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Abstract
Externalizing behavior is substantially affected by genetic effects, which are moderated by environmental exposures. How-
ever, little is known about whether these moderation effects differ depending on individual characteristics, and whether 
moderation of environmental effects generalizes across different environmental domains. With a large sample (N = 1,441 
individuals) of early adolescent twins (ages 11 and 13), using a longitudinal multi-informant design, we tested interaction 
effects between negative emotionality and both positive and negative aspects of three key social domains: parents, peers, 
and schools, on the phenotypic variance as well as the etiology of externalizing. Negative emotionality moderated some of 
the environmental effects on the phenotypic, genetic, and environmental variance in externalizing, with adolescents at both 
ends of the negative emotionality distribution showing different patterns of sensitivity to the tested environmental influences. 
This is the first use of gene-environment interaction twin models to test individual differences in environmental sensitivity, 
offering a new approach to study such effects.

Keywords  Externalizing behavior · Differential susceptibility · Domain-specificity · Adolescence · Twins · Gene-
environment interaction

Externalizing behavior (EXT) during adolescence is detri-
mental both to the self and to others. Childhood and adoles-
cence EXT, characterized by disobedience, irritable mood 
and verbal or physical aggression, were found to increase 

the risk for various psychiatric disorders in adulthood (Reef 
et al. 2011), and for various negative criminal and psychoso-
cial life outcomes (Huesmann et al. 2009). Thus, understand-
ing EXT development could have important personal and 
societal implications. Individual differences in EXT have 
been associated both with environmental and genetic effects 
(Burt 2009; Hannigan et al. 2017). However, the extent of 
these genetic effects was found to vary, depending on dif-
ferent environmental exposures (Hicks et al. 2009). Based 
on findings of individual differences in sensitivity to envi-
ronmental influences on the phenotypic variance in EXT 
(e.g., Lengua 2008; Pitzer et al. 2011; DiLalla et al. 2015; 
Janssens et al. 2017a), we propose that the effects of envi-
ronmental exposures on the etiology of EXT will also differ 
according to person-based characteristics.

Meta-analyses found substantial genetic and environ-
mental effects on EXT (Burt 2009) and its development 
(Hannigan et al. 2017). However, genetic and environmen-
tal effects do not work independently. Gene-environment 
interactions (GxE) are one type of joint effects of genes and 
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environments. Typically, two different GxE types are investi-
gated: 1. The moderating effects of genes on the association 
between an environmental factor and a trait (to be discussed 
later); 2. The moderating effects of specific environments on 
the expression of genetic variance in a trait. The latter means 
that while individual differences in a trait could be influ-
enced by genetic effects, these genetic effects are moder-
ated themselves by environmental exposure. Assessing such 
GxE effects is usually done with twin designs, enabling us to 
estimate how different factors moderate genetic and environ-
mental variances in a trait. Indeed, Hicks et al. (2009) found 
that the expression of genetic variance in EXT increased as a 
function of environmental adversity in the parental, peer and 
academic domains. For example, as adolescents had more 
antisocial peers, the role of their genetic differences became 
more important in EXT etiology.

GxE findings are important as they demonstrate that the 
expression of genetic variance is not the same for individuals 
who experience different environmental exposures. How-
ever, such studies do not directly address the individuals’ 
sensitivity to environmental influences. Theories of indi-
vidual differences in environmental sensitivity postulate 
that individuals differ in the degree to which their devel-
opment is affected by environmental influences (Belsky 
2005; Ellis et al. 2011; Pluess 2015). Such theories have 
gained immense support, showing that associations between 
environmental effects and developmental outcomes differ 
according to person-based characteristics (van IJzendoorn 
and Bakermans-Kranenburg 2015; Slagt et al. 2016).

Typically, studies of individual differences in environ-
mental sensitivity have tested variation in the associations 
between environmental effects and a trait’s phenotypic vari-
ance. We propose that this notion can also be applied to 
traits’ genetic and environmental variance. That is, mod-
eration effects of environmental influences on genetic vari-
ance in a trait may depend on the person’s characteristics. 
For example, Hicks and colleagues’ (2009) finding that 
the expression of genetic variance in EXT increased as a 
function of the number of antisocial peer affiliations, could 
potentially exist only for individuals with reactive temper-
ament but not for others. Such effects can be inferred as 
individual differences in sensitivity to environmental influ-
ences on the etiology of EXT (or any trait). Thus, using twin 
studies to address individual differences in environmental 
sensitivity helps to further understand the genetic or envi-
ronmental mechanism behind moderation effects on a traits’ 
phenotypic variance.

Environmental effects on the phenotypic variance of EXT 
were also found to be moderated by person-based character-
istics. Many studies have found that candidate genes (mainly 
dopaminergic and serotoninergic) moderate the effects of 
parenting (e.g., Janssens et al. 2017a), peers (e.g., DiLa-
lla et al. 2015), and the school (e.g., De Laet et al. 2016) 

on EXT. These findings are, in fact, a manifestation of the 
first type of GxE studies mentioned above, where specific 
genes moderate the association between an environmental 
effect and a trait. However, as the downsides of the candi-
date gene approach are increasingly apparent (Duncan and 
Keller 2011), we focus on a different marker for individual 
differences in environmental sensitivity – temperament, and 
specifically, negative emotionality (NE).

Temperament, the combined individual differences in the 
affect, activity, attention and sensory sensitivity domains, is 
presumed to have a substantial genetic or neurobiological 
basis (Rothbart and Bates 2006; Zentner and Bates 2008). 
These differences appear early in life and are relatively sta-
ble across the life span (Rothbart and Bates 2006; Zentner 
and Bates 2008). NE is the tendency to be easily distressed 
and experience emotions such as fear, frustration, sadness 
and anger (Buss and Plomin 1984; Rothbart and Bates 
2006). Thus, NE may reflect a highly reactive nervous sys-
tem, which responds more strongly to environmental stimuli 
(Ellis et al. 2011; Slagt et al. 2016). Indeed, a meta-analysis 
concluded that the individuals with higher NE or with a 
more difficult temperament (a composite of multiple tem-
peramental traits, including NE) are the ones more sensi-
tive to parental influences (Slagt et al. 2016). NE was also 
found to moderate environmental effects on EXT specifically 
(e.g., Lengua 2008; Pitzer et al. 2011; Tung et al. 2018). 
Therefore, we aimed to test whether moderation effects of 
environmental influences on the expression of genetic and 
environmental variance in EXT are dependent on NE.

However, it is important to ask which environmental 
effects should be considered when investigating how and 
for whom environmental exposure influences EXT develop-
ment. The study of individual differences in environmental 
sensitivity has mainly focused on the parental domain as 
the environmental effect of interest, both in general (Bel-
sky and Pluess 2009; Slagt et al. 2016), and in the study 
of EXT (e.g., Lengua 2008; Burk et al. 2011; Pitzer et al. 
2011; Rioux et al. 2015; Tung et al. 2018). While the paren-
tal role is crucial in the early years (Grusec 2011), the peer 
and school domains become increasingly meaningful dur-
ing adolescence (Smetana et al. 2006). Indeed, these three 
environments were all found to have robust phenotypic asso-
ciations with EXT (Reijntjes et al. 2011; Ttofi et al. 2012; 
Pinquart 2017), as well as moderation effects on its genetic 
variance (Dick et al. 2007; Feinberg et al. 2007; Hicks et al. 
2009). However, most previous studies have focused on one 
environmental effect at a time (e.g., Lengua 2008; Pitzer 
et al. 2011; DiLalla et al. 2015; Janssens et al. 2017a), lim-
iting our comprehensive understanding of environmental 
effects on EXT development.

Moreover, two main issues arise when examining pre-
vious findings in individual differences in environmen-
tal sensitivity, that we will review in relation to findings 
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where temperament is the moderator and EXT is the out-
come. First, there is evidence challenging the notion that 
only individuals high on NE are sensitive to environmental 
influences. For example, Lengua (2008) found that both boys 
with high, and low, NE showed associations between parent-
ing practices and EXT, but in opposite directions. That is, 
they both were sensitive to parental influences, but in dif-
ferent ways. Similarly, Essex et al. (2011) found that both 
children high and low on NE were sensitive to the effects of 
teacher–child relationship on their internalizing and exter-
nalizing symptoms, but to different aspects of the relation-
ship (conflict and closeness, respectively). This raises the 
possibility that individuals are not either sensitive or not 
sensitive across all environmental influences and behavioral 
outcomes (the domain-general perspective), but instead, that 
different individuals could be sensitive to different environ-
mental influences or regarding different behavioral outcomes 
(the domain-specific perspective).

Addressing this issue requires examining individual dif-
ferences in the effects of various environmental domains 
(e.g., parents and peers) within the same sample. We are 
aware of only two studies addressing the effects of both the 
parental and peer domains on EXT, either with a genetic 
moderator (Janssens et al. 2017b), or with a temperamental 
moderator (Tung et al. 2018). Both studies found significant 
effects only for some of the interactions tested, with Jans-
sens et al. (2017b) finding dopaminergic interactions with 
both parental and peer effects on rule-breaking but not on 
aggressive behavior, and Tung et al. (2018) finding tem-
perament interactions with negative parenting on EXT, but 
not with positive parenting, friendship conflict or friendship 
closeness.

This pattern of findings represents the second issue at 
hand, where many studies that investigate the moderating 
effects of temperament on EXT find significant interactions 
for some environmental aspects but not others (Burk et al. 
2011; Rioux et al. 2015; Slagt et al. 2018). Tung et al. (2018) 
findings are an example across social domains, but there are 
also such instances within one domain, the parental domain. 
For example, Lengua (2008) found that NE moderated the 
effects of maternal rejection/acceptance and physical pun-
ishment on EXT, but not of inconsistent discipline. Such 
findings further emphasize the question whether there are 
some individuals who are sensitive across many environ-
mental influences.

The investigation of environmental influences is even 
more complex when considering effects of both positive, 
and negative, environments. The possible different effects 
of positive versus negative aspects of an environment are 
represented in three models under the meta-framework of 
individual differences in environmental sensitivity (Pluess 
2015): 1) the diathesis-stress model, in which certain indi-
viduals are more sensitive to negative environmental effects; 

2) the differential susceptibility model, in which certain 
individuals are more sensitive to both negative and posi-
tive environmental effects; 3) the vantage sensitivity model, 
where certain individuals are more sensitive to positive envi-
ronmental effects.

Combining these two issues highlights our insufficient 
understanding of which individuals may develop EXT in 
response to which environmental effects. Therefore, our 
second aim was to include representations for multiple 
key social domains during adolescence when investigating 
individual differences in sensitivity to environmental influ-
ences on EXT, on its phenotypic, genetic, and environmental 
variance.

The Present Study

We aimed to gain a broad understanding of individual dif-
ferences in sensitivity to environmental influences on devel-
oping EXT during adolescence, by adding to the current 
literature in two important ways. First, we wanted to test 
individual differences in sensitivity to environmental influ-
ences on EXT both in the typical way, that is, on the phe-
notypic variance in EXT, and in a new way, using a twin 
design, on the etiology of EXT, that is, on the genetic and 
environmental variance in EXT. To do so, we expanded the 
currently used GxE twin model, which tests the moderat-
ing effect of one factor on the genetic and environmental 
variance in a trait, to estimate the interactive effects of two 
moderators – environmental and personal. This can teach 
us if the genetic or environmental contribution to the vari-
ance in a trait not only differs depending on environmental 
exposures (such as parenting), but rather if this dependency 
differs across individuals based on their personal character-
istics (specifically, NE) as well.

Second, we aimed to gain a better understanding of 
whether the same individuals are influenced by different 
domains, or rather different individuals are influenced by 
different domains. Therefore, we examined the effects of 
three prominent social domains during adolescence: parents, 
peers, and school, and examined both their positive (e.g., 
parental support) and negative (e.g., conflict with parents) 
aspects, as EXT might be influenced both by a highly nega-
tive environment and by the lack of an important positive 
environment. We continued by testing which individuals 
demonstrated sensitivity, and whether the interaction is in 
the form of diathesis-stress, differential susceptibility, or 
vantage sensitivity.

We used a multi-informant longitudinal design with a 
twin early adolescent sample. First, we tested interaction 
effects of NE with positive and negative aspects of the par-
ent, peer, and school environment, on the observed variance 
of EXT. To address the role of NE, environment, and their 
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interaction on developmental change, we predicted EXT at 
age 13 by environmental measures and NE from age 11, 
adjusting for EXT levels at age 11. Second, we used the 
extended version of Purcell’s (2002) GxE twin model, to 
examine how environmental and temperamental moderators 
interact to affect the genetic and environmental variation in 
EXT.

We expected to find interaction effects between the envi-
ronment and NE on EXT development, such that different 
individuals (depending on their NE) would be differentially 
influenced by environmental effects. However, based on the 
findings reviewed above (Lengua 2008; Essex et al. 2011), 
we considered the possibility that different adolescents are 
sensitive to different environmental effects, or show associa-
tions in opposite directions.

Method

Participants

Families participated as part of the Longitudinal Israeli 
Study of Twins, a large twin study on genetic and environ-
mental influences on social development (Vertsberger et al. 
2019). Parents of twins born in Israel during 2004–2005 
from Hebrew-speaking families were invited to participate. 
The current data were collected from mothers and their 
twins when the twins were 11 (Wave 1) and 13 (Wave 2). For 
the purposes of this study, families that had available data on 
EXT at age 11 or at age 13 were included, creating a total 
of 726 families. Mother-report data were disqualified for 
seven families at age 11 and one family at age 13 (disquali-
fied from the age 11 sample as well), mainly due to mix-ups 
whilst filling ids. In addition, for twenty-eight adolescents, 
the self-report data at age 11 was disqualified mainly due to 
id mix-ups or adolescents appearing to have received help 
from a family member in reading and responding to the sur-
vey. The final sample included 1,441 individual twins from 
721 families (312 families participated in both waves): 298 
monozygotic (MZ) twins (from 149 families, 21%), 603 
dizygotic (DZ) same-sex twins (from 302 families, 42%), 
520 dizygotic opposite-sex twins (from 260 families, 36%) 
and twenty twins which did not have available zygosity 
data. Missingness analyses were conducted on our key vari-
ables and on demographic characteristics, and significant 
differences were found only regarding the distribution of 
religious and non-religious mothers between families who 
participated at both ages and families who participated only 
at age 13 (see supplementary materials, Table S1).

Participating adolescents were 51% females, aged 
10.68–12.27 at Wave 1 (M = 11.16, SD = 0.22) and 
12.53–14.56 at Wave 2 (M = 13.37, SD = 0.25). Mothers 
were 31–65 years old (M = 43.11, SD = 5.33) at Wave 1 and 

33–63 at Wave 2 (M = 45.01, SD = 5.30). Sample demo-
graphics were similar to those of the general population 
(Vertsberger et al. 2019). Details regarding participating 
mothers’ education and income level can be found in sup-
plementary Note 1.

Procedure

In both study waves mothers and twins completed a series 
of questionnaires as part of a larger study, from their homes, 
in their free time, usually in more than one sitting. In the 
initial phone recruiting call, mothers were told that each twin 
should answer the survey independently, with no interrup-
tions. Most participants completed the questionnaires online 
on their home computers, whereas families who did not have 
a home computer or an internet connection, or preferred a 
paper-and-pencil version for other reasons, received printed 
questionnaires via postal service, which were returned after 
completion (22% and 13% from Wave 1 and 2, respectively). 
As some significant differences were found between online 
and paper-and–pencil participants (see supplementary 
Table S2), participation method was inserted as a control 
variable. Families were offered 3–4 movie or museum tickets 
in return for their participation. This study was approved by 
the ethics committee of the Hebrew University of Jerusalem. 
Parents provided informed consent for their children to par-
ticipate, and the adolescents provided assent.

Measures

Externalizing Behavior

Mothers reported on children’s EXT at both waves, using 
a composite scale, including five items from the Conduct 
Problems subscale of the Strengths and Difficulties Ques-
tionnaire (SDQ, e.g., “Often fights with other children or 
bullies them”; Goodman 1997), and seven items adapted 
from the Peer Aggression and Aggression/Defiance sub-
scales of the Infant–Toddler Social and Emotional Assess-
ment (Carter et al. 2003) (e.g., “Hurts other children on 
purpose”, “Acts aggressive when frustrated”). The full item 
list appears in supplementary Table S3. Items were rated on 
a 3-point Likert scale (0 = not true, 2 = definitely true) and 
averaged to create a total score (αWave1 = 0.82; αWave2 = 0.79). 
Exploratory factor analysis (EFA) using the principal factor 
solution indicated a one-factor solution, according to both 
the scree plot and Kaiser’s criterion (eigenvalue greater than 
1), accounting for 31% and 27% of the variance in age 11 
and 13, respectively.

For scales with no existing Hebrew version (SDQ being 
an exception), English items were adapted to Hebrew using 
a translation-back-translation procedure (Brislin 1980).
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Negative Emotionality

Mothers reported on their children’s NE at Wave 1, with 
the five-item Emotionality subscale (e.g., “Gets upset eas-
ily”) of the EAS questionnaire (Buss and Plomin 1984), 
using a 5-point Likert scale (1 = not characteristic or typi-
cal of your child, 5 = very characteristic or typical of your 
child). The items were averaged to create a total score 
(α = 0.80).

Parental Environment

Parental support and conflict with parents were measured 
as indicators of positive and negative parental character-
istics, respectively.

Parental Support   Adolescents reported their feelings of 
being loved and regarded by their parent using the Regard 
for Child subscale (e.g., “I know my parent loves me”) of 
the Parent Environment Questionnaire (PEQ; Elkins et al. 
1997). This subscale comprises ten items (five about moth-
ers and five about fathers, r = 0.59), measured on a 4-point 
Likert scale (1 = definitely not true, 4 = definitely true), and 
averaged into one score (α = 0.81).

Conflict with  Parents  Adolescents reported on their nega-
tive feelings and interactions with their parents using eight 
items of the Conflict With Parents subscale (e.g., “Me and 
my parent often argue”) of the PEQ (Elkins et  al. 1997) 
measured on a 4-point Likert scale (1 = definitely not true, 
4 = definitely true). Adolescents reported separately on con-
flict with their mothers and with their fathers (r = 0.66), and 
scores were averaged into one score (α = 0.89).

Peer Environment

Friend support and peer problems were measured as 
indicators of positive and negative peer characteristics, 
respectively.

Friend Support  Adolescents reported the extent to which 
they felt supported by their friends with the 4-item Friends 
subscale (e.g., “I can talk about problems with my friends”) 
of the Multidimensional Scale of Perceived Social Support 
(Zimet et al. 1988), using a 7-point Likert Scale (1 = very 
strongly disagree, 7 = very strongly agree) (α = 0.81).

Peer Problems  Mothers reported on their children’s prob-
lems with friendships and peers using the Peer Problems 
subscale of the SDQ (e.g., “Picked on or bullied by other 
children”; Goodman 1997). Items were averaged to create a 
total score (α = 0.69).

School Environment

Parents provided the name of children’s elementary school, 
which was used to retrieve data on schools’ characteristics, 
based on reports published by the Ministry of Education. 
Every year, the National Authority for Measurement and 
Evaluation in Education (RAMA) administrates surveys 
for teachers and students on the school’s social-emotional 
climate as part of the national standardized tests in select 
subjects (Hebrew, English, and Math). The test results 
and school climate surveys are published online (Minis-
try of Education n.d.). We used the measures of positive 
school climate as representing positive school character-
istics and school bullying as representing negative school 
characteristics.

The tests are administrated to three age groups and the 
age group relevant to our analysis is the 5th and 6th grade 
combined estimation. Every school is assessed once every 
three years. Therefore, we retrieved relevant data from the 
years 2015, 2016 and 2017 (Nadolescents = 245, 304 and 318, 
respectively). School measures were available for 867 (60%) 
of all adolescents, and 494 (66%) of the adolescents who 
participated at age 13. School measures were missing if we 
did not have the school’s name, or if there were no available 
reports on the school. In most families the twins attended 
the same school, but for 9% of families with available school 
data the twins attended different schools (mainly gender-
separated schools).

Positive School Climate  The score of general positive feel-
ing about the school comprised three items: “I like being in 
school”, “Even if I could have, I wouldn’t move to another 
school” and “I feel good at school”. Students answered these 
items on a 5-point Likert scale, and results are the percent-
age of students surveyed in the school that chose the top two 
agreement scale values (4 or 5). The average of the items’ 
percentages is published by RAMA and used here.

School Bullying  The school’s bullying measure com-
prised three total scores (computed by RAMA the same 
as described above): 1) Students’ lack of feeling protected 
(based on three items, e.g., “Sometimes I’m scared to go 
to school, because it has students who act violently”); 2) 
Engagement in violent incidents (based on nine items 
assessing general, extreme, or indirect bullying “In the last 
month”, e.g., “a student pushed me”; “a student bullied me 
into giving them money, food or other valuables”; “a student 
tried to convince other students not to speak with me or be 
my friends”); 3) Bullying in social media (based on four 
items, e.g., “In the last month someone started rumors about 
me on social media (e.g., WhatsApp, Facebook etc.,) with 
the aim to hurt me”). We averaged these three total scores 
into one school bullying measure (α = 0.68).
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Zygosity

Zygosity for same-sex twins was mainly assessed using 
DNA data (available for 51% of same-sex pairs). Most 
of the remaining sample’s zygosity was assessed using 
a parent questionnaire regarding physical similarity (see 
Vertsberger et al. 2019), which has shown 95% agreement 
with DNA measures (Price et al. 2000).

Data Analysis

Statistical analyses were conducted using RStudio (RStudio 
Team 2020) based on R 4.0.3 (R Core Team 2020). Pairwise 
deletion was used with correlations and listwise deletion 
was used with generalized linear mixed-effects modeling 
(GLMM). Packages used for the phenotypic moderation 
effects included the glmer function from the lme4 pack-
age (Bates et al. 2015) for conducting GLMM, and interac-
tions (Long 2019) for probing and plotting interactions. The 
genetic analyses used the umx package (Bates et al. 2019) 
for univariate analyses and OpenMx 2.18.1 (Boker et al. 
2011; Neale et al. 2016) for the moderation analyses.

Moderation Effects on the Phenotypic Variance 
in Externalizing Behavior

GLMM was used due to the dependency between twins from 
the same family and skewness of the dependent variable 
(i.e., EXT). To deal with the skewness of EXT, GLMM was 
fitted with an inverse gaussian distribution and the default 
link function 1

�2
 . These distribution and link functions were 

chosen based on model fitting, according to recommenda-
tions by Lo & Andrews (2015) (see supplementary 
Table S4). As this distribution takes only positive values, we 
added 1 to the mean EXT scores, transforming their range 
from 0–2 to 1–3.

To test the moderation effects of NE on the associations 
between environmental effects at age 11 with EXT at age 
13, we conducted a four-step hierarchical analysis. First, we 
tested the null model, where the only factor entered was the 
random effect of family (i.e., the nesting of twins within 
families). Second, we tested the change in EXT, by predict-
ing age 13 EXT from age 11 EXT, while adjusting for sex 
(1: female; 2: male) and method of participation at age 11 
(1: paper; 2: website). Third, we entered our moderator (NE) 
and six predictors (3 environmental domains x positive/neg-
ative aspects), which were all standardized to minimize scale 
differences. Fourth, we added the interaction terms between 
the environmental measures and NE.

Post-hoc analyses using the Johnson-Newman (J-N) tech-
nique (Preacher et al. 2006) were done on significant inter-
actions to identify the values of NE for which the slope of 

the environmental predictor was significant. That is, which 
adolescents show an association between the environmental 
predictor and EXT. We also probed interactions to examine 
which pattern of environmental sensitivity they demonstrate: 
diathesis-stress, differential susceptibility, or vantage sen-
sitivity. This was done by calculating the region of signifi-
cance (RoS; using an online calculator, Preacher et al. n.d.) 
with respect to the environmental predictor (X) (Roisman 
et al. 2012). With the use of RoS, it is possible to identify the 
range of predictor values (specifically the ends, − 2 SD/ + 2 
SD) for which simple slopes of high and low NE values 
differ from each other significantly. Diathesis-stress is sup-
ported if the simple slopes differ only in a “for worse” man-
ner, that is, only on the negative side of the environmental 
scale. Vantage sensitivity is supported if the simple slopes 
differ only in a “for better” manner, on the positive side of 
the environmental scale. Differential susceptibility is sup-
ported if the simple slopes differ “for better and for worse” 
on both sides of the environmental scale.

Moderation Effects on the Genetic and Environmental 
Variance in Externalizing Behavior

 Genetic analyses were conducted on EXT at age 11, as this 
sample was much larger than the age 13 sample, and twin 
analyses require large samples for sufficient power (Neale 
et al. 1994). Because variables included in the analyses had 
different variance magnitudes, we rescaled some of the vari-
ables to have the same order of magnitude throughout. The 
new descriptive statistics of the rescaled variables appear in 
supplementary Table S5. In both the univariate and multi-
variate moderation analyses we adjusted for the main effect 
of sex by inserting it as a covariate, and thus DZ same-sex 
and DZ other-sex twins were included as one group.

Twin designs generally compare similarity between MZ 
and DZ twins. The phenotypic variation in a trait is then 
typically decomposed onto three factors: genetic factors (A), 
shared environment factors (C) and nonshared environment 
factors (E). Details on the basic twin design and estima-
tion of the ACE components can be found in supplementary 
Note 2. For the univariate analyses, we first tested the full 
ACE model and then dropped nonsignificant path coeffi-
cients (where the 95% confidence interval included zero) and 
compared the two models. The more parsimonious model 
was chosen if model fit did not worsen after modifying the 
model.

The moderation effects on the genetic and environmental 
variance in EXT were fit to the raw data using full-infor-
mation maximum likelihood estimation, and modeled using 
an extended version of Purcell’s (2002) GxE twin model. 
A detailed explanation of the basic, bivariate, form of 
Purcell’s (2002) model appears in supplementary Note 3. 
The extended model allows incorporating more than one 
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moderator, along with the interaction between the modera-
tors. Using such modeling enables us not only to estimate 
the moderating effects of either NE or environmental effects 
on the expression of genetic and environmental variance in 
EXT, but importantly, also to estimate the moderation effect 
of their interaction.

We conducted six separate analyses, where NE and one of 
the six environmental variables were treated as moderators. 
The general scheme for our moderation models is presented 
in Fig. 1, where M represents the currently analyzed environ-
mental variable. Path coefficients with a dot (∙) in their sub-
scripts are conditioned upon the moderators. For example,

That is, in the full model with both moderators and their 
interaction, the effect of the first genetic factor ( A

1
 ) on the 

third variable (EXT) is estimated as the sum of its unmoder-
ated effect a

130
 , its effect moderated by M ( a

131
 ), its effect 

moderated by NE ( a
132

 ), and finally, its effect moderated 
by the interaction between M and NE ( a

133
 ). Similarly, 

the effects of the second and third genetic factors can be 
described as follows:

Therefore, a2
13⋅

 represents moderated additive-genetic 
variance common to EXT and the environmental vari-
able, a2

23⋅
 represents moderated additive-genetic variance 

common to NE and EXT, and a2
33⋅

 represents moderated 
additive-genetic variance unique to EXT. As the result of 
interest is the total genetic variance in EXT, we calculated 
the value of a2

13⋅
+ a

2

23⋅
+ a

2

33⋅
 , as a function of different 

M and NE values. Substitution of e for a in the preced-
ing symbols yields the analogous case for the nonshared-
environmental variance components.

In the analysis of each environmental variable, we fit-
ted 3 models. In Model 0, a “no moderation” model, all 
moderation coefficients (all coefficients with subscripts 
ending in “1”, “2”, or “3”) were fixed to zero. In Model 1, 
a “two moderators” model, the “first-order” moderation 
coefficients, that is the moderation effects of the environ-
mental variable, M, and negative emotionality, NE (i.e., 
coefficients with subscripts ending in “1” or “2”, but not 
those ending in “3”) were freely estimated. In Model 2, 
the “full moderation” model, all moderation coefficients 
were freely estimated, adding the moderation effects of 
the interaction between the environmental variable and 
NE. In each analysis, we selected from these three models 
the one that had the smallest AICc (sample-size corrected 
Akaike’s Information Criterion).

a
13⋅

= a
130

+ a
131

(M) + a
132

(NE) + a
133

(M)(NE)

(1)
a
23⋅

= a
230

+ a
231

(M) + a
232

(NE) + a
233

(M)(NE)

a
33⋅

= a
330

+ a
331

(M) + a
332

(NE) + a
333

(M)(NE)

Results

Descriptive statistics and correlations for all key measures 
appear in Table 1. First, EXT at age 11 and EXT at age 
13 are highly correlated, indicating stability. EXT at both 
ages demonstrated a similar pattern of associations with 
our age 11 predictors: positive associations were found with 
NE and with the negative aspects of all three environmental 
domains—conflict with parents, peer problems and school 
bullying (the latter was significant only with EXT at age 11). 
In contrast, a significant negative association was found only 
with parental support and friend support at age 11, but not 
with the school’s positive aspects. This demonstrates that 
different aspects of adolescents’ environment at age 11, i.e., 
when our predictors were measured, are associated with the 
levels of EXT they show at age 13.

Within each environmental domain, the positive and neg-
ative aspects exhibited negative associations with each other, 
that is, the more parental support adolescents received, the 
less conflict they experienced with their parents; the more 

Fig. 1   Path diagram for the genetic moderation models. Diagram 
depicts only one twin’s part of the model, and only the A and E com-
ponents, as the univariate analysis of externalizing behavior found 
no C component; the latent A variables would covary with the co-
twin’s latent A variables according to zygosity. A refers to sources of 
additive-genetic variance, and E refers to sources of nonshared-envi-
ronmental variance; some environmental variables had shared-envi-
ronmental variance in addition to or instead of additive-genetic vari-
ance (not depicted in figure). All latent variables have a variance of 
1.0 (not depicted), and all manifest variables are adjusted for the main 
effects of sex (not depicted). M environmental variable, NE Negative 
emotionality, EXT Externalizing at age 11. As explained in the main 
text, path coefficients with a dot (∙) in their subscripts are conditioned 
upon the putative moderators
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friend support adolescents received, the less peer problems 
their mothers reported that they have; and the more students 
at the school reported a positive school climate, the less they 
reported on bullying incidents in the school. Within the posi-
tive environmental aspects, parent and friend support were 
positively associated, but there were no associations with 
positive school climate. There were no associations within 
the negative environmental aspects. Finally, NE was posi-
tively associated with the parental and peer negative envi-
ronmental aspects, and negatively associated with parental 
support.

We found two significant sex differences using inde-
pendent t-tests with a Bonferroni adjusted alpha level 
of 0.007 (0.05/7). Boys were higher than girls on EXT 
at both ages (t11(1262.6) = 4.85, p11 < 0.001, d11 = 0.27; 
t13 (700.17) = 3.23, p13 = 0.001, d13 = 0.24; Mgirls = 1.27, 
1.23; SDgirls = 0.27, 0.24; Mboys = 1.35, 1.29; SDboys = 0.33, 
0.29; for age 11 and 13, respectively), while girls scored 
higher than boys on parental support (t(1006.4) = 4.42, 
p < 0.001, d = 0.27; Mgirls = 3.77, SDgirls = 0.31; Mboys = 3.68, 
SDboys = 0.38). Analyses were therefore adjusted for sex.

Moderation Effects on the Phenotypic Variance 
in Externalizing Behavior

Table 2 presents the GLMM results testing the environmen-
tal and interaction effects on EXT at age 13. Environmen-
tal predictors had no main effects on EXT at age 13 after 
adjusting for sex and EXT at age 11. NE had a significant 
effect on EXT only in the full model, where the interac-
tion effects were included. Several significant interactions 
between NE and environmental variables emerged above and 
beyond the continuity of EXT. Specifically, parental sup-
port and peer problems predicted EXT development from 
age 11 to age 13, depending on adolescent’s NE during the 
environmental exposure. In addition, the interaction between 

NE and positive school climate was marginally significant, 
but we proceeded to examine it to see if we can identify 
individuals who are more sensitive than others to environ-
mental influences, as this was our main interest. Compar-
ing the main effects model to the interaction effects model 
revealed that the interactions’ model had a better model fit 
(χ2

diff(6) = 26.78, p < 0.001).

Individual Differences in Sensitivity to Parent Effects

Parental support, but not conflict with parents, showed 
a significant interaction: high-NE adolescents showed 
less EXT when receiving more parental support, but low-
NE adolescents showed more EXT when receiving more 
parental support (Fig. 2A.1). This pattern was supported 
by the J-N intervals, where the slope of parental support 
is significant for both high and low NE values (outside of 
-1.58 SD and 0.35 SD; Fig. 2A.2). The interaction between 
parental support and NE is compatible with the diathe-
sis-stress pattern (RoS on X outside of 0.05 SD and 2.42 
SD). That is, the difference between adolescents high and 
low on NE is expressed when they receive less parental 
support.

Individual Differences in Sensitivity to Peer Effects

In contrast to the parent effects, a significant interaction 
was found between NE and the negative, but not positive, 
aspect of peer effects (Table 2). While high-NE adoles-
cents showed more EXT if they had more peer problems, 
low-NE adolescents showed an opposite association– they 
had less EXT if they had more peer problems (Fig. 2B.1). 
This pattern was supported by the J-N intervals, with the 
peer problems slope being significant for both high and 
low NE values (outside of the NE levels of − 1.19 SD 

Table 1   Available sample sizes, means, standard deviations, and correlations for key variables

N = represents the number of adolescents for which there is available data for each variable. Means (M) and SD’s = are presented here in the 
original scales before standardizing or rescaling, except for externalizing measures that are presented in the transformed scales, but before rescal-
ing. EXT = Externalizing behavior, NE = Negative emotionality, School climate = Positive school climate. * p < .05. ** p < .01

Variable N M SD 1 2 3 4 5 6 7 8

1. EXT 11 1317 1.31 0.30
2. EXT 13 747 1.26 0.27 .67**
3. NE 1280 2.89 0.86 .43** .33**
4. Parental support 1084 3.73 0.35 − .14** − .13** − .09**
5. Conflict parents 1085 1.90 0.54 .25** .24** .20** − .48**
6. Friend support 1136 4.95 1.24 − .07* − .02 − .03 .22** − .13**
7. Peer problems 1317 0.51 0.48 .19** .21** .18** − .06 − .02 − .22**
8. School climate 853 76.02 11.12 − .04 − .01 .02 − .02 − .05 − .03 − .04
9. School bullying 853 6.16 2.42 .11** .08 .05 .00 .02 .03 .05 − .64**



500	 Behavior Genetics (2021) 51:492–511

1 3

Ta
bl

e 
2  

R
es

ul
ts

 o
f h

ie
ra

rc
ha

l G
LM

M
 fo

r t
he

 m
od

er
at

ed
 p

he
no

ty
pi

c 
eff

ec
ts

 o
f e

nv
iro

nm
en

ta
l f

ac
to

rs
 a

t a
ge

 1
1 

on
 e

xt
er

na
liz

in
g 

be
ha

vi
or

 a
t a

ge
 1

3

C
I =

 c
on

fid
en

ce
 in

te
rv

al
, E

X
T 

=
 E

xt
er

na
liz

in
g 

be
ha

vi
or

, N
E 

=
 N

eg
at

iv
e 

em
ot

io
na

lit
y,

 S
ch

oo
l c

lim
at

e 
=

 P
os

iti
ve

 sc
ho

ol
 c

lim
at

e.
 S

ig
ni

fic
an

t e
ffe

ct
s a

pp
ea

r i
n 

bo
ld

 ty
pe

. † p <
 .1

0

Pr
ed

ic
to

rs
Th

e 
nu

ll 
m

od
el

C
on

tro
l v

ar
ia

bl
es

M
ai

n 
eff

ec
ts

In
te

ra
ct

io
n 

eff
ec

ts

Es
tim

at
es

 [9
5%

 C
I]

p
Es

tim
at

es
 [9

5%
 C

I]
p

Es
tim

at
es

 [9
5%

 C
I]

p
Es

tim
at

es
 [9

5%
 C

I]
p

In
te

rc
ep

t
0.

70
 [0

.6
8,

 0
.7

3]
 <

 0.
00

1
1.

31
 [1

.2
3,

 1
.4

0]
 <

 0.
00

1
1.

19
 [1

.0
2,

 1
.3

7]
 <

 0.
00

1
1.

16
 [0

.9
8,

 1
.3

3]
 <

 0.
00

1
EX

T 
11

−
 0

.4
6 

[−
 0

.5
0,

 −
 0

.4
2]

 <
 0.

00
1

−
 0

.4
0 

[−
 0

.4
6,

 −
 0

.3
4]

 <
 0.

00
1

−
 0

.4
0 

[−
 0

.4
6,

 −
 0

.3
4]

 <
 0.

00
1

Se
x

−
 0

.0
3 

[−
 0

.0
5,

 −
 0

.0
0]

0.
02

3
−

 0
.0

2 
[−

 0
.0

5,
 0

.0
1]

0.
24

3
−

 0
.0

3 
[−

 0
.0

6,
 0

.0
0]

0.
07

7
M

et
ho

d 
11

0.
01

 [−
 0

.0
6,

 0
.0

8]
0.

74
1

0.
05

 [−
 0

.1
1,

 0
.2

1]
0.

56
3

0.
10

 [−
 0

.6
6,

 0
.2

6]
0.

24
0

N
E

−
 0

.0
1 

[−
 0

.0
3,

 0
.0

0]
0.

14
9

−
 0

.0
2 

[−
 0

.0
4,

 −
 0

.0
0]

0.
02

6
Pa

re
nt

 su
pp

or
t

0.
01

 [−
 0

.0
0,

 0
.0

3]
0.

10
1

0.
01

 [−
 0

.0
1,

 0
.0

3]
0.

38
1

C
on

fli
ct

 p
ar

en
ts

−
 0

.0
2 

[−
 0

.0
3,

 0
.0

0]
†

0.
06

7
−

 0
.0

2 
[−

 0
.0

3,
 0

.0
0]

†
0.

05
5

Fr
ie

nd
 su

pp
or

t
−

 0
.0

2 
[−

 0
.0

3,
 0

.0
0]

†
0.

05
4

−
 0

.0
2 

[−
 0

.0
3,

 0
.0

0]
†

0.
05

2
Pe

er
 p

ro
bl

em
s

−
 0

.0
1 

[−
 0

.0
3,

 0
.0

1]
0.

40
4

0.
00

 [−
 0

.0
2,

 0
.0

2]
0.

71
4

Sc
ho

ol
 c

lim
at

e
−

 0
.0

2 
[−

 0
.0

5,
 0

.0
1]

0.
26

9
−

 0
.0

2 
[−

 0
.0

5,
 0

.0
2]

0.
33

0
Sc

ho
ol

 b
ul

ly
in

g
−

 0
.0

2 
[−

 0
.0

5,
 0

.0
1]

0.
24

9
−

 0
.0

1 
[−

 0
.0

4,
 0

.0
2]

0.
46

3
Pa

re
nt

 su
pp

or
t x

 N
E

0.
03

 [0
.0

1,
 0

.0
4]

0.
00

1
C

on
fli

ct
 p

ar
en

ts
 x

 N
E

0.
01

 [−
 0

.0
1,

 0
.0

2]
0.

41
5

Fr
ie

nd
 su

pp
or

t x
 N

E
0.

00
 [−

 0
.0

2,
 0

.0
1]

0.
53

6
Pe

er
 p

ro
bl

em
s x

 N
E

−
 0

.0
3 

[−
 0

.0
4,

 −
 0

.0
1]

0.
00

4
Sc

ho
ol

 c
lim

at
e 

x 
N

E
0.

02
 [−

 0
.0

0,
 0

.0
4]

†
0.

09
4

Sc
ho

ol
 b

ul
ly

in
g 

x 
N

E
0.

00
 [−

 0
.0

3,
 0

.0
2]

0.
69

2
R

an
do

m
 e

ffe
ct

s
σ2

0.
02

0.
01

0.
01

0.
01

τ 0
0 

(fa
m

ili
es

)
0.

03
0.

02
0.

02
0.

02
IC

C
0.

61
0.

65
0.

67
0.

68
N

37
4 

fa
m

ili
es

31
2 

fa
m

ili
es

20
1 

fa
m

ili
es

20
1 

fa
m

ili
es

O
bs

er
va

tio
ns

74
7

62
3

38
4

38
4

-2
 lo

g-
lik

el
ih

oo
d

-3
98

.3
6

−
 7

50
.1

38
−

 5
03

.3
72

−
 5

30
.1

48



501Behavior Genetics (2021) 51:492–511	

1 3

and 0.98 SD, Fig. 2B.2). Probing the peer problems-NE 
interaction revealed that high-NE and low-NE adolescents 
differed significantly in the high end of the peer problems 
scale (RoS on X outside of − 3.00 SD and − 0.05 SD), a 
pattern that is compatible with diathesis-stress.

Individual Differences in Sensitivity to School Effects

School effects demonstrated a marginally significant 
interaction with NE for the positive, and not negative, 

aspect of the school – positive school climate (Table 2). 
Nevertheless, we chose to probe the interaction to 
understand whether there was a significant association 
between positive school climate and EXT for some ado-
lescents. Interestingly, low-NE adolescents that attended 
schools with a higher positive climate exhibited more 
EXT (Fig. 2C.1). This is supported by the J-N intervals 
(Fig. 2C.2), where the slope of positive school climate is 
significant only for low NE values (inside of -3.82 SD and 
-1.77 SD). RoS analysis found that the slope for low-NE 

Fig. 2   Significant interactions between environmental effects and negative emotionality on externalizing behavior. On the left the interaction plot 
is presented, and on the right the Johnson-Neyman intervals are presented, for significance of predictor slopes
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adolescents differs in the lower end of the scale (RoS on 
X inside of -4.31 SD and 0.06 SD), indicating that the 
effect on EXT comes from low positive school climate, 
i.e., compatible with a diathesis-stress pattern.

Alternative Analytic Approaches

As our predictors are reported by different sources, miss-
ing values substantially reduced sample size for the full 
model. Therefore, we also examined separate models for 
each environmental domain (parents, peers, school). The 
conclusions remained largely the same, with the excep-
tion that the parenting main effects were now signifi-
cant, and the positive school climate-NE interaction now 
outside of the marginally significant range (p = 0.126; 
see supplementary Table S6). In addition, as interpret-
ing between-subject effects is complicated when using 
GLMM (Fitzmaurice et al. 2004), we also analyzed the 
phenotypic moderation effects using Generalized Esti-
mating Equations (GEE). The results remained largely 
the same as in our main analysis, with the main effect 
of conflict with parents becoming significant, the peer 
problems-NE interaction becoming marginally significant 
(p = 0.082), and the school-climate-NE interaction non-
significant (p = 0.135; see supplementary Table S7).

Summary of Moderation Effects on the Phenotypic Variance

High-NE adolescents showed sensitivity to aspects of both 
the parental and peer environment, in the expected direction: 

they demonstrated more EXT when exposed to non-support-
ing parents and when having more peer problems. Low-NE 
adolescents, on the other hand, showed sensitivity to aspects 
of the school in addition to aspects of the parent and peer 
environments, but in the opposite, unexpected, direction: 
they demonstrated less EXT when exposed to non-support-
ing parents, when having more peer problems and when 
exposed to a less positive school climate.

Moderation Effects on the Genetic 
and Environmental Variance in Externalizing 
Behavior

Table 3 presents the MZ and DZ twin correlations, as 
well as the univariate model’s ACE components. Twin 
correlations and the univariate model were not calculated 
for school variables, as they are not measured on a per-
son-, or even familial, level, but rather by an entire class 
of students. Table 3 shows that EXT is highly heritable 
(66–72%) with the rest of the variance explained by non-
shared environmental effects (28–34%). NE was highly 
heritable as well (72%), as can be expected from tempera-
ment (Zentner and Bates 2008). The parental and peer 
problems variables demonstrated moderate to high herit-
ability (45–65%). The rest of the variance in the paren-
tal variables was explained by nonshared environment 
(38–55%), whereas peer problems showed a shared envi-
ronment effect (16%) as well as a nonshared environment 
effect (19%). Finally, friend support was the only variable 
that showed no genetic effect, but showed only environ-
mental effects, both shared (22%) and nonshared (78%). 

Table 3   Twin correlations and 
univariate ACE estimations for 
relevant variables

CI = confidence interval, MZ = monozygotic, DZ = dizygotic same- and other-sex, Ns = number of twin 
pairs for the correlations, A = additive genetic effects, C = shared environmental effects, E = nonshared 
environmental effects and error, EXT = Externalizing behavior, NE = Negative emotionality. The line in 
bold type refer to the model that best fitted the data. * Correlations which their 95% CI did not include zero

Variable Correlations Variance components estimates [95% CI]

MZ twins (N) DZ twins (N) A C E

EXT 11 .75* (130) .26* (521) .72 [.63, .79] 0 [0, .05] .28 [.21, .37]
   AE .72 [.63, .79] - .28 [.21, .37]

EXT 13 .73* (87) .23* (283) .66 [.55, .75] 0 [0, .10] .34 [.25, .45]
   AE .66 [.55, .75] - .34 [.25, .45]

NE .76* (127) .29* (506) .72 [.62, .79] 0 [0, .07] .28 [.21, .35]
   AE .72 [.65, .79] - .28 [.21, .35]

Parental support .46* (104) .21* (441) .45 [.24, .57] 0 [0, .19] .55 [.43, .67]
   AE .45 [.36, .57] - .55 [.43, 67]

Conflict parents .58* (104) .34* (441) .54 [.23, .70] .06 [0, .27] .40 [.30, .54]
   AE .62 [.52, .70] - .38 [.30, .48]

Friend support .27* (111) .21* (457) 0.05 [0, .39] .19 [0, .30] .76 [.61, .86]
   CE - .22 [.14, .30] .78 [.70, .86]

Peer problems .79* (130) .49* (521) .65 [.50, .81] .16 [.02, .28] .19 [.15, .25]
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As EXT, NE and the parental variables showed only 
genetic and nonshared environment effects, these were 
the components that were estimated in the corresponding 
moderation models (i.e., AE models). In contrast, as friend 
support showed no genetic effect, and as school variables 
are school-level measures, only the shared and nonshared 
environment effects were estimated in these moderation 
models (i.e., CE models).

When attempting to fit the genetic moderation models 
(Models 1 and 2) with peer problems and positive school 
climate as the environmental moderators, we encountered 
seemingly intractable numerical optimization difficulties, 
such that we could not obtain a solution that satisfied Open-
Mx’s convergence diagnostics. Despite our best efforts a 
credible solution could not be found. Detailed explanation 
and strategies employed are provided in supplementary Note 
4. Therefore, for peer problems and positive school climate 
we only report the results of Model 0, i.e., the model with 
no moderation effects. The results can be found as path dia-
grams in supplementary Figures S2 and S3. Peer problems 
had genetic correlations with both NE (rg = 0.213) and EXT 
(rg = 0.306) and a nonshared-environmental correlation with 
NE (re = 0.131), but not with EXT (re = − 0.030). As for 
positive school climate, as genetic effects were not estimated 
for this variable, its genetic correlations were not estimated, 
and it did not show nonshared-environmental correlations 
with NE (re = 0.067) or EXT (re = − 0.009). That is, there are 
common genetic, but not environmental, factors that cause 
adolescents to be higher both on EXT and on peer problems, 
and no common etiology for EXT and school climate.

Table 4 presents the fit indices for the moderation models 
of NE and the rest of the environmental measures on EXT 
etiology. For all environmental measures tested, a model 
with moderated effects had a better fit to the data than a 
model without any moderation effects (Model 0). Thus, the 
expression of genetic and environmental variance in EXT 
varies across different levels of NE and across different lev-
els of environmental exposure. Furthermore, for the parental 
domain and school bullying the genetic and environmental 
variances are also moderated by the interactive effects of NE 
and environment. That is, the moderating effects of parents 
and school on EXT etiology are dependent on adolescents’ 
NE levels. Results of the best fitting models are presented 
in Fig. 3, which shows variations in the unstandardized vari-
ance estimates as a function of NE and the environmental 
predictor. In addition, the results will be described individu-
ally, separately for the predictors where the two moderators 
model had the best fit, and for the predictors where the full 
model, with interaction effects, had the best fit.

Independent Moderation Effects for the Environment 
and NE

Only friend support showed moderation effects for the two 
predictors, but not for the interaction between them.

Friend Support  The expression of genetic variance in EXT 
slightly increased as NE increased, but the more pronounced 
difference seems to depend on friend support, where greater 
friend support increased genetic variance in EXT. That is, 
as adolescents are higher on NE and as they are exposed 
to more friend support, genetic differences between them 
become more important in EXT etiology. The expression of 
nonshared environment variance in EXT increased as NE 
increased across all values of friend support, but friend sup-
port had no effect on the expression of environmental vari-
ance. That is, as adolescents are higher on NE, the environ-
mental differences between them become more important in 
EXT etiology.

Table 4   Fit statistics for the moderation effects of negative emotion-
ality and environmental measures  on the genetic and environmental 
variance in externalizing behavior

AICc = Akaike Information Criterion with correction for sample 
size, No moderation = a model with no moderation effects, Two mod-
erators = a GxE model with two moderators, without the interaction 
between them, Full moderation = a GxE model with two modera-
tors and the interaction between them, NE = Negative emotionality, 
School climate = Positive school climate. Models that had the best fit 
to the data appear in bold type

Model AICc

Parental support x NE
 No moderation 14,040.86
 Two moderators 13,952.21
 Full moderation 13,952.07

Conflict parents x NE
 No moderation 14,904.24
 Two moderators 14,753.93
 Full moderation 14,741.97

Friend support x NE
 No moderation 14,709.76
 Two moderators 14,630.84
 Full moderation 14,634.58

School bullying x NE
 No moderation 12,879.01
 Two moderators 12,811.98
 Full moderation 12,797.24
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Interactive Moderation Effects of the Environment and NE

Parental support, parental conflict and school bullying 
showed both separate and interactive moderation effects of 
the environment and NE on the expression of genetic and 
environmental variance in EXT.

Parental Support  The expression of genetic variance in 
EXT is the greatest on the ends of both parental support 
and NE: it is high both for high and low levels of paren-
tal support, and high for high and low levels of NE, but 
not medium levels of both predictors. That is, genetic 
differences between adolescents are important in EXT 
etiology for high-NE adolescents who experience a lot 
of parental support, and even more important for adoles-
cents who are either low or high on NE, that experience 
low parental support. The nonshared environment vari-
ance in EXT, however, is substantial only for high-NE 
adolescents that are also exposed to low parental sup-
port. This indicates that environmental differences are 
important in EXT etiology for high-NE adolescents who 
experience low parental support.

Conflict with  Parents  The expression of genetic variance 
in EXT increased for high-NE adolescents as conflict with 
parents decreased, and for low-NE adolescents as conflict 
with parents increased. Genetic differences were the most 
important in EXT etiology when low-NE adolescents had 
high levels of conflict with their parents. The EXT non-
shared environment variance was high only for high-NE 
adolescents who also experience high levels of conflict with 
parents. That is, environmental differences between adoles-
cents are important in EXT etiology when high-NE adoles-
cents experience a lot of conflict with their parents.

School Bullying  The expression of genetic variance in EXT 
was high for high-NE adolescents both when school bul-
lying was low and high. The genetic variance in EXT was 
even greater for low-NE adolescents in schools high on bul-
lying. That is, when school bullying was low, genetic dif-
ferences between adolescents were important in EXT etiol-
ogy for high-NE adolescents, but when school bullying was 
high, genetic differences were important in EXT etiology 
for high-NE adolescents, and even more for low-NE adoles-
cents. The expression of nonshared environment variance in 

Fig. 3   Moderation analyses for the genetic and environmental variance in externalizing behavior. Changes in the unstandardized variance of 
externalizing are presented as a function of rescaled values of environmental exposure and negative emotionality for the best-fitting model
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EXT increased as school bullying increased, both for low-, 
and high-NE adolescents, however the environmental vari-
ance in EXT was greater for high-NE adolescents through-
out. That is, environmental differences between adolescents 
are important in EXT etiology mostly for high-NE adoles-
cents and mainly in schools with a lot of bullying.

Summary of Moderation Effects on the Genetic 
and Environmental Variance

Environmental differences were important in EXT etiol-
ogy for high-NE adolescents in all tested models, and only 
showed some importance for low-NE adolescents regard-
ing the school bullying effect. Genetic differences between 
adolescents were important in EXT etiology as NE and as 
the environmental exposure levels increased in the friend 
support model. However, in the parental domain and school 
bullying, the effect of the environment on the genetic vari-
ance in EXT depended on NE levels. Genetic differences 
between adolescents were more important in EXT etiology 
when adolescents didn’t experience parental support and 
attended high bullying schools, for both high-, and low-, 
NE adolescents. However, genetic differences were more 
important in EXT etiology when conflict with parents was 
low for high-NE adolescents, but when conflict with parents 
was high for low-NE adolescents.

Discussion

EXT during adolescence could have long term negative con-
sequences to the self and to others (Huesmann et al. 2009; 
Reef et al. 2011), therefore, it is important to understand 
what influences its development. Even though environmental 
effects were found both on the phenotypic and genetic vari-
ance of EXT, individual differences in sensitivity to such 
effects were studied only on the phenotypic level. Further-
more, effects of environmental aspects on EXT are usually 
studied individually, thus limiting our ability to understand 
which individuals are sensitive to which environmental 
influences. We found that both adolescents with high, and 
with low, levels of NE demonstrated sensitivity to environ-
mental influences on EXT, however, they presented different 
patterns of sensitivity. This was found both with the pheno-
typic and the genetic and environmental variance in EXT.

Moderation Effects on the Phenotypic Variance 
of Externalizing Behavior

To understand how environmental effects influence EXT 
development, we studied three key social domains—ado-
lescents’ parent, peer, and school environments. For each 
domain, we tested both positive and negative aspects. 

Furthermore, as theory and empirical findings suggest that 
environmental effects do not influence everyone to the same 
degree (Pluess 2015; Slagt et al. 2016), we tested how tem-
perament moderates the associations between environment 
and EXT. Specifically, we measured how the environment 
and NE at age 11 affect EXT at age 13, adjusting for sex 
effects and initial levels of EXT at age 11.

Whereas we did not find main effects, we did find some 
interaction effects of these environments and NE on EXT 
development from age 11 to age 13. Specifically, we found 
a significant interaction between parental support and NE, 
such that low levels of parental support were associated with 
more EXT in high-NE adolescents, and less EXT in low-NE 
adolescents. We also found a significant interaction between 
peer problems and NE, such that peer problems related to 
more EXT in high-NE adolescents but to less EXT in low-
NE adolescents. Finally, we found a marginally significant 
interaction between positive school climate and NE, that 
revealed a positive association between positive school cli-
mate and EXT for low-NE adolescents.

While various studies have demonstrated individual dif-
ferences in sensitivity to environmental influences on EXT 
(Lengua 2008; Pitzer et al. 2011; DiLalla et al. 2015; Rioux 
et al. 2015; De Laet et al. 2016; Janssens et al. 2017a; Tung 
et al. 2018), these studies focused on a narrow measurement 
of the environment, not addressing the issue of whether sen-
sitive individuals are generally more sensitive to any envi-
ronment, or rather are more sensitive to the effects of that 
particular environmental aspect or domain and might not 
be sensitive to others. This question was raised more gener-
ally in theoretical work regarding individual differences in 
environmental sensitivity and is questioning whether such 
differences are domain-general (individuals are either sen-
sitive to many environmental influences or not/much less 
sensitive), or domain-specific (different individuals are 
sensitive to different environmental effects) (Belsky 2005; 
Belsky and Pluess 2009, 2013; Ellis et al. 2011; Mitchell 
et al. 2013; Belsky and Hartman 2014; Hartman and Belsky 
2015). While theoretical and evolutionary thinking favors 
the domain-specific perspective, suggesting that the effects 
of different environmental inputs could have either costs or 
benefits depending on the context, thus creating individual 
differences in sensitivity to each of these different inputs 
(Belsky 2005; Markovitch and Knafo-Noam 2021), there is 
almost no empirical work testing this question.

However, some direct and indirect evidence for domain-
specificity is emerging. Two recent studies directly tested, 
and supported, the notion of domain-specificity of individual 
differences in environmental sensitivity. That is, different 
individuals were found to be sensitive to different environ-
ments (Belsky et al. 2021; Markovitch and Knafo-Noam 
2021). In addition, two studies tested individual differences 
in the effects of two environmental domains on EXT (within 
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the same sample), thus indirectly testing if the same indi-
viduals are sensitive to different environments (Janssens 
et al. 2017b; Tung et al. 2018). Similar to our findings, both 
studies found that only some of the moderating effects they 
tested were significant, indicating that the “sensitive” indi-
viduals might not be more sensitive to every aspect of the 
environment.

Investigating the interactions to identify which adoles-
cents are more influenced by their environment yielded inter-
esting results. As could be expected, high-NE adolescents 
(the typically “sensitive” individuals) showed significant 
associations between EXT and both parental support and 
peer problems. These associations were in the expected 
direction, with more EXT associated with less parental 
support and more peer problems. In contrast, low-NE ado-
lescents (typically “not sensitive”) also showed sensitivity 
to their environment, with significant associations between 
EXT and positive school climate, as well as with parental 
support and peer problems. These associations were not in 
an expected direction, with more EXT associated with less 
peer problems, more parental support and greater positive 
school climate.

A closer look on which adolescents demonstrated envi-
ronmental sensitivity in each end of the NE scale revealed 
substantial differences: whereas the high-NE adolescents 
who were sensitive to their parental and peer environments 
had a NE score of above 0.35 SD and 0.98 SD, respectively, 
low-NE adolescents who were sensitive to their environment 
had a score below − 1.19, − 1.58 and − 1.77 SD for the 
peer, parent, and school environments, respectively. As the 
minimum level for high-NE is close to the mean while the 
maximum level of low-NE is more extreme, this means that 
the sensitive high-NE group includes significantly more ado-
lescents than the sensitive low-NE group. Indeed, 19–40% 
of adolescents were in the high-NE group (depending on the 
cutoff value), and 3–13% of adolescents were in the low-NE 
group. This group size difference might be one of the rea-
sons that high-NE individuals are often found as sensitive to 
environmental influences and low-NE are not.

Even though the sensitive low-NE group might be smaller 
and thus under-represented in studies, careful examination of 
previous findings reveals a similar pattern of results. In some 
cases, when probing interactions between environmental fac-
tors and temperament on development, the group which is 
typically “not-sensitive” also showed a significant associa-
tion between the environmental exposure and the outcome 
(EXT, as well as internalizing problems, social competence 
and affect dysregulation) (Lengua 2008; Bush et al. 2010; 
Du Rocher Schudlich et al. 2011; Essex et al. 2011; Tung 
et al. 2018). As this pattern of findings is usually not part of 
the hypotheses, it is generally ignored or disregarded. How-
ever, as such findings add up, their accumulation suggests 
that it might present a real, under-researched, pattern that 

needs to receive theoretical and empirical attention moving 
forward.

In addition, we carefully suggest that further consideration 
should be given to the associations found in unexpected direc-
tions for low-NE adolescents. As such associations make little 
theoretical sense, these results might be spurious. However, 
this is not the first time that such results were found. Lengua 
(2008) found less EXT and internalizing problems in low-NE 
children exposed to more negative parenting practices. Such 
unexpected associations were also found for high-NE children. 
Both children high and low on NE demonstrated associations 
in the expected directions as well, depending on the parent-
ing practice, NE dimension and outcome. These findings were 
discussed individually according to the constructs involved, 
but we raise the possibility that Lengua’s and our findings 
might point to the existence of individuals who are sensitive 
to environmental influences in untrivial ways. Although fur-
ther evidence is needed before concluding that there is such a 
pattern of sensitivity, we suggest, with caution, two possible 
explanations for this pattern. First, because low-NE adoles-
cents are less expressive with their emotions, negative environ-
ments might strengthen these inward tendencies, thus decreas-
ing EXT, whereas positive environments suppress the inward 
tendencies, enabling adolescents to be more outward toward 
the world, expressed, among other ways, in EXT. Second, the 
same environmental input might be perceived and processed 
differently for individuals low and high on NE, enabling oppo-
site developmental outcomes. Future work should address the 
existence of such a pattern and its underlying mechanism.

More generally, our findings demonstrate that, at least in 
the current context, there aren’t individuals who are sensitive 
to their environment and others who are not (domain-gener-
ality), but rather, that some individuals are sensitive to some 
aspects of the environment or in some ways, and others who 
are sensitive to other aspects or in other ways (domain-speci-
ficity). Our results thus add to the knowledge of two different 
research fields. First, they demonstrate the independent roles 
of each of the parent, peer, and school environments in EXT 
development, but only for some adolescents and not others. 
Such results emphasize the importance of a comprehensive 
investigation of environments to understand EXT develop-
ment, as well as the importance of individual differences 
in such effects. Second, our results also contribute to the 
field of individual differences in environmental sensitivity in 
general, providing support for patterns of domain-specificity. 
Human development depends on environmental inputs, but 
the study of such inputs is complex. The effects of different 
environments are interrelated and often are nested within 
each other (Bronfenbrenner and Morris 2006). None of them 
can be ignored, and most interestingly, our findings might 
suggest that they have rather different effects on the develop-
ing person, depending on the individual’s characteristics.
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Moderation Effects on the Genetic 
and Environmental Variance in Externalizing 
Behavior

Studies of individual differences in environmental sensitiv-
ity were done until now only on the phenotypic variance of 
traits. This is the first study to examine individual differences 
in environmental sensitivity using GxE twin models. This 
approach allows us to test individual differences not only on 
the observed variance of a trait, but also on its genetic and 
environmental variance, thus directly addressing the etiology 
of these individual differences. As our findings showed such 
interaction effects, this method could be considered as a new 
approach for testing individual differences in environmental 
sensitivity.

Specifically, we found that regarding the nonshared envi-
ronment variance, variation in environmental exposure was 
more important in EXT etiology as NE increased. Such find-
ings are in accordance with theoretical and empirical claims 
of higher environmental sensitivity in high-NE individuals 
(Slagt et al. 2016). These results might also be interpreted 
through the different models of individual differences in 
environmental sensitivity. The nonshared environment influ-
ences on EXT etiology were important for high-NE adoles-
cents only on the negative ends of the parental scales, sug-
gesting a diathesis-stress pattern, with high-NE adolescents 
vulnerable to negative (or lack of positive) environment. For 
friend support and school bullying, in contrast, the impor-
tance of the nonshared environment was high for high-NE 
adolescents all along the environmental scales, suggesting 
a pattern of differential susceptibility to both negative and 
positive environments.

An exception in the results of moderating effects on the 
nonshared environment variance in EXT was that differences 
in environmental exposure were somewhat important to 
EXT etiology, but to a lesser degree, for low-NE adolescents 
when school bullying levels were high. As low-NE adoles-
cents, who are the typically “not-sensitive”, showed sensitiv-
ity to school environmental effects on both the phenotypic 
and environmental EXT variance, this further supports the 
domain-specificity perspective, demonstrating that different 
individuals could be sensitive to different environmental 
influences, especially as school effects are not frequently 
studied in this context. It is important to note, however, that 
some of our environmental predictors were found to have a 
meaningful heritable variation, suggesting that the variance 
in these “environmental” variables is at least partly attribut-
able to heredity.

The results for the moderation effects on the expres-
sion of genetic variance in EXT are much more difficult 
to interpret under the framing of individual differences in 
environmental sensitivity. When a moderator moderates 
the expression of genetic variance, it is impossible to know 

whether these effects come from environmental suppression 
of genetic tendencies, causing under-expression, or rather 
that environmental effects facilitate genetic tendencies, caus-
ing over-expression. When testing the moderating effects 
of friend support on the genetic variance, the importance 
of genetic differences in EXT etiology increased as friend 
support increased, and to a lesser degree as the level of NE 
increased. This means that more friend support enables 
genetic tendencies for EXT to manifest, regardless of NE 
levels.

In contrast, the moderating effects of the parental domain 
and school bullying on the expression of genetic variance 
were moderated by NE. With parental support, for high-NE 
adolescents both positive parental environment and the lack 
of it enable genetic tendencies for EXT to manifest. It further 
seems that the lack of parental support facilitates genetic 
tendencies for EXT not only for high-NE adolescents, but 
for low-NE adolescents as well. Conflict with parents dem-
onstrated a different pattern. Whereas high levels of conflict 
with parents facilitate genetic tendencies for EXT in low-NE 
adolescents, low levels of conflict with parents may facili-
tate genetic tendencies for EXT in high-NE adolescents. 
Finally, high levels of school bullying enable genetic ten-
dencies for EXT to manifest in low-NE adolescents and to a 
lesser degree in high-NE adolescents, for which low levels 
of school bullying also facilitate genetic tendencies for EXT. 
This shows that different individuals, both those high and 
low on NE, are affected by their environment, but differently, 
further supporting domain-specificity.

The results from the genetic analyses mirror, to some 
extent, the results from the phenotypic analyses. Unfortu-
nately, only one of the significant interactions in the phe-
notypic analysis could also be tested in the genetic analysis 
– the interaction between parental support and NE. While 
the phenotypic analysis found that both adolescents high, 
and low, on NE were sensitive to the influences of low 
parental support, the genetic analysis showed that the effect 
for high-NE adolescents comes from influencing both the 
genetic and environmental variance in EXT, and the effect 
for low-NE adolescents comes from influencing only the 
genetic variance in EXT. More generally, our results empha-
size the importance of both personal and environmental 
factors to EXT etiology, similar to their importance for the 
phenotypic development of EXT.

Strengths, Limitations and Future Directions

This study has several strengths, both conceptual and meth-
odological. First, the present study was the first to apply 
Purcell’s (2002) GxE twin model to study individual differ-
ences in environmental sensitivity, by using both environ-
mental and personal moderators in the model. Even though 
this method allows for a new approach to study individual 



508	 Behavior Genetics (2021) 51:492–511

1 3

differences in environmental sensitivity and adds the per-
spective of its effects on the etiology of traits, its use is lim-
ited due to the sample size that is required to estimate such 
a complex model. Second, to gain a rather comprehensive 
understanding of environmental effects on EXT development 
during adolescence, we tested a wide range of environmental 
effects in the same sample, concerning positive and negative 
aspects of the parent, peer, and school domains. Third, this 
study used a multi-informant design, gathering information 
from adolescents, their parents, and official data assembled 
by the Ministry of Education. Fourth, this study showed lon-
gitudinal effects, of how aspects of the adolescent’s environ-
ment at age 11 affect their level of EXT at age 13, beyond 
the continuity of this behavior. It is important to note that 
in Israel, children typically attend elementary school until 
around age 12, then transferring to middle school. Therefore, 
when we measured EXT at age 13, most of our participants 
attended a different school than at the time of the school’s 
measurements. This means that at least for some adoles-
cents, the characteristics of their previous school, and spe-
cifically the school’s positive climate, affected their current 
level of EXT, beyond its concurrent effect.

Future work should address several additional issues. 
First, the created EXT factor in our sample was not as reli-
able as we would like, explaining only 27–31% of the vari-
ance. This emphasizes the breadth of the construct of EXT, 
requiring further research to find a well-defined measure and 
replicate our findings with it. Second, even though we had 
quite a large sample size, it is not ideal for assessing many 
estimates within twin models. The age 13 sample was even 
smaller, preventing us from testing the effects on EXT eti-
ology longitudinally. Future studies should aim to replicate 
our findings in a larger sample, as well as test it longitudi-
nally. Third, although we tested a range of environmental 
influences on the adolescent, these do not begin to cover 
the range of social stressors the adolescent is exposed to. 
Therefore, future studies should explore individual differ-
ences in the influences of additional social domains, such as 
the neighborhood and romantic relationships, and of further 
aspects of the social domains included in the present study. 
Fourth, our multi-informant design enabled us to control for 
biases in report to some extent, but not fully (e.g. maternal 
reports on both NE and EXT). Future studies should aim to 
replicate our results with measures which are aggregated 
across different informants, excluding the option of single 
informant bias. Fifth, even though measuring the school 
environment at the school-level could be a more objective 
representation of the environment the individual is exposed 
to, it might not reflect their own feelings about the school. 
Future studies should test whether the current findings rep-
licate when the school environment is measured at the indi-
vidual level. Sixth, the current sample is relatively privi-
leged as indicated by high levels of maternal education (see 

supplementary Note 1), which may lead to lower negative 
outcomes such as EXT. Future work should study varied 
samples. Finally, our results provide important support for 
domain-specificity in environmental sensitivity, but they are 
preliminary. Thus, future studies should aim to collect more 
evidence, on a broader variation of environments, outcomes, 
sensitivity markers, developmental periods, and samples.

Another possible limitation might relate to the interpre-
tation of gene-environment interplay type. That is, even 
though we focus on GxE, gene-environment correlations 
(rGE) might also be at play. When estimating the genetic 
models without moderation effects, we were able to directly 
estimate the genetic correlation between EXT and peer 
problems, seemingly an “environmental” variable, and the 
existence of such a correlation can be seen as an example 
for rGE (Hasenfratz et al. 2015). However, Purcell’s (2002) 
moderation model estimates genetic variance in the modera-
tors, as well as genetic correlations between the moderators 
and trait of interest (see supplementary Note 3), enabling 
to estimate GxE when there may be a genetic correlation 
between the moderator and trait of interest. As the moderator 
is typically, and in our case, regarded as an “environmental” 
variable, the model enables the interaction to be estimated 
beyond such rGE.

Conclusions

Our findings contribute to the literatures on both EXT and 
individual differences in environmental sensitivity. We 
demonstrate how, even when incorporating several envi-
ronmental effects in the same analyses, different environ-
mental domains influence EXT development above and 
beyond the effects of the other domains, but only when 
considering individual differences in temperament. We 
further found that personal and environmental characteris-
tics, and in some contexts their interactions, are important 
for EXT etiology, as expressed in the genetic and envi-
ronmental variance in EXT. Thus, our findings stress the 
importance of considering both a comprehensive account 
of the individual’s environment and person-based charac-
teristics that might moderate these effects when studying 
EXT development.

The implications to the literature on individual differ-
ences in environmental sensitivity are twofold. First, our 
study offers a new approach to test individual differences in 
environmental sensitivity, by employing environmental and 
personal moderators in GxE twin models. Using these meth-
ods adds the possibility to understand whether the combined 
effects of the environment and the person affect development 
by influencing the genetic or the environmental variance. 
Second, our study joins the previous few studies (Belsky 
et al. 2021; Markovitch and Knafo-Noam 2021) that have 
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found some evidence for domain-specificity of individual 
differences in environmental sensitivity, further supporting 
the possibility that individuals should not be treated as either 
sensitive to their environment or not, but rather that differ-
ent individuals can be sensitive to different environmental 
influences or in different ways.
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