at follow-up).

Covariate selection was determined using established criteria
(Supplementary Fig. S2) (Ferguson et al., 2020; VanderWeele,
2019). The final set of baseline covariates for each focal
participant included: gender, age, intervention, ethnicity, socio-
economic status, and baseline values of the outcome. Variance
inflation factors (VIFs) were calculated to examine the impact of
multi-collinearity (Johnston et al., 2018). VIFs for ‘setting’ were
high for many of the models examining average school class or
school year group responses as predictors. Results of models
examining average friends’ responses are presented before and
after adjusting for setting (0=NI; 1= Bogotá).

Unstandardized (b) and standardized (β) regression coeffi-
cients are reported. Positive coefficients indicated positive
influence effects (p ≤ 0.01). Logistic regressions were run with
focal participants’ smoking susceptibility as the outcome, and
robust (Huber White) SEs (Huber, 1967; White, 1980). ORs >
1.00 indicated positive influence effects (p ≤ 0.01). Ordered
categorical dependent variables (with at least four categories)
were treated as continuous variables (Hayashi et al., 2011). In
sensitivity analyses, models including ordered categorical depen-
dent variables with six or less categories were repeated using
ordered logistic regressions. Analyses were repeated to examine
the influence effects from reciprocated friend nominations (where
the nominated friend also listed the focal individual as a friend).

Previous health-related and behavioral economics studies have
used similar regression-based approaches to investigate peer
influence (Fowler and Christakis, 2008; Go et al., 2012; Hoffman
et al., 2007; Miething et al., 2016). One of the advantages of the
regression models is that they allow us to make important
observations in terms of the differences in social influence
processes from proximal peers (e.g., close friends) versus distal
peers (e.g., members of your school class and school year group).
This approach is also similar to previous work conducted by our
study’s co-investigators, who investigated selection homophily
and peer influence effects for university freshmen’s economic
preferences, comparing influence effects from individuals’ friends
with their broader network community (Krupka et al., 2016). Our
study’s power calculation was specifically conducted to detect
changes in these effects (Hunter et al., 2020; Krupka et al., 2016).

A common critique of using regression techniques to model
selection homophily and peer influence is that they cannot
account for endogenous network processes and the inherent non-
independence of network data (Ragan et al., 2019). Peer influence
operates between all friendship connections within a network
simultaneously, and is inherently a network phenomenon. Using
regression techniques to model peer influence ignores this
endogeneity by assuming independence among units (i.e., the
covariation between focal participant outcomes and friends’
outcomes is treated as the isolated product of influence in one
direction from a discrete group of friends to one actor) (Ragan
et al., 2019). Regression models of peer influence also do not
control for selection homophily processes or the structure of the
network. This can lead to inflated estimates of peer influence. To
overcome these limitations, statistical methods designed for the
analysis of network data (e.g., SIENA models) which simulta-
neously estimate selection homophily and peer influence effects
in the same model, whilst accounting for network dynamics,
network structure, and the characteristics of the actors in the
network, are recommended (Mercken et al., 2009, 2012; Ripley
et al., 2022; Steglich et al., 2010). In a study conducted by Ragan
et al., the authors specifically set out to compare peer influence
estimates from SIENA models, which explicitly address network
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processes, with more “conventional” regression models (such as
we have used under objective 2). However, the authors found no
evidence that results from the regression models were biased
toward overestimating peer influence, relative to SIENA. They
argued that there is no perfect way to model peer influence, and
that approaches like SIENA are still subject to limitations (e.g.,
omitted variable bias) (Ragan et al., 2019). In the current paper,
we also aimed to compare the results of regression-based analyses
of selection homophily and peer influence for our adolescent
smoking/vaping outcomes (objectives 1–3) with estimates derived
from SIENA models (objective 4).

Objective 3: CLPMs were used to examine cross-lagged and
auto-regressive effects between outcomes reported by the focal
participant at baseline and follow-up, and the average outcome
reported by their nominated friends at baseline and follow-up.
CLPMs aim to examine causal (i.e., directional) influences
between variables by examining reciprocal relationships between
variables over time (Allen, 2017; Preacher, 2015). Figure 1 shows
the structure of our CLPMs. Since peer influence occurs when

adolescents smoke because their friends smoke, it is represented
by the association from average friends’ responses at baseline to
the focal participant’s outcomes at follow-up (path “cross1” in
Fig. 1). Selection homophily occurs when adolescents select
friends due to similar attributes and is represented by the
association from the focal participant’s outcomes at baseline to
their average friends’ responses at follow-up (path “cross2” in Fig.
1). Gender, age, ethnicity, and socio-economic status were
included as baseline covariates for focal participants’ outcomes
at baseline and for average friends’ responses at baseline
(Hoffman et al., 2007). CLPMs were specified with the ‘lavaan’
package in R (Rosseel, 2012) using maximum-likelihood estima-
tion with robust (Huber–White) (Huber, 1967; White, 1980) SEs
and imputation of missing data using full information maximum
likelihood (FIML). CLPMs with the binary variable smoking
susceptibility as the outcome was specified using the diagonally
weighted least-squares estimator. Model fit indices were
extracted, including the model chi-square test, comparative fit
index (CFI), root mean square error of approximation (RMSEA),
and standardized root mean square residual (SRMR). CFI values
of ≥0.96, RMSEA values of ≤0.06, and SRMR values of ≤0.09
indicated good model fit (Hooper et al., 2008; Hu and Bentler,
1999). Unstandardized and standardized parameter estimates
were extracted.

The CLPMs add to the regressions conducted under objectives
1 and 2 as they investigate selection homophily and peer influence
processes simultaneously (i.e., each effect estimate is controlled
for the other, in the same model), within the regression-based
framework. Hoffman et al., previously modeled peer influence
and selection homophily effects for adolescents’ smoking
behavior using a similar CLPM strategy which showed that both
effects were occurring simultaneously (Hoffman et al., 2007).

Objective 4: We also modeled selection homophily and peer
influence processes in terms of our smoking/vaping outcomes
using SIENA models. SIENA models were conducted using the
‘RSiena’ package in R (Ripley et al., 2022). SIENA is a statistical
modeling technique designed for the analysis of longitudinal
network data collected in a panel study with two or more time-
points (Mercken et al., 2009, 2012; Ripley et al., 2022; Snijders
et al., 2007; Steglich et al., 2010). SIENA can be used to
simultaneously estimate selection homophily and peer influence
effects in the same model, whilst accounting for network
dynamics (e.g., endogenous network processes and the inter-
dependence inherent in network data), network structure, and the
characteristics and behaviors of the actors in the network
(Mercken et al., 2009, 2012; Ripley et al., 2022; Steglich et al.,
2010). The statistical procedure models probabilistic changes in
friendship ties and behaviors using a large number of repeated
simulations of the co-evolution of the network and behavior
variable from one wave to the next (Ripley et al., 2022). The
‘behaviors’ investigated in the SIENA models are our smoking/
vaping outcomes. The mathematical specification and statistical
estimation procedures for SIENA models of the co-evolution of
networks and a behavioral dependent variable have been
previously described (Snijders et al., 2007; Steglich et al., 2010).
Prior to running SIENA models, smoking/vaping outcomes were
categorized as described on the righthand side of Supplementary
Table S2 (Ripley et al., 2022).

Each model consisted of two parts: a ‘Friendship network
evolution’ part modeling probabilities of changes in network ties,
and a ‘Smoking/vaping outcome evolution’ part modeling
probabilities of changes in the smoking/vaping outcome. Each
part of the model was specified with a number of effects
hypothesized to be associated with the evolution of the friendship
network or smoking/vaping outcomes (including the main “peer
selection homophily” and “peer influence” effects, in addition to a

Fig. 1 Cross-lagged panel structural equation models simultaneously
examining peer influence and selection homophily effects, with cross-
lagged and auto-regressive effects between focal participant scores and
the average scores of their nominated friends between baseline and
follow-up. Xi, t=base: Focal participant (i) scores on the outcome at baseline. Xi,
t=fu: Focal participant (i) scores on the outcome at follow-up. Ave(X)−i, t=base:
Average of nominated friends’ (−i) scores on the outcome at baseline.
Ave(X)−i, t=fu: Average of nominated friends’ (-i) scores on the outcome at
follow-up. Covi, t=base: Focal participant (i) baseline covariates (gender, age,
ethnicity, and socio-economic status). Cross1: Cross-lagged path from
Ave(X)−i, t=base to Xi, t=fu. This path represents the peer influence effect.
Cross2: Cross-lagged path from Xi, t=base to Ave(X)−i, t=fu. This path represents
the selection homophily effect. Auto1: Auto-regressive path from Xi, t=base to Xi,
t=fu. Auto2: Auto-regressive path from Ave(X)−i, t=base to Ave(X)−i, t=fu. Corr1:
Correlation path between Xi, t=base and Ave(X)−i, t=base. Corr2: Correlation path
between Xi, t=fu and Ave(X)−i, t=fu.
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number of control effects). All effects included in the SIENA
models are described in Table 2.

SIENA models were estimated for each school using the
Method of Moments, with SEs estimated using the score function,
and 10,000 iterations in phase three (Schweinberger and Snijders,
2007; Snijders et al., 2007). Maximum-likelihood estimation has
been noted to produce more efficient estimates, particularly when
estimating complex models in smaller networks. When analyzing
larger networks, the efficiency advantage is negligible and there is
no reason not to use the Method of Moments, which is less
computationally intensive and time-consuming (Mercken et al.,
2009; Ripley et al., 2022; Snijders et al., 2007). For some SIENA
models, various parameters were constrained due to non-
convergence or multi-collinearity issues. Score tests for fixed
parameters were all non-significant (p > 0.05) indicating the
goodness-of-fit of the models was not decreased (Schweinberger,
2012).

Estimates and SEs for each effect parameter in the SIENA
models for individual schools were then combined in a meta-
analysis, using the multilevel network analysis method of Snijders
and Baerveldt (2003). Previous studies using SIENA modeling to
investigate the co-evolution of network ties and smoking
behavior, and more recently published Stochastic Actor-
Oriented Models have used similar meta-analytic procedures to
combine estimates across different networks (Block, 2018;
Hooijsma et al., 2020; la Roi et al., 2020; Leszczensky and Pink,
2020; Mercken et al., 2009, 2012; Steglich et al., 2012; Windzio,
2021; Zhang et al., 2020). For each effect, the overall null
hypothesis that the effect was 0 in all schools was tested using
Fisher’s combination of one-sided tests procedure with two one-
sided tests (Fisher, 1925; Hedges and Olkin, 1985). To control for
multiple (left and right) testing, there was deemed to be sufficient
evidence for a significant effect if a one-sided test produced a p-
value of p ≤ 0.005. The null hypothesis that the effect parameter
estimates are constant across schools (“heterogeneity across
schools” test) was tested using the methods of Cochran (1954),
adapted for social network analysis by Snijders and Baerveldt
(Cochran, 1954; Snijders and Baerveldt, 2003). A p-value ≤ 0.01
indicated significant differences across schools.

For each outcome, meta-analyses were repeated for subgroups
of schools, and the null hypothesis that effect parameter estimates
are constant across subgroups (“heterogeneity across subgroups”
test for NI versus Bogotá, and ASSIST versus Dead Cool), was
tested using methods described in the Cochrane Handbook
(Higgins and Thomas, 2022). A p-value ≤ 0.01 indicated sig-
nificant differences across subgroups. For the peer selection and
peer influence effects, we have also highlighted which results
would have attained statistical significance after using the
Holm–Bonferroni procedure to adjust the p-values for multiple
testing (p ≤ 0.025 for Fisher’s tests, p ≤ 0.05 for heterogeneity tests
across schools or subgroups) (Holm, 1979).

The relative contribution of peer selection effects, peer influence
effects, and control or alternative explaining mechanisms, to
similarities in each of the smoking/vaping outcomes between
friends was calculated based on the decomposition of the mean
Moran’s I statistic from networks simulated under different model
specifications in each school: (1) including both peer selection and
peer influence effects (“Full”); (2) excluding peer selection effects
(“Excluding PS”); (3) excluding peer influence effects (“Excluding
PI”), and; (4) excluding peer selection and peer influence effects
(“Excluding PS and PI”). For each model specification, 500
networks were simulated from the SIENA model results on the
observed networks in each school (24,000 simulated networks in
total for outcomes with all 12 schools included). Moran’s I is a
spatial autocorrelation coefficient measuring the similarity of
individuals linked in a network on variables of interest (Cliff and

Ord, 1981; Moran, 1950). The percentage of network autocorrela-
tion attributable to peer selection, peer influence, undetermined
(either peer selection or peer influence, but not able to distinguish
which), and control (or alternative explaining mechanisms), was
calculated by comparing the average Moran’s I across the
simulated networks in each school under model specifications
(1)–(4). Violin plots were used to plot the distributions of Moran’s
I statistics from the simulated networks in each school under each
model specification (1)–(4), and stacked bar charts were used to
show the relative contribution of peer selection effects, peer
influence effects, and control (or alternative explaining mechan-
isms) to similarities between friends for each of the smoking/
vaping outcomes. Further information on the statistical terms and
methods used in the SIENA models is available in the ‘Glossary’
subsection of the Supplementary Methods.

Results
Descriptive statistics and distributions of variables are shown in
Table 1, Supplementary Figs. S3–S49, and Supplementary Table
S3). Baseline network graphs and statistics for friendship net-
works collected in each school at baseline and follow-up are
shown in Figs. 2 and 3, and Table 3. Supplementary Figs. S50–S73
show network graphs at baseline and follow-up for each school.
Supplementary Table S4 shows Moran’s I statistics for each of the
smoking/vaping outcomes calculated from the observed networks
in each school at baseline and follow-up. Supplementary Table S5
shows descriptive statistics for average friend response variables.
Throughout the results section, results are reported for models
showing significant associations (p ≤ 0.01). Throughout the
results tables and supplementary tables, we have also highlighted
which results would have attained statistical significance
(p ≤ 0.05) after using the Holm–Bonferroni procedure to adjust
the p-values for multiple testing (Holm, 1979).

Objective 1: Selection homophily effects estimated using
mixed-effects logistic regressions. Mixed-effects logistic regres-
sions examining selection homophily effects are reported in Table
4. Throughout the following paragraphs, ORs are reported for
models including the comparable re-scaled predictor variables
(0–10).

Predictors of friendship nominations at baseline. The odds of a
friendship nomination at baseline were significantly reduced with
a one-unit increase in absolute difference between the focal par-
ticipant and a potential friend for the following outcomes at
baseline: experimentally measured injunctive norms P2S7, P2S8,
and the experimental injunctive norms scale (average of
P2S2–P2S9); experimentally measured descriptive norms P3Q1,
P3Q2, and the experimental descriptive norms scale (average of
P3Q1–P3Q2); donations to ASSIST/Dead Cool; self-report
injunctive norms IN2, IN3, IN5–IN7, and the self-report
injunctive norms scale (average of IN1–IN7); self-report
descriptive norms DN1.1–DN1.3, DN2.1, DN2.3, and the self-
report descriptive norms scales 1 and 2 (averages of
DN1.1–DN1.5 and DN2.1–DN2.3 respectively); self-report
smoking behavior, intentions, attitudes, self-efficacy (emotional,
friends, opportunity), perceived risks (physical and social), per-
ceived behavioral control (easy to quit); and objectively measured
smoking behavior [ORs= 0.87–0.99, p ≤ 0.003]. The odds of a
friendship nomination at baseline were significantly increased if
the focal participant and potential friend had matching suscept-
ibility statuses at baseline [OR= 1.20, p < 0.001].

Baseline predictors for adding friends between baseline and follow-
up. The odds of adding a potential friend between baseline and
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Table 2 Effects included in SIENA models for modeling the co-evolution of friendship ties and smoking/vaping outcomes.

Effects Description

Friendship network evolution
Constant friendship rate (period 1) Rate effect. A constant term representing the dependence of friendship nominations on the period

(i.e., the rate of changing friendship ties in period 1).
Smoking/vaping outcome altera Peer selection

effects
The sum of the smoking/vaping outcome over all actors to whom ego is tied.
Represents the association between the smoking/vaping outcome level and the
tendency to be nominated as a friend.

Smoking/vaping outcome squared
altera,b

The sum of the squared (centered) smoking/vaping outcome over all actors to whom
ego is tied. Represents the marginal association between the smoking/vaping outcome
level and the tendency to be nominated, controlling for the previous effect.

Smoking/vaping outcome egoa Ego’s outdegree (number of friendship nominations) weighted by his/her value of the
smoking/vaping outcome. Represents the association between the smoking/vaping
outcome level and the tendency to nominate friends.

Smoking/vaping outcome similarity
(peer selection homophily)a

The sum of centered similarity scores on the smoking/vaping outcome between ego
and the other actors to whom ego is tied (higher similarity scores indicate greater
similarity between ego and the actors to whom ego is tied). Represents the
tendency to select a friend based on similarity on the smoking/vaping outcome.

Outdegree (density) Control effects Ego’s out-degree (number of friendship nominations). Represents the general
tendency to nominate friends (i.e., the density of the network).

Reciprocity The number of ego’s reciprocated ties. Represents the tendency to return friendship
nominations.

Transitive ties The number of actors to whom ego is directly as well as indirectly tied. Represents the
tendency to select a friend who is already friends with one of an adolescent’s other
friends.

Transitive triplets The number of transitive patterns in ego’s relations (i.e., ordered pairs of actors, both
of whom are tied to ego, and also tied to each other). Represents the tendency to
select further friends of friends in addition to the first such friend, which is represented
by the previous “transitive ties” effect.

Number of actors at distance 2 The number of actors to whom ego is indirectly tied, through at least one intermediary.
Represents the tendency to be indirectly (through one of your friends) instead of
directly connected to others.

Three-cycles Ego’s number of three cycles. Represents a generalized form of reciprocity, or the
tendency to stay indirectly tied to other actors within a closed triad (actor ‘a’
nominates actor ‘b’, actor ‘b’ nominates actor ‘c’, actor ‘c’ nominates actor ‘a’). A
significant negative “Three-cycles” effect, in addition to positive “Transitive ties” or
“Transitive triplets” effects, may be interpreted as a tendency towards local hierarchy
within the network.

Gender alter Tendency for girls/PNTS to be selected as friends more often compared to boys.
Gender ego Tendency for girls/PNTS to select more friends compared to boys.
Gender similarity Tendency to select a friend based on similar gender.
Age alter Tendency for older pupils to be selected as friends more often compared to younger

pupils.
Age ego Tendency for older pupils to select more friends compared to younger pupils.
Age similarity Tendency to select a friend based on similar age.
SES alterc Tendency for pupils with higher SES to be selected as friends more often compared to

pupils with lower SES.
SES egoc Tendency for pupils with higher SES to select more friends compared to pupils with

lower SES.
SES similarityc Tendency to select a friend based on similar SES.
School class similarity The number of ties ego has to all other actors in the same school class. Represents the

tendency to nominate a friend based on being in the same school class.
Smoking/vaping outcome evolution
Rate smoking/vaping outcome
(period 1)

Rate effect. A constant term representing the dependence of the level of smoking/vaping outcome
on the period (i.e., the tendency for individuals to change their values of the smoking/
vaping outcome in period 1).

Smoking/vaping outcome friends
(peer influence)a

Peer influence
effects.

Average similarity effect. The average of centered similarity scores on the
smoking/vaping outcome between ego and the other actors to whom ego is tied
(higher similarity scores indicate greater similarity between ego and the actors to
whom ego is tied). Represents the tendency for ego to change his/her value of the
smoking/vaping outcome to become similar to current friends.

Linear shape Control effects. Ego’s value of the smoking/vaping outcome. Represents the general trend of the
smoking/vaping outcome variable.

Quadratic shapeb Ego’s squared value of the smoking/vaping outcome. Represents the effect of the
smoking/vaping outcome on itself, controlling for the previous effect (where the
attractiveness of further increases/decreases in the smoking/vaping outcome
depends on the actor’s current value of the outcome).
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follow-up were significantly reduced with a one-unit increase in
absolute difference between the focal participant and a potential
friend for the following outcomes at baseline: experimentally
measured injunctive norms P2S2, P2S7, P2S8, and the experi-
mental injunctive norms scale (average of P2S2–P2S9); donations
to ASSIST/Dead Cool; perceived physical risks; and objectively
measured smoking behavior [ORs= 0.90–0.97, p ≤ 0.01]. The

odds of adding a potential friend between baseline and follow-up
were significantly increased if the focal participant and potential
friend had matching susceptibility statuses at baseline [OR= 1.16,
p= 0.001].

Follow-up predictors for adding friends between baseline and
follow-up. The odds of adding a potential friend between baseline

a. b.

c. d.

e.

Class 1
Class 2
Class 3
Class 4
Class 5
Class 6
Class 7

f.

Fig. 2 Baseline friendship networks for Northern Ireland schools. Note: different colored nodes indicate different school classes. a School 1 (Northern
Ireland Dead Cool school). b School 2 (Northern Ireland ASSIST school). c School 3 (Northern Ireland Dead Cool school). d School 4 (Northern Ireland
ASSIST school). e School 5 (Northern Ireland Dead Cool school). f School 6 (Northern Ireland ASSIST school).

Table 2 (continued)

Effects Description

Effect from ego’s gender Effect of ego’s gender on ego’s own value of the smoking/vaping outcome (higher
values indicate girls/PNTS tend to have higher values of the smoking/vaping outcome
compared to boys).

Effect from ego’s age Effect of ego’s age on ego’s own value of the smoking/vaping outcome (higher values
indicate older pupils tend to have higher values of the smoking/vaping outcome
compared to younger pupils).

Effect from ego’s SESc Effect of ego’s SES on ego’s own value of the smoking/vaping outcome (higher values
indicate pupils with higher SES tend to have higher values of the smoking/vaping
outcome compared to pupils with lower SES).

PNTS prefer not to say, SES socio-economic status, SIENA simulation investigation for empirical network analysis.
aSmoking/vaping outcomes examined in SIENA models are experimental injunctive norms scale, experimental descriptive norms scale, experimental donation to ASSIST/Dead Cool, self-report injunctive
norms scale, self-report descriptive norms scale 1, self-report descriptive norms scale 2, self-report smoking behavior, intentions, knowledge, attitudes, self-efficacy (emotional, friends, and opportunity
subscales), perceived risks (physical, social, and addiction subscales), perceived benefits, perceived behavioral control (easy to quit), perceived behavioral control (to avoid smoking), objectively
measured smoking behavior, and smoking susceptibility (see details in Supplementary Table S2).
bThe “Smoking/vaping outcome squared alter” and “Quadratic shape” effects are not included for the outcome “Smoking susceptibility” (which is a binary outcome variable), as these effects are only
relevant for outcomes with three or more categories (Ripley et al., 2022; p. 51).
cSES effects are not included for school 3 (all actors in the network had the same value of the SES covariate).
The rows highlighted in bold indicate the main “peer selection homophily” and “peer influence” effects.
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and follow-up were significantly reduced with a one-unit increase
in absolute difference between the focal participant and a
potential friend for experimentally measured injunctive norm
P2S8 at follow-up [OR= 0.96, p= 0.001], and significantly
increased if the focal participant and potential friend had
matching susceptibility statuses at follow-up [OR= 1.26,
p < 0.001].

Baseline predictors for dropping friends between baseline and
follow-up. The odds of dropping a baseline friend at follow-up
were significantly increased with a one-unit increase in an
absolute difference between the focal participant and the friend
for the following outcomes at baseline: self-report injunctive
norms IN3, IN6, IN7, and the self-report injunctive norms scale
(average of IN1–IN7); self-report descriptive norms DN1.1,
DN1.5, DN2.1, and the self-report descriptive norms scale 2
(average of DN2.1–DN2.3); self-report smoking behavior, self-
efficacy (emotional, friends, opportunity), and perceived social
risks [ORs= 1.04–1.10, p ≤ 0.004].

Follow-up predictors for dropping friends between baseline and
follow-up. The odds of dropping a baseline friend at follow-up
were significantly increased with a one-unit increase in absolute
difference between the focal participant and the friend for the
following outcomes at follow-up: experimentally measured
injunctive norm P2S7; experimentally measured descriptive
norms P3Q1, P3Q2, and the experimental descriptive norms scale

(average of P3Q1–P3Q2); self-report injunctive norms IN3, IN6,
IN7, and the self-report injunctive norms scale (average of
IN1–IN7); self-report descriptive norms DN1.1, and DN2.1; self-
report smoking behavior, intentions, attitudes, self-efficacy
(emotional, friends, opportunity), perceived social risks; and
objectively measured smoking behavior [ORs= 1.03–1.19,
p ≤ 0.007].

Objective 2: Peer influence effects estimated using ordinary
least square regressions. Peer influence effects are reported in
Table 5. Throughout the following paragraphs, the word “friends”
in parentheses denotes an influence effect from the average
responses of the focal participant’s friendship network, “class”
denotes an influence effect from the average responses of the focal
participant’s school class, and “year” denotes an influence effect
from the average responses of the focal participant’s school year
group. References to ‘positive’ influence effects mean that focal
participant outcomes were positively associated with the out-
comes of friends, school classes, or school year groups, and not
necessarily that outcomes were changing in a more favorable
(anti-smoking) direction. Throughout the following paragraphs,
standardized regression coefficients (β) are reported.

Peer influence effects from average baseline responses of friends,
school classes, and school year groups. There were positive influ-
ence effects from average baseline responses for the following

a. b.

c. d.

e.

Class 1
Class 2
Class 3
Class 4
Class 5
Class 6

f.

Fig. 3 Baseline friendship networks for Bogotá schools. Note: Different colored nodes indicate different school classes. a School 7 (Bogotá ASSIST
school). b School 8 (Bogotá Dead Cool school). c School 9 (Bogotá Dead Cool school). d School 10 (Bogotá ASSIST school). e School 11 (Bogotá ASSIST
school). f School 12 (Bogotá Dead Cool school).
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outcomes: experimentally measured injunctive norms P2S2
(friends, class, school), P2S5 (friends, class, school), P2S6 (class),
P2S7 (friends, class), P2S8 (friends, class, school), P2S9 (class,
school), and the experimental injunctive norms scale (average of
P2S2–P2S9; friends, class, school); experimentally measured
descriptive norm P3Q2 (friends, class, school), and the experi-
mental descriptive norms scale (average of P3Q1–P3Q2; friends,
class); self-report injunctive norms IN6 (friends, school), and IN7
(school); self-report descriptive norms DN1.1 (friends, school),
DN1.2 (friends), DN2.2 (friends, class, school), DN2.3 (friends,
class, school), and the self-report descriptive norms scale 2
(average of DN2.1–DN2.3; friends, class, school); self-report
smoking behavior (school), intentions (class, school), knowledge
(friends, class, school), attitudes (friends), self-efficacy emotional
subscale (class, school), self-efficacy opportunity subscale (class),
perceived social risks (friends, class, school), perceived addiction
risks (friends, class, school), perceived behavioral control (easy to
quit; friends, class, school), perceived behavioral control (to avoid
smoking; class, school); and objectively measured smoking
behavior (friends, class, school) [friends: βs= 0.07–0.27,
p ≤ 0.007; class: βs= 0.07–0.26, p ≤ 0.01; school: βs= 0.08–0.37,
p ≤ 0.009]. The odds of being classified as susceptible to com-
mencing smoking at follow-up were significantly increased with a
10% increase in the number of friends classified as susceptible to
commencing smoking at baseline (OR= 1.14, p < 0.001).

Peer influence effects from average follow-up responses of friends,
school classes, and school year groups. There were positive influ-
ence effects from average follow-up responses for the following
outcomes: experimentally measured injunctive norms P2S2 (class,
school), P2S4 (class), P2S5 (friends, class, school), P2S6 (friends,
class, school), P2S7 (friends, class), P2S8 (friends, class, school),
P2S9 (friends, class), and the experimental injunctive norms scale
(average of P2S2–P2S9; friends, class); experimentally measured
descriptive norms P3Q1 (class), P3Q2 (friends, class), and the
experimental descriptive norms scale (average of P3Q1–P3Q2;
class); donations to ASSIST/Dead Cool (friends, class, school);
self-report injunctive norms IN6 (friends, class, school), IN7
(friends), and the self-report injunctive norms scale (average of
IN1–IN7; friends); self-report descriptive norms DN1.1 (friends,
school), DN2.1 (friends), DN2.2 (school), DN2.3 (friends, class,
school), and the self-report descriptive norms scale 2 (average of
DN2.1–DN2.3; class, school); self-report smoking behavior
(friends, class, school), intentions (friends, school), knowledge
(friends, class, school), attitudes (friends), self-efficacy emotional
subscale (friends, school), self-efficacy friends subscale (friends),
perceived social risks (class, school), perceived addiction risks
(friends, class, school), perceived behavioral control (easy to quit;
friends, class, school), perceived behavioral control (to avoid
smoking; school); and objectively measured smoking behavior
(friends, class, school) [friends: βs= 0.08–0.39, p ≤ 0.009; class:
βs= 0.07–0.55, p ≤ 0.01; school: βs= 0.08–0.51, p ≤ 0.01]. The
odds of being classified as susceptible to commencing smoking at
follow-up were significantly increased with a 10% increase in the
number of friends (OR= 1.14, p < 0.001), school class members
(OR= 1.17, p= 0.004), or school year group members
(OR= 1.31, p < 0.001), classified as susceptible to commencing
smoking at follow-up.

Sensitivity analyses. After adjusting models for ‘setting’, influ-
ence effects from average friends’ responses became non-
significant (p > 0.01) for several outcomes, but these models
could have been affected by multi-collinearity. Sensitivity analyses
using ordered logistic regressions showed minimal change to the
results (Supplementary Table S6). There was also minimal change

to the results when restricting the analyses investigating peer
influence effects from friends to reciprocated friends. Although
the p-values increased slightly for some models, this is not sur-
prising given the reduced power from the lower number of
observations (Supplementary Tables S7–S9).

Objective 3: Cross-lagged panel models. The CLPMs showed
that both the paths representing peer influence from friends
(“cross1” in Fig. 1) and selection homophily (“cross2” in Fig. 1)
were positive and significant (p ≤ 0.01) for the following out-
comes: experimentally measured injunctive norms P2S2, P2S5,
P2S7, P2S8, and the experimental injunctive norms scale (average
of P2S2–P2S9); self-report injunctive norm IN6; self-report
descriptive norms DN1.2, DN2.2, DN2.3, and the self-report
descriptive norms scale 2 (average of DN2.1–DN2.3); self-report
intentions, knowledge, perceived social risks, and perceived
behavioral control (easy to quit; βs= 0.06–0.17 for peer influence,
βs= 0.08–0.14 for selection homophily). Only the path repre-
senting peer influence from friends was positive and significant
(p ≤ 0.01) for the following outcomes: experimentally measured
injunctive norm P2S6; experimentally measured descriptive norm
P3Q2, and the experimental descriptive norms scale (average of
P3Q1–P3Q2); self-report injunctive norm IN7; self-report
descriptive norms DN1.1, and DN2.1; self-report attitudes, self-
efficacy opportunity subscale, perceived addiction risks; and
objectively measured smoking behavior (βs= 0.07–0.30). How-
ever, in these models, the selection homophily path approached
significance for the experimental descriptive norms scale, IN7,
perceived addiction risks, and objectively measured smoking
behavior (p= 0.02). Only the path representing selection homo-
phily was positive and significant (p ≤ 0.01) for the following
outcomes: self-report smoking behavior, self-efficacy friends
subscale, perceived behavioral control (to avoid smoking), and
smoking susceptibility (βs= 0.09–0.17). However, in these
models, the peer influence path approached significance for self-
report smoking behavior, and smoking susceptibility (p= 0.02;
Supplementary Table S10).

Objective 4: SIENA models. The results of the meta-analyses for
the main “peer selection homophily” and “peer influence” effect
parameters for each of the smoking/vaping outcomes are reported
in Table 6. Results are also reported for each subgroup of schools,
along with tests for differences across subgroups. Meta-analyses
results are reported and discussed in full for each smoking/vaping
outcome in Supplementary Tables S11–S31. The results of the
main meta-analyses showed that the peer selection homophily
effect was positive and significant (p ≤ 0.005) for the model with
smoking susceptibility as the behavioral dependent variable
(unstandardized Snijders and Baerveldt coefficient [b]= 0.17,
SE= 0.06, p= 0.0017). The peer influence effect was positive and
significant (p ≤ 0.005) for the models with experimental injunc-
tive norms (b= 3.95, SE= 1.03, p < 0.0001), donations to
ASSIST/Dead Cool (b= 4.13, SE= 0.43, p < 0.0001), intentions
(b= 5.50, SE= 3.72, p= 0.0023), and objectively measured
smoking behavior (b= 8.12, SE= 1.48, p < 0.0001) as the beha-
vioral dependent variable. The peer selection homophily effect
was positive, and approached significance for models with self-
report descriptive norms scale 2 (b= 0.38, SE= 0.16, p= 0.0176),
self-report smoking behavior (b= 0.30, SE= 0.13, p= 0.0074),
and self-efficacy opportunity subscale (b= 0.48, SE= 0.37,
p= 0.0111) as the behavioral dependent variable. The peer
influence effect was positive, and approached significance for
models with experimental descriptive norms (b= 1.57, SE= 0.78,
p= 0.0056), self-report descriptive norms scale 1 (b= 3.63,
SE= 3.33, p= 0.0115), and knowledge (b= 2.22, SE= 0.64,
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p= 0.0051) as the behavioral dependent variable. There were no
significant differences across all schools included in the main
meta-analyses for the peer selection homophily or peer influence
effect estimates for any of the smoking/vaping outcomes
(p ≥ 0.0249).

There were significant differences across ‘setting’ subgroups for
the peer selection homophily effect for the model with objectively
measured smoking behavior as the behavioral dependent variable
(p < 0.0001), which showed higher peer selection effects in Bogotá
(b= 0.59) compared to NI (b=−1.10). There were significant
differences across ‘setting’ subgroups for the peer influence effect
for the models with self-report descriptive norms scale 1
(p= 0.0030), intentions (p < 0.0001), self-efficacy emotional
subscale (p= 0.0001), and perceived benefits (p < 0.0001) as the
behavioral dependent variable. Peer influence effects were higher
for NI (b= 5.87 versus Bogotá b= 0.10), NI (b= 13.56 versus
Bogotá b= 0.80), NI (b= 2.74 versus Bogotá b=−3.43), and NI
(b=−0.43 versus Bogotá b=−1.57), respectively.

There were significant differences across ‘intervention’ sub-
groups for the peer selection homophily effect for the model with
perceived physical risks as the behavioral dependent variable
(p= 0.0089), which showed higher peer selection effects in Dead
Cool schools (b= 0.38) compared to ASSIST schools (b=−0.14).
There were significant differences across ‘intervention’ subgroups
for the peer influence effect for the models with experimental
descriptive norms (p < 0.0001), self-report smoking behavior
(p < 0.0001), and perceived benefits (p < 0.0001) as the behavioral
dependent variable. Peer influence effects were higher for ASSIST
schools (b= 3.25 versus Dead Cool b=−0.08), Dead Cool
schools (b= 2.77 versus ASSIST b= 1.31), and ASSIST schools
(b= 0.05 versus Dead Cool b=−1.70), respectively.

For each of the smoking/vaping outcomes, the percentages of
network autocorrelation attributable to peer selection, peer
influence, undetermined (peer selection or peer influence), and
control (or alternative explaining mechanisms) effects across all
included schools are reported in Table 7. Results are also reported
for each subgroup of schools. The violin plots of Moran’s I
distributions and stacked bar charts of Moran’s I decompositions
are shown in Figs. 4 and 5 for experimental injunctive norms for
smoking/vaping. Violin plots and stacked bar charts for the rest
of the smoking/vaping outcomes are shown in Supplementary
Figs. S74–S115. The violin plots for experimental injunctive
norms showed that the median Moran’s I across the networks
simulated from SIENA models specified including peer influence
effects (“Full model” and “Excluding PS”), was approximately
equal to the mean Moran’s I across the observed networks in each
school at follow-up (and greater than the mean Moran’s I across
the observed networks at baseline). For networks simulated from
SIENA models specified excluding peer influence effects
(“Excluding PI” and “Excluding PS and PI”), the median Moran’s
I lies substantially below the mean observed Moran’s I at baseline
and follow-up (Fig. 4). The relative contributions of peer
selection, peer influence, undetermined peer selection or peer
influence, and control effects to similarities between friends for
experimental injunctive norms were 0.13%, 89.06%, 3.18%, and
7.63%, respectively (Fig. 5). This supports the meta-analysis
results described in the previous paragraph since we found a
significant peer influence effect for experimental injunctive
norms, but no significant peer selection homophily effect. The
Moran’s I decompositions also support the other findings for
significant peer selection homophily and peer influence effects
from the meta-analysis, since we found the greatest proportion of
the network autocorrelation was attributable to peer selection
effects for smoking susceptibility (54.44%). For donations to
ASSIST/Dead Cool, intentions, and objectively measured smok-
ing behavior, the percentages of network autocorrelation

attributable to peer influence were 83.46%, 59.21%, and 90.18%,
respectively (Table 7, Supplementary Figs. S74–S115).

Across the 21 smoking/vaping outcomes examined in the
SIENA models, the average relative contributions of peer
selection, peer influence, undetermined peer selection or peer
influence, and control effects to similarities between friends were
32.84%, 39.22%, 1.08%, and 26.86%, respectively. Broken down
by subgroup, the percentages were: 23.55%, 44.34%, 2.86%, and
29.25% (NI); 36.52%, 33.87%, 1.91%, and 27.71% (Bogotá);
33.93%, 38.86%, 1.77%, and 25.43% (ASSIST), and; 21.38%,
30.02%, 2.44%, and 46.16% (Dead Cool).

Discussion
The MECHANISMS study was designed to investigate the
mechanisms through which social norms for adolescent smoking
and vaping behaviors are diffused through school friendship
networks in NI and Bogotá (Hunter et al., 2020). If we con-
ceptualize social norms in terms of shared understandings
between individuals in social networks about rules and standards
that guide social behavior (Cialdini and Trost, 1998; Hunter et al.,
2020; Panter-Brick et al., 2006), the Krupka-Weber method of
norms elicitation has advantages over other approaches (E. L.
Krupka and Weber, 2013). The structure of the game provides
incentives for participants to report their beliefs about others’
beliefs on the social appropriateness of various actions to assess
injunctive norms, or others’ approval of various behaviors to
assess descriptive norms. The existence of such shared ‘second-
order’ beliefs (expectations about others’ personal normative
beliefs) is a theoretical precondition for the existence of a social
norm (Bicchieri et al., 2018). Social norms and social influence
are co-dependent (Cialdini and Trost, 1998). Therefore, it seems
intuitive that we should observe peer influence effects on parti-
cipants’ responses to games designed to elicit shared perceptions
about the beliefs of peers. We observed a high proportion of
significant peer influence effects for these variables in our OLS
regressions (objective 2), and our CLPMs showed the strongest
evidence that selection homophily and peer influence from
friends were operating together for the experimental norms
outcomes, particularly for injunctive norms (objective 3). The
SIENA models also showed positive peer influence effects that
were significant for the experimental injunctive norms scale and
donations to ASSIST/Dead Cool and approached significance for
the experimental descriptive norms scale (objective 4). Notably,
our mixed-effects logistic regressions showed that the individual
experimental injunctive norms items enquiring about the social
appropriateness of situations involving vaping and e-cigarettes
were important sources of selection homophily (objective 1). This
may reflect that tobacco usage patterns have shifted towards
alternative products since the introduction of e-cigarettes into the
market in the mid-2000s (National Center for Chronic Disease
Prevention and Health Promotion (US) Office on Smoking and
Health, 2016; Perikleous et al., 2018; Schneider and Diehl, 2016;
Wang et al., 2014). Whilst many countries are adopting com-
prehensive tobacco-control policies in an effort to “de-normalize”
and reduce smoking (including the UK and Colombia) (Action
on Smoking and Health (ASH), 2017; Chapman and Freeman,
2008; Colombia Ombudsman Office, 2017; Dubray et al., 2015;
Elias and Ling, 2018; Otálvaro-Ramírez et al., 2019), e-cigarettes
are increasing in popularity amongst all age groups due to wide-
scale marketing (East et al., 2019; Perikleous et al., 2018).
E-cigarettes are gaining traction amongst adolescents who may
perceive that they are healthier and safer than conventional
cigarettes, and find the different product features attractive (e.g.,
flavors) (Perikleous et al., 2018). Recent research has also shown
that perceived peer approval is higher for vaping compared to
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smoking amongst adolescents (East et al., 2019), and that the
number of adolescents who have never smoked but have tried
vaping is increasing (McNeill et al., 2019).

By contrast, many of the self-report injunctive and descriptive
smoking norms outcomes showed no significant peer influence
effects in our OLS regressions (objective 2). However, most of
these items inquire about perceived approval for smoking or
engagement in smoking behaviors of specific groups (e.g.,
mothers, fathers, siblings). Peer influence effects were observed
for self-report norms items enquiring about approval for smoking
or engagement in smoking behavior from more generic groups
(e.g., “most of the people who are important to me”, “friends”,
“best friends”, “other family members”, or “classmates”). Our
CLPM results complemented these findings by generally showing
that peer influence and selection homophily operated simulta-
neously for these individual items (objective 3). In the SIENA
models, the peer influence effect approached significance for self-
report descriptive norms scale 1 (enquiring about how often
important others engage in smoking), whilst the peer selection
homophily effect approached significance for self-report
descriptive norms scale 2 (enquiring about the proportion of
groups of important others who are smokers; objective 4). Our
mixed-effects logistic regressions suggested that the self-report
norms were more important for selection homophily processes,
particularly for friend nominations at baseline (objective 1). Since
the self-report norm measures are more subject to social desir-
ability biases, our participants could have been exhibiting a desire
to conform to behaviors and attitudes of friends when responding
to the self-report norm items (Murray et al., 2020).

Self-report smoking behavior, intentions, other self-report
smoking-related outcomes, and objectively measured smoking
behavior were subject to both selection homophily and peer
influence. The largest effect sizes in the regression analyses were
observed for objectively measured smoking behavior for selection
homophily processes (objective 1) and peer influence (objective
2). Similar to Hoffman et al., our CLPM results showed some
evidence that peer influence and selection homophily were
simultaneously operating between baseline and follow-up for self-
report smoking behavior (the selection homophily path was sta-
tistically significant, the peer influence path approached statistical
significance) (Hoffman et al., 2007). Our CLPMs also showed
similar results for smoking intentions, susceptibility, and objec-
tively measured smoking behavior (objective 3). In the SIENA
models, the peer selection homophily effect was significant for
smoking susceptibility and approached significance for self-report
smoking behavior. The peer influence effect was significant for
intentions and objectively measured smoking behavior and
approached significance for knowledge of smoking (objective 4).
Previous studies have also found evidence of selection homophily
and/or peer influence effects for adolescent smoking behavior and
susceptibility (Go et al., 2012; Hoffman et al., 2007; Mercken
et al., 2012; Robalino and Macy, 2018).

While there may be a temporal lag between when peer influ-
ence occurs and when it exerts its effects on outcomes (E. Krupka
et al., 2016), an individual’s current social context may also
enhance or diminish that influence. In our OLS regressions, we
examined lagged peer influence effects (from nominated friends,
school classes, and school year groups at baseline), and con-
temporaneous peer influence effects (from nominated friends,
school classes, and school year groups at follow-up; objective 2)
for smoking/vaping outcomes at follow-up. Of the observed sig-
nificant peer influence effects, 48.4% were from baseline and
51.6% were from follow-up. For most outcomes, the significant
peer influence effects were dispersed fairly evenly between base-
line and follow-up. For the experimental outcome capturing
participants’ willingness to pay to support anti-smoking norms

(donations to ASSIST/Dead Cool), the contemporaneous social
context at follow-up was more important (e.g., peer influence
effects were observed from follow-up scores of friends, school
classes, and school year groups, but no peer influence effects were
observed from baseline scores). By contrast, Krupka et al., found
evidence of peer influence for an incentivized measure of patience
that pertained to both lagged and contemporaneous behavior in
the network (E. Krupka et al., 2016). However, peer influence
effects for donations to ASSIST/Dead Cool were positive and
significant in the SIENA models (objective 4), and approached
significance in the CLPMs (objective 3). The SIENA models and
CLPMs both account for changes in smoking/vaping outcomes
between baseline and follow-up (for both the focal participants
and their nominated friends). Selection homophily processes were
also examined in terms of the association between adding or
dropping friends, with absolute differences between focal parti-
cipants’ and potential friends’ outcomes at both baseline and
follow-up (objective 1). Again, the social context at baseline and
the contemporaneous social context at follow-up were both
important in determining network movements between baseline
and follow-up.

In our OLS regressions, similar proportions of significant
influence effects were observed from friends, school classes, and
school year groups, and the magnitude of the standardized
regression coefficients was similar for peer influence effects from
the three groups (objective 2). Previous research has also inves-
tigated the roles of proximal (close friends in the immediate social
circle) versus distal (e.g., the peer group one interacts with as part
of a larger community within their school year group) peers in
developing adolescents’ health-related attitudes and behavior
(Paek and Gunther, 2007; Salvy et al., 2014). Peer proximity has
been shown to moderate the indirect effect of media messages on
adolescent smoking intentions and attitudes via changes in per-
ceived peer norms, with changes in perceived norms of more
proximal peers having a greater impact (Paek and Gunther,
2007). Theoretically, peer influence may operate at both the
proximal and distal levels, however, the influence mechanisms
may be different (Paek and Gunther, 2007). Whilst peer pressure
may explain proximal peer influence, distal peer influence may
operate more subtly by diffusion of a normative climate of
standards and values (Bearman et al., 1999; Paek and Gunther,
2007). The influence of perceived norms from distal peers on
behavior may be more removed from everyday experiences.
Perceived norms may form due to direct observations of indivi-
duals’ behavior, which are perpetuated and inflated through social
conversations (Salvy et al., 2014). Proximal peer influence (e.g.,
having close friends who smoke) is more likely to have a direct
impact on behavior since young people in close relationships
spend more time together, observe each other’s behavior, and
share environments and opportunities where behaviors are
engaged in (Salvy et al., 2014). Our results suggest both
mechanisms may be important sources of peer influence on
adolescent smoking.

Our approach of comparing estimates of selection homophily
and peer influence effects from conventional regression methods
with SIENA models is advantageous in this respect. Whilst it has
been argued that results from regression methods may over-
estimate selection homophily and peer influence effects, com-
pared to SIENA models which explicitly control for network
dynamics and structures (Ragan et al., 2019), the SIENA models
do not allow us to unearth peer influence effects from distal peers
throughout the whole school year group (i.e., the social network
in MECHANISMS schools) as well as proximal peers (i.e.,
nominated friends). There are also slight differences in how peer
influence is defined between the regression-based (objectives 1–3)
and SIENA (objective 4) methods. Whilst the regressions use
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peer-group averages on the outcome variables, the SIENA models
use the average of centered similarity scores describing each
participant’s similarity to his/her nominated friends on the out-
come variables (Ripley et al., 2022). This may have affected our
assessment of peer influence for the following smoking/vaping
outcomes, which showed significant peer influence effects from
both proximal peers (nominated friends) and distal peers (school
classes and school year groups) in the OLS regressions and
CLPMs (objectives 2 and 3) but non-significant peer influence
effects in the SIENA models (objective 4): self-report descriptive
norms scale 2, self-report smoking behavior, perceived social and
addiction risks, perceived behavioral control (easy to quit
smoking), and smoking susceptibility.

On the other hand, our results may indeed reflect a tendency
for regression methods to produce larger estimates of selection
homophily and peer influence effects compared to SIENA mod-
els. Whilst our CLPMs showed selection homophily and peer
influence generally operated simultaneously between baseline and
follow-up for our smoking/vaping outcomes (objective 3), we did
not find evidence for both effects operating together in any of the
SIENA models (objective 4). However, when Ragan et al., pre-
viously investigated this issue empirically they found no evidence
that regression methods were biased towards overestimating peer
influence compared to SIENA (Ragan et al., 2019). On the con-
trary, the authors found that their SIENA models produced larger
estimates of peer influence compared to the regressions. They
concluded that regression methods with adequate statistical
controls may even have the potential to produce more con-
servative peer influence estimates, although they assume inde-
pendence among actors and generally do not account for
endogenous network processes (Ragan et al., 2019). Furthermore,

our decomposition of the mean Moran’s I across networks
simulated under different model specifications, indicated that
comparable percentages of network autocorrelation (i.e., the
similarity between friends across the 21 smoking/vaping out-
comes examined in the SIENA models) were attributable to
selection homophily (32.8%) and peer influence (39.2%; objective
4). These proportions are also similar to (or even greater than)
those reported in previous studies finding evidence for the
importance of selection homophily and/or peer influence pro-
cesses in determining adolescents’ smoking outcomes (Mercken
et al., 2009, 2012).

When we broke these proportions down by intervention group,
we found that a higher proportion of similarity between friends
on the smoking/vaping outcomes was attributable to selection
homophily and/or peer influence for ASSIST schools (74.6%)
compared to Dead Cool schools (53.8%; objective 4). This finding
accords with the theoretical underpinnings of the programs, and
our study hypotheses (Hunter et al., 2020). Specifically, we expect
to observe more network-mediated change in outcomes in
ASSIST schools compared to Dead Cool, since the ASSIST pro-
gram is specifically designed to leverage peer influences whilst the
Dead Cool program is based on more conventional classroom
pedagogy (Campbell et al., 2008; Thurston et al., 2019). Previous
evaluations of social network processes for smoking outcomes in
the original ASSIST and Dead Cool trials support this finding. For
example, whilst Mercken et al., found evidence for peer influence
and selection homophily in the original ASSIST trial (although
selection homophily was the more salient predictor of smoking
behavior) (Mercken et al., 2012), Badham et al., found no evi-
dence for the diffusion of smoking-related attitudes through
school friendship networks in Dead Cool (Badham et al., 2019).

−0.2

0.0

0.2

0.4

0.6

Full model Excluding PS Excluding PI Excluding PS and PI

Model specification

M
o

ra
n

's
 I

Mean observed Moran's I at baseline
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Fig. 4 Violin plot showing the distribution of Moran’s I statistic for experimental injunctive norms for smoking/vaping across networks simulated
under different model specifications. The distribution of the Moran’s I statistic is shown for networks simulated under the following model specifications:
(1) including both peer selection and peer influence effects (“Full”); (2) excluding peer selection effects (“Excluding PS”); (3) excluding peer influence
effects (“Excluding PI”); and (4) excluding peer selection and peer influence effects (“Excluding PS and PI”).
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Our subgroup analyses also showed that peer selection homophily
effects were stronger in Bogotá compared to NI (for objectively
measured smoking behavior), whilst peer influence effects were
stronger in NI compared to Bogotá (for self-report descriptive
norms scale 1, intentions, the self-efficacy emotional subscale, and
perceived benefits). Furthermore, the percentage of similarity
between friends across the 21 smoking/vaping outcomes exam-
ined in the SIENA models that were due to peer selection
homophily was >10% higher in Bogotá compared to NI (the
percentage of similarity between friends due to peer influence was
>10% higher in NI compared to Bogotá). Thus, whilst we did not
find evidence that similarity between friends on the smoking/
vaping outcomes differed between the settings overall, we did find
evidence that for at least some smoking/vaping outcomes, the
mechanisms producing smoking/vaping-based homogeneity in
the networks (selection homophily versus peer influence) differed
between the settings.

Strengths and limitations. Strengths of this paper include the
large sample size, and inclusion of data collected in two settings
with varying norms, cultural traits, regulatory contexts, and
health behavior patterns. Prior to implementation in Bogotá, all
study materials were culturally adapted (Sánchez-Franco et al.,
2021). We have investigated selection homophily and peer
influence effects for self-report and objective measures of

smoking behavior and for smoking norms assessed by self-report
and experimental methods. This is the first study to apply
experimental methods to elicit norms for adolescent smoking and
vaping behaviors (Hunter et al., 2020). Experimental methods of
eliciting social norms mitigate social desirability bias and provide
richer insights to better explain behavioral heterogeneity and
potentially deepen our understanding of the mechanisms of
norms-based public health interventions (Murray et al., 2020).
Since temporal precedence is one of the necessary conditions for
making causal inferences (i.e., a cause should temporally precede
an effect) (Kenny, 1979), our longitudinal study design directly
lends itself to inferring which mechanism (selection homophily or
peer influence) is pre-dominant in the regression models exam-
ining lagged effects under objectives 1 and 2, and in the CLPMs
examining reciprocal relationships between focal participant and
friends’ variables under objective 3. Since an individual’s current
social context may be the most prominent influence, these models
were repeated to examine contemporaneous selection homophily
and peer influence effects at follow-up (objectives 1 and 2). The
lack of temporality in this latter set of models is a potential
limitation. That is, the outcome variable (focal participants’
smoking/vaping outcomes), and the predictor variable (average
peer group responses to the smoking/vaping outcomes) were both
measured at follow-up and so the predictor variable does not
temporally precede the outcome variable.
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Fig. 5 Bar plot showing the decomposition of Moran’s I statistic into parameter blocks for experimental injunctive norms for smoking/vaping. The bars
show the relative contribution of peer selection effects, peer influence effects, and control/alternative explaining mechanisms to similarities between
friends for experimental injunctive norms for smoking/vaping. Calculations are based on the decomposition of the mean Moran’s I statistic from networks
simulated under different model specifications (1. including both peer selection and peer influence effects; 2. excluding peer selection effects; 3. excluding
peer influence effects; 4. excluding peer selection and peer influence effects). For each model specification, 500 networks were simulated from the SIENA
model results on the observed networks in each school (N= 12; 24,000 simulated networks in total). Decompositions (calculated by comparing the mean
Moran’s I across the simulated networks under each model specification in each school) are displayed for all schools, and by subgroups of schools
(Northern Ireland schools, Bogotá schools, ASSIST schools, and Dead Cool schools).
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Disentangling selection homophily and peer influence have
been recognized as challenging (Ragan et al., 2019; Shalizi and
Thomas, 2010), and we believe that our comparison of results
from different statistical approaches (regressions, CLPMs, and
SIENA) is a strength of this paper. It has been argued that results
from regression methods may overestimate selection homophily
and peer influence effects, compared to SIENA models which
explicitly control for network dynamics and structures (Ragan
et al., 2019). However, a previous study conducted by Ragan et al.
investigated this issue empirically and found no evidence that
regression methods were biased towards overestimating peer
influence compared to SIENA (Ragan et al., 2019). Furthermore,
distal peer influence is not accounted for in the SIENA models.
By contrast, our regression analyses specifically examine peer
influence from both proximal (i.e., nominated friends) and distal
peers (i.e., school classes and school year groups; objective 2).
This is particularly important for the experimental norms
outcomes, which ask participants to infer norms in the entire
school year group (friends and non-friends). Since selection
homophily is a process that involves selecting your friends based
on observable or known characteristics, the experimental norms
cannot really be susceptible to selection homophily in the same
way, because they are unobserved. We believe that the absence of
material differences between the ORs for experimental and self-
report variables in our regression-based assessment of selection
homophily (objective 1) strengthens our conclusions about peer
influence. Our regression-based analyses (objectives 1 and 2) also
offered the opportunity to take a closer look at the temporality of
the peer selection and peer influence processes.

This paper has several other limitations. The MECHANISMS
study included a relatively small sample of schools. We
endeavored to recruit schools with a range of deprivation levels
and mixed gender. Our results should be interpreted with caution
due to multiple testing. We accounted for multiple testing by
discussing our results with reference to a more stringent
significance criterion (p ≤ 0.01). The issue of adjusting for
multiple testing within a study is widely debated. There are no
established rules or guidance, and several prominent academics
have made a strong case for why it is not always desirable, or even
correct, to adjust for multiple testing (Feise, 2002; Perneger, 1998;
Rothman, 1990). Whilst adjusting p-values for multiple testing
reduces type one error rates (the rate of falsely declaring a
significant result), they also increase type two error rates
(declaring a null result in error), meaning that important findings
can be missed. Our paper also set out to test theoretically
justifiable hypotheses (i.e., that, for peer influence, we would
observe correlated smoking-related outcomes for pupils and their
friends, and that pupils would be more likely to nominate friends
who are similar to themselves on smoking-related outcomes, for
selection homophily). Therefore, we adopted the approach of
discussing all results meeting the p ≤ 0.01 criterion. Throughout
our results tables, we have also highlighted which results would
have attained significance at the p ≤ 0.05 level after using the
Holm–Bonferroni procedure to adjust the p-values for multiple
testing (Holm, 1979). Our results are based on complete case
analyses, so nominated friends with missing attribute data were
excluded. However, we had a high participation rate across the
schools (93.1%), and rates of completion for the experiments
(93.1–94.6%) and survey (90.0–94.8%) were high at both
timepoints.

Implications for future research. Peer influence is an important
determinant of adolescent smoking and vaping norms, smoking
behavior, and other smoking-related outcomes. This is true for
influence from proximal and distal peers and for lagged and

contemporaneous peer influence effects. Thus, our findings sup-
port using the social norms approach as an intervention strategy
to change health behaviors (altering perceived peer norms in such
a way as to convince individuals that their peers approve of, or
engage in, the desired behavior) (Dempsey et al., 2018). In line
with one of our study’s main hypotheses, our results provide
some evidence that there was more network-mediated change in
smoking/vaping outcomes in ASSIST schools compared to Dead
Cool schools (with a higher percentage of similarity between
friends attributable to selection homophily and/or peer influence
for ASSIST schools compared to Dead Cool). This is expected
since the ASSIST program is specifically designed to leverage peer
influences (Campbell et al., 2008). We also found some indication
that whilst smoking/vaping-based similarity between friends was
similar across the settings, the mechanisms producing smoking/
vaping-based homogeneity within the networks (i.e., selection
homophily versus peer influence mechanisms) differed in NI
compared to Bogotá, for at least some of the outcomes. In future
research, we intend to use moderator analysis to investigate
whether the peer influence effects examined in our OLS regres-
sions (objective 2) differ according to setting (NI versus Bogotá),
intervention (ASSIST versus Dead Cool), personality character-
istics, or social network positions. For example, previous research
suggests that social influences may have a stronger impact on the
behavior of individuals with characteristics (e.g., personality,
cultural, and environmental traits) that make them susceptible to
social influences (Stacy et al., 1992). Our results suggest that peer
influence on adolescent smoking and vaping outcomes operates
from both proximal and distal peers within schools. However,
there may be heterogeneity in school-level influence across dif-
ferent schools (e.g., the SIENA model results showed evidence for
school-level heterogeneity for some of the social network struc-
tural effects; Supplementary Tables S11–S31). Therefore, inves-
tigating moderation of the peer influence effects according to
different social network characteristics and parameters is an
important area for our future research.

It is also interesting to note recent novel conceptualizations of
attitude formation which take account of network theories that
are being invoked to reconcile the “connectedness” of related
psychological substrates at the individual level and the connect-
edness of individuals sharing similar attitudes. For example,
Dalege et al., have conceived of attitudes as “systems of causally
interacting evaluative psychological reactions that strive for a
coherent representation of the attitude object” (Dalege et al.,
2016). Based on this basic idea, they have developed the “Causal
Attitude Network” (CAN) model that links research on attitudes
to network theory. Important tenets of the model are that: (1)
networks of variables affecting attitudes (elicited for example in
large population surveys) show a high degree of clustering, with
similar evaluative reactions exerting stronger influence on each
other than dissimilar evaluative reactions, and; (2) that strong
attitudes correspond to highly connected attitude networks. It is
claimed that CAN models may to some degree reflect biological
substrates (with respect to the interconnections between brain
regions) (Telzer et al., 2021). Telzer et al., claim that some
measures of network connectivity may better predict behavior
than the raw psychological constructs themselves when incorpo-
rated into traditional regression-based models (Telzer et al.,
2021). In a recent Nature paper, Galesic et al., (including Dalege)
called for a number of enhancements of existing CAN models,
including the need to account for the dependency of people’s
beliefs (what they refer to as social sensing, a notion resonating
closely with the action of social norms), and a drive to improve
their informational value through machine learning approaches
(Galesic et al., 2021). We aim to incorporate a CAN perspective in
future sensitivity analyses of our examination of selection
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homophily and peer influence for our MECHANISMS school
friendship networks.

Another avenue for future research revolves around the
elaboration of alternative functional forms of the norms’
susceptibility concept (e.g., the Kimbrough–Vostroknutov model
used in the MECHANISMS study), and their incorporation in
studies of selection homophily and social influence and their
behavioral determinants (Kimbrough and Vostroknutov,
2016, 2018; Krupka and Weber, 2013). One possible choice was
illustrated in the CASCADE study on alcohol consumption, and
the authors claim that the use of a machine learning approach in
a generative social science endeavor may lead to more efficient
representations of this mechanism in the future (Probst et al.,
2020).

Future research should also investigate whether these results
apply in different settings. Our results support the recommenda-
tion that adolescent smoking prevention research should consider
both selection homophily and social influence processes, as
comparable proportions of similarity between friends on the
smoking/vaping outcomes were due to selection homophily and
peer influence across all schools (Mercken et al., 2009, 2012).

Conclusions
This paper investigates selection homophily and peer influence
effects for adolescent smoking and vaping-related outcomes col-
lected as part of the MECHANISMS study using regression-based
methods, structural equation modeling (CLPMs), and SIENA
models. Lagged and contemporaneous peer influence effects were
shown to be an important determinant of adolescent smoking
and vaping norms, and other smoking-related outcomes, from
both proximal peers in friendship networks and distal peers
throughout whole school year groups. Selection homophily in
peer selection was determined, at least partly, by similarities and
dissimilarities with potential friends on smoking and vaping
outcomes. Overall, we found comparable proportions of simi-
larity between friends on the smoking/vaping outcomes were due
to selection homophily and peer influence. We also found evi-
dence that a higher percentage of similarity between friends was
attributable to selection homophily and/or peer influence for
ASSIST schools compared to Dead Cool. Whilst smoking/vaping-
based similarity between friends was similar across the settings,
the mechanisms producing smoking/vaping-based homogeneity
within the networks seem to differ in NI compared to Bogotá, for
at least some of the outcomes (selection homophily was more
important in Bogotá whilst peer influence was more important in
NI). These findings support using social norms strategies in
adolescent smoking prevention interventions. Future adolescent
smoking prevention research should investigate both selection
homophily and social influence processes, examine potential
moderators of these peer influence effects, and investigate whe-
ther these findings translate to other settings with varying cultural
and normative traits.

Data availability
The datasets generated during and/or analyzed during the current
study are not publicly available as participants were informed that
no-one outside of the research team would have access to the
research data when they signed their consent forms. Detailed
break-downs of the syntax used to generate the results for the
study have been provided in the Supplementary Methods. For
further information about the study datasets, please contact the
corresponding authors (Emails: Jennifer.Murray@qub.ac.uk;
ruth.hunter@qub.ac.uk).
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