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Abstract

Aims: Here we report the results of the first systematic investigation of genetic and
environmental influences on 57 psychological traits covering major issues in
emerging adulthood such as aspirations, thoughts and attitudes, relationships and
personality. We also investigate how these traits relate to physical and mental
health, educational attainment and wellbeing.

Materials & Methods: We use a sample of nearly 5000 pairs of UK twins aged 21-
25 from the Twins Early Development Study. We included 57 measures of traits
selected to represent issues in emerging adulthood (EA) such as aspirations,
thoughts and attitudes, life events, relationships, sexual and health behaviour and
personality. We also included measures related to what are often considered to be
the core functional outcomes even though here we refer to the data collected at the
same time: adverse physical health, adverse mental health, wellbeing, and education.
Results: All 57 traits showed significant genetic influence, with an average herita-
bility of 34% (SNP heritability ~10%). Most of the variance (59% on average) was
explained by non-shared environmental influences. These diverse traits were
associated with mental health (average correlation 0.20), wellbeing (0.16), physical
health (0.12) and educational attainment (0.06). Shared genetic factors explained
the majority of these correlations (~50%). Together, these emerging adulthood
traits explained on average 30% of variance in the outcomes (range = 8% to 69%),
suggesting that these traits relate to the outcomes additively.

Discussion & Conclusions: We conclude that even as the majority of individual
differences in EA traits is explained by non-shared environmental factors, genetic
influence on these traits is still substantial; the environmental uncertainties of
emerging adulthood in the 21st century do not diminish the importance of genetics.
As adolescents travel down long and winding roads to adulthood, their trip is
substantially influenced by genetic proclivities that nudge them down different
paths leading to different destinations.

KEYWORDS
behavioural genetics, emerging adulthood, mental health, personality, physical health,
wellbeing
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INTRODUCTION

The winding road to adulthood is the subtitle of the field-defining
book on emerging adulthood (EA) by Jeffrey Arnett (Arnett, 2004,
2015). The book documents the recent societal changes—for
example, insecure employment, unstable relationships, difficulties in
owning a home—that have prolonged the transition from adolescence
to adulthood, a process which he called emerging adulthood. The
transition from adolescence to adulthood is marked by instability,
self-focus, feeling in-between, exploring identity in work and love,
and an optimistic sense of possibilities.

More than 6000 papers, primarily in psychology and psychiatry,
have investigated emerging adulthood. Most of these are normative,
describing average changes that take place during the twenties
(Arnett, 2016). An enormous menu of experiences is on offer during
emerging adulthood for exploring self, relationships, aspirations, at-
titudes, autonomy and occupations. The bespoke nature of these
experiences is amplified by the Internet and social media. The current
generation of 20+-year-olds is the first generation of digital natives.
However, the paths individuals take can vary widely. Much less is
known about individual differences, which are a key feature of
emerging adulthood as the transition to adulthood is less lock-
stepped than in the past.

Genetic and environmental analyses of individual differences in
emerging adulthood have been reported for domains that are
assessed throughout the life course (Bergen et al., 2007). These
include psychopathology (Polderman et al., 2015), personality (Tur-
kheimer et al, 2014) and cognitive abilities (Briley & Tucker-
Drob, 2013). However, much less is known about the genetic and
environmental aetiology of individual differences in traits especially
salient in emerging adulthood, such as identity, aspirations, and re-
lationships. Two exceptions are political orientation and participation
(Hufer et al., 2020; Kornadt et al., 2018) and religiousness (Koenig
et al, 2008). Interestingly, these studies generally suggest greater
genetic influence and less shared environmental influence in
emerging adulthood than in adolescence, especially for political ide-
ology (Hatemi & McDermott, 2012).

The great heterogeneity of experience during emerging adult-
hood suggests the hypothesis that environmental differences are
especially important. These environmental factors could be societal
or historical or could be explained by family environment or socio-
economic factors. In addition, environmental factors specific to the
individual could play an important role, such as health-related fac-
tors, relationships and employment (Wood et al., 2018). A refinement
of this hypothesis of heightened environmental influence is that any
residual effect of family environment is overwhelmed as emerging
adults make their own way in the world. The instability and uncer-
tainty of emerging adulthood produces idiosyncratic experiences that
nudge individuals down different paths. Such experiences are not
likely to be shared by siblings, which in behavioural genetics is called
non-shared environment. Therefore, non-shared environment,
defined as all environmental factors that do not contribute to simi-
larities between siblings growing up in the same family, could play an
important role in emerging adulthood (Knopik et al., 2017).

A less obvious possibility is that, despite the heterogeneity of
environmental experiences in emerging adulthood, genetic influence

Key points
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major issues in emerging adulthood showed an average
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average 30% of variance in the outcomes (range = 8 to
69%), suggesting that these traits relate to the outcomes
additively

on individual differences remains substantial. When a larger propor-
tion of individual differences is explained by environmental factors, as
is expected in emerging adulthood traits, then a smaller proportion of
variance is explained by inherited DNA differences between people
(Knopik et al., 2017). However, genetic factors could still be important,
which is the trend found in the few relevant twin studies of emerging
adulthood (Hufer et al., 2020; Koenig et al., 2008; Kornadt et al., 2018).
One major mechanism by which genotypes become phenotypes is by
affecting how individuals select, modify and create experiences in part
on the basis of their genetic propensities. This is called gene-
environment correlation, that is, the environmental factors in-
dividuals choose are correlated with individuals' genetic propensities
(Knopik et al., 2017). For this reason, it is possible that the instability
and uncertainties of emerging adulthood create more opportunities
for individuals to make choices and select increasingly diverse life
experiences that are correlated with their genotypes.

The specific choices, aspirations, thoughts and feelings of
emerging adults are likely to be related to outcomes such as physical
and mental health, wellbeing and educational attainment (Bonnie
et al,, 2015; Johnson et al, 2011). The extended transition from
adolescence to adulthood is associated with a prolonged period of
risk-taking, decision-making and self-regulation with markedly less
parental control and parental influence on lifestyle, exercise and diet
(Bonnie et al., 2015). These factors are all prone to be associated with
physical and mental health and wellbeing. Emerging adults, for the
first time, can make decisions about their daily life, such as sleeping,
eating, exercise and entertainment. These decisions are likely to be
linked to their personality and life goals, relationships and aspirations
for life (Harris et al., 2006).

On average, the physical health of emerging adults tends to be
better than that of older adults. For example, 96% of the US
emerging adults report being in excellent, very good or good health
(Park et al., 2006). Nonetheless, emerging adults differ, and poor

health during this period predicts early onset of chronic conditions
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such as cardiovascular problems that increase in general later in life
(Tanner, 2016; Yaffe et al., 2014). However, little is known about how
psychological traits, especially salient in emerging adulthood, are
associated with individual differences in physical health.

Unlike physical illness, mental illness is highly prevalent during
emerging adulthood, as most mental illness begins to emerge by
adolescence (Kessler et al., 2005; Tanner, 2016). The US National
Survey of Comorbidity reports that up to 44% of young adults meet the
criteria for a mental health disorder in a given year. Also important is
wellbeing which is more than the absence of mental illness and is
broadly defined as a spectrum of positive feelings and positive life
assessments (Bartels, 2015). It is likely to be related to many traits
especially relevant to emerging adulthood (Ong & Bergeman, 2004;
Ong et al., 2006; van de Weijer et al., 2020; Veenhoven, 2008). For
example, personality traits, especially neuroticism and extraversion,
play a role in individual differences in wellbeing and mental health
(Anglim et al., 2020; Baselmans et al., 2019). However, little is known
about the causes and correlates of wellbeing or mental health and
illness during emerging adulthood.

Another key outcome in emerging adulthood is educational
attainment, often defined as years spent in education, for those who
continue their education beyond compulsory schooling. This is
especially important since educational outcomes enable young adults
to pursue different lifelong trajectories. Importantly, educational
attainment is related to physical and mental health across the life-
span (Cutler & Lleras-Muney, 2012). Educational achievement, actual
school performance, can be explained by a package of heritable
cognitive and non-cognitive traits, such as personality, behavioural
problems and self-esteem (Krapohl et al., 2014). However, less is
known about the correlates of education-related traits during
emerging adulthood, such as the relationship between career goals,
aspirations and family relationships.

The current study investigates the genetic and environmental
aetiology of individual differences in traits especially relevant to
emerging adulthood, including life goals, purpose in life, relationships,
and attitudes towards marriage, money and occupation. These traits
were selected based on the themes introduced by Arnett's field-
defining book on emerging adulthood (Arnett, 2015). We refer to
these traits as EA traits. This is the first report of an emerging adult-
hood assessment of twins in the Twins Early Development Study
(TEDS) when the twins were 21-25 years old (Rimfeld et al., 2019).

Our second objective is to examine the genetic and environ-
mental aetiology of the extent to which these emerging adulthood
traits are associated with physical health, mental health and illness,
wellbeing and educational outcomes and aspirations.

Although this study was an exploratory study due to the limited
research on emerging adulthood, we made some general predictions
based on the results of behavioural genetic research throughout the
life course. These predictions, together with the analysis plan, were
preregistered in Open Science Framework (osf.io/mévwj) prior to

accessing the data.

1. All psychological traits and key functional outcomes will show
substantial heritability (~40%) and the proportion of individual
differences explained by shared environmental factors will be
modest (less than 10%); the rest of the variance will be explained

by non-shared environmental influences.
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2. Traits with higher twin heritability will also have higher herita-
bility estimates calculated from DNA of unrelated individuals (i.e.,
SNP heritability). SNP heritability will be significant and sub-
stantial for psychological traits (average SNP h2 around 10%).
The gap between twin heritability and SNP heritability will be
substantial; twin heritability will generally be roughly twice the
SNP heritability.

3. Phenotypic correlations between psychological traits and
outcome measures (physical health, mental health, wellbeing and
educational attainment) will be significant and moderate (average
correlation ~0.30).

4. Genetic correlations between psychological traits and outcome
measures (physical health, mental health, wellbeing and educa-
tional attainment) will be substantial (0.5-0.7). More than half of
the phenotypic correlations between psychological traits and
outcome measures (physical health, mental health, wellbeing and
educational attainment) will be explained by genetic factors.

5. There will be significant mean differences between males and
females in some psychological traits with males showing more
risk-taking, anti-social behaviour, alcohol and substance use
compared to females; and females reporting more anxiety,
depression and victimization, but also more volunteering. We do
not expect large differences between males and females in key
functional outcomes. While many of the mean differences will be
significant given our large sample size, we predict that the effect
sizes will be small with variance explained by gender less than 5%.

6. There will be no differences between males and females in the
aetiology of psychological traits in emerging adulthood, that is, we
predict that there will be no significant qualitative or quantitative

genetic differences between males and females.

METHODS
Sample

Our sample was drawn from TEDS, a longitudinal study that recruited
through national birth records over 16,000 twin pairs born between
1994 and 1996 in England and Wales. Although there has been some
attrition, more than 8000 twin pairs are still engaged in the study,
and TEDS remains reasonably representative of the population in
England and Wales in terms of ethnicity and family socio-economic
factors, including data from the most recent data collection used in
the present study (Rimfeld et al., 2019). Zygosity was assessed using
a parent-reported questionnaire of physical similarity, which has
been shown to be over 95% accurate when compared to DNA testing
(Price et al., 2000). When zygosity was not clear, DNA testing was
used to resolve zygosity.

Here we used the subsample of twins who had contributed to the
TEDS-21 data collection. At the start of TEDS-21 data collection,
twin ages ranged from 20.56 to 25.59 years (mean = 22.29,
SD = 0.92). All data were collected using questionnaires. Due to the
length and number of measures included, data collection was
completed in two phases (phase 1 started in June 2017, phase 2
started in February 2018, and both continued until January or
February 2019). In both phases of TEDS-21 questionnaire data

collection, participants could complete the assessment via a
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smartphone app, via the web, or on paper. Incentives included a £10
voucher on completion of each phase. Twins were also offered en-
tries in prize draws at intervals during the data collections of phases
1 and 2. Ethical approval was provided by the King's College London
Research Ethics Committee (reference number: PNM/09/10-104)
and informed written consent was received from all participants. No
exclusions were applied. All available data were used (N = 10,614,
twins who had completed at least one phase of TEDS-21 data
collection), therefore, the sample size varied between measures.
Sample size by zygosity for each measure is presented in Tables S1
and S2 (one twin randomly selected from each pair so that the data

points are independent).

Measures

The TEDS measures have been summarised previously (Rimfeld
et al, 2019). Figure 1A lists the measures included in this study,
which were administered during TEDS-21 data collection; a more
detailed description of measures can be found in Table S3. We
included 57 measures of traits selected to represent issues in EA
such as aspirations, thoughts and attitudes, life events, relationships,
sexual and health behaviour and personality. We also included
measures related to what are often considered to be the core
functional outcomes even though here we refer to the data collected
at the same time: adverse physical health (e.g., over the counter
painkillers taken, hospitalisations, self-reported health), adverse
mental health (e.g., variables covering diverse forms of psychopa-
thology), wellbeing (e.g., financial wellbeing, satisfaction with re-
lationships and community), and education. These variables were
used to create factors representing wellbeing, adverse mental health,
and adversephysical health using principal component analyses
(PCA). These composite measures, including their factor loadings, are
presented in Figure 1B. Two items were used that assessed the
highest educational level achieved at the time of data collection and
the highest planned educational level for the future. These two
measures were used separately and served as an index of educa-
tional attainment.

DNA samples have been obtained from 12,500 individuals and
genotyped on one of two DNA microarrays (Affymetrix GeneChip 6.0
or lllumina HumanOmniExpressExome chips). After stringent quality
control, the total sample size available for genomic analyses is 10,346
(including 7026 unrelated individuals and 3320 additional DZ co-
twins). Of these, 7289 individuals were genotyped on lllumina arrays,
and 3057 individuals were genotyped on Affymetrix arrays (Rimfeld
et al, 2019; see Selzam et al. [2018] for a detailed description of
genotyping and quality control). DNA data were used for genome-
based restricted maximum likelihood methods using genome-wide
complex trait analyses (see genetic analyses). The sample size for

DNA-based analyses varied between measures.

Quality control

Data cleaning (see https://www.teds.ac.uk/datadictionary/studies/
included the

identification of random responders, or “clickers”. Clickers were

rawdata/web_data_cleaning.htm#prandomteds21)

identified from a combination of the following: incorrect responses
on a quality control item (e.g., we asked participants to select option
‘b’), too rapid responding (based on the mean item response time;
web and smartphone app respondents only), or too uniform
responding (i.e., selecting the same response over a series of
consecutive items). Typically, around 1% of twins were excluded per
questionnaire section but this varied from 0.3% to 5.3% (and of
course 0% in themes without any measure containing a QC item).
Twin data were excluded for an entire questionnaire section if the
twin was identified as a clicker for any measure within that theme.
Furthermore, twin data were excluded for an entire questionnaire
(phase 1 or phase 2) if the twin was identified as a clicker for two or
more themes within that questionnaire. For further details, including

percentages of quality control exclusions, see Appendix S1.

Statistical analyses

Our statistical analysis plan was registered in the OSF, prior to cre-
ation of the dataset and prior to analysis (osf.io/mévwj). Scripts have
been made available on the OSF site. All analyses were completed
using SPSS Statistics software (v26, IBM Corp.) and R version 4.0
(R Core Team, 2020).

Data transformations

Several variables were highly skewed. We therefore used the rank-
based van der Waerden's transformation to achieve normality (Leh-
mann, 1975; Van Der Waerden, 1975). Sensitivity analyses were
performed to examine the influence of the van der Waerden trans-
formation on results. The results remained highly similar to untrans-
formed data analyses. Results are reported both for untransformed
data and transformed data (see Supporting Information S1).

Phenotypic analyses

Because the present sample is a twin sample, we maintained in-
dependence of data by randomly selecting one twin per pair for all
phenotypic analyses. We repeated analyses of descriptive statistics
for the other half of the sample. These results are presented in
Supporting Information S1 (Tables S4 and S5) and are highly
similar.

The 57 psychological trait measures were described in terms of
means and variance and compared between males and females and
between identical and non-identical twins. Univariate analysis of
variance (ANOVA) was used to test for mean differences for sex and
zygosity and their interaction. Because significant, though small, sex
differences emerged (Table S1), we corrected all scores for mean sex
differences using the regression method. Correcting for sex and age
is important in the analysis of twin data because members of a twin
pair are identical in age and identical twins are identical for sex,
which, if uncorrected, would inflate twin estimates of shared envi-
ronment (McGue & Bouchard, 1984). These age- and sex-adjusted
standardised residuals were used in all subsequent analyses. For

analyses using transformed data, we conducted the van der Waerden
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transformation prior to residualizing for age and sex as has been
recommended by Pain et al. (Pain et al., 2018).

We created standardised composite scores representing adverse
mental health, adverse physical health and wellbeing using PCA. We
obtained the first principal component (first PC) of behaviour prob-
lem/mental health phenotypes (see Figure 1B and Table S3 for in-
formation about scales used). We also obtained the first principal
component of physical health and wellbeing measures (see Table S3
for scales used). The first PCs of wellbeing, adverse mental health and
adverse physical health were saved for subsequent analyses. Two
separate items were used to assess educational outcomes: level of
current education and level of planned education. We did not
compute an educational attainment composite because the sample
had not reached an age when educational attainment could be
assessed.

We calculated phenotypic correlations between the 57 traits and
the five functional outcome factors (adverse mental health factor,
adverse physical health factor, wellbeing factor and two educational
attainment variables) for the whole sample. We then repeated the
analyses separately for males and females.

We also conducted multiple regression to assess how much
variance in the functional outcomes could be explained in total by the
57 traits, reporting the adjusted R? values.

Genetic analyses
Univariate twin analyses

We applied the twin method, specifically the univariate ACE model, to
investigate the aetiology of individual differences in psychological traits
and functional outcomes (adverse physical health, adverse mental
health, wellbeing, and educational attainment). This method capitalises
on the fact that identical (monozygotic, MZ) twin pairs are genetically
identical and share 100% of their genes, while non-identical (dizygotic,
DZ) twin pairs share on average 50% of their segregating genes. Shared
environment is defined as aspects of the environment that make
members of twin pairs similar to one another. Non-shared environ-
mental influences are unique to individuals and do not contribute to

similarities between twins. Using these family relatedness coefficients,
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it is possible to estimate the relative influence of additive genetic (A),
shared environmental (C), and non-shared environmental (E) effects on
the variance and covariance of phenotypes, by comparing intraclass
correlations for MZ and DZ twins (Knopik et al., 2017). In the model,
non-shared environmental variance also includes any measurement
error. Heritability can be roughly calculated by doubling the difference
between MZ and DZ correlations, C can be calculated by subtracting
heritability from the MZ correlation and E can be estimated by
deducting the MZ correlation from unity (Rijsdijk & Sham, 2002). The
ACE model assumes that genetic effects are largely additive; however,
the twin method can also estimate the effects of non-additive genetic
variance (D; dominance effects). Non-additive genetic variants can be
detected if the DZ correlation is less than half the correlation between
MZ twins (Knopik et al., 2017). These parameters can be estimated
more accurately using structural equation modelling (SEM), which also
provides 95% confidence intervals and estimates of model fit. The SEM
program OpenMx was used for all model-fitting analyses (Boker
et al., 2011). We report MZ and DZ same-sex twin intraclass correla-

tions, model fit statistics and ACE estimates.

Sex-limitation analyses

The univariate model can be extended to the full sex-limitation

model to explore both qualitative and quantitative sex

differences in the aetiology of individual differences in psycho-
logical traits, wellbeing, adverse physical health, adverse mental
health and educational attainment. Qualitative sex differences
indicate that different genetic or environmental factors influence a
phenotype in males and females. Quantitative sex differences are
observed when the same genetic and environmental factors influ-
ence variance in a given phenotype for males and females, but the
their differs (For
detailed explanation of the full sex limitation model, see Med-
land, 2004). ACE estimates are also reported separately for males

magnitude of effects across  sexes. a

and females.

Bivariate correlated factors solution

The univariate model can be extended to a bivariate model to
investigate the aetiology of the covariance between two traits. We
used the bivariate twin design to calculate genetic correlations and
estimate the A, C and E components of covariance between psy-
chological traits versus wellbeing, adverse physical health, adverse
mental health and the two educational outcomes. The bivariate
genetic method decomposes the covariance between phenotypes
into A, C and E components by comparing the cross-trait cross-twin
correlations between MZ and DZ twin pairs (Neale et al., 2005).

This method also enables estimation of the genetic correlation (rG),
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indicating the extent to which the same genetic variants influence
two phenotypes independent of their heritabilities. The shared
environmental correlation (rC) and non-shared environmental cor-
relation (rE) can also be estimated (Knopik et al., 2017; Rijsdijk &
Sham, 2002). The bivariate genetic model also allows estimation of
the proportion of phenotypic correlation explained by genetic and
environmental factors between variables (see Figure S1 for Cho-
lesky composition). The proportion of phenotypic correlation
explained by genetic factors is calculated by the genetic correlation
between two variables weighted by their heritabilities. The pro-
portion of phenotypic correlation explained by shared environ-
mental and non-shared environmental factors can also be estimated

in a similar manner.

Genome-based restricted maximum likelihood methods
using genome-wide complex trait analyses (GREML-
GCTA)

We used univariate GREML GCTA software to calculate SNP heri-
tability for the 57 traits and adverse physical health, adverse mental
attainment. GREML uses

individual-level genotypic data to estimate the narrow-sense SNP h?,

health, wellbeing and educational

that is, the proportion of phenotypic variation explained by the ad-
ditive effects of SNPs assessed on a genotyping array and imputed
SNPs (Yang et al., 2013). Population stratification was controlled by
using the 10 first principal components of the population structure as
covariates in the model (based on the PCA), along with a categorical
variable indexing genotyping batch. Univariate GREML can also be
extended to bivariate GREML to decompose covariance between
traits. Bivariate GREML-GCTA was used to calculate genetic corre-
lations between psychological traits and adverse physical health,
adverse mental health, wellbeing and educational attainment (Lee
et al, 2012).

In our analyses we used all data, that is, we used all available data
points. Missingness was minimal per data collection phase but was
larger when both phase 1 and phase 2 data were used. Table S1

presents the exact sample sizes for each EA trait.

RESULTS

Descriptive statistics and comparisons between males
and females

Means and standard deviations were calculated for the 57 EA traits
for the whole sample, for males and females separately (Figure 2),
and for five sex and zygosity groups: monozygotic (MZ) males, dizy-
gotic (DZ) males, MZ females, DZ females and DZ opposite-sex twin
pairs (Table S2). ANOVA results confirm the visual near-identity in
the graph, by indicating that sex and zygosity together explain only
2% of the variance on average for psychological traits (Table S2).
These results are based on one twin randomly selected from each
pair so that the data points are independent. We repeated these
analyses with the other twin from each pair selected and results were
highly similar (see Tables S4 and S5).

JCPP Advances @ | 7of16

Wellbeing, adverse mental and physical health
composite scores

As indicated in Figure 1B, the variance explained by the first principal
components of the functional outcomes was 43% for wellbeing, 40%
for adverse mental health, and 37% for adverse physical health. All
measures loaded on their respective first PC > 0.43. The first PC
scores for wellbeing, adverse mental health and adverse physical
health were saved for subsequent analyses. We did not include the
Conner's impulsivity and inattention subscales in this final mental
health composite because these loaded <0.4 on the first PC and
removing the Conner's subscales increased the variance explained by
the 1st PC from 34% to 41%. Additionally, we included only the
lifetime self-harm item, not the item about self-harm in the last year
because the two self-harm items correlated highly (r = 0.55,
p < 0.001, N = 3887). We selected the lifetime item to maximise
power (lifetime N = 4727 vs. last year N = 3887).

Phenotypic analyses

Figure 3 shows Pearson correlations between the EA traits and the
composite scores of adverse physical health, adverse mental health,
wellbeing and educational outcomes as indicated by the total length
of the bars (see Table S6 for correlation coefficients with 95% CI).
These phenotypic correlations were mostly significant and moderate
(the average correlation was 0.16 for wellbeing, 0.20 for adverse
mental health, 0.12 for adverse physical health, and education 0.06).
For wellbeing and adverse mental and adverse physical health, the
strongest correlations emerged for life experience traits such as poor
sleep quality and daily hassles, as well as for purpose in life, impor-
tance of leisure and neuroticism. Correlations were similar when
calculated separately for males and females (see Figure S2A,B). We
also calculated these correlations after excluding opposite-sex DZ
pairs from the analyses and the results are highly similar (see
Figure S2C).

Figure 4 summarises the results in Figure 3 using multiple
regression to predict adverse physical and adverse mental health,
wellbeing and achieved and planned educational level. Together, the
emerging adulthood traits on average account for 31% (range = 8%-
68%) of the variance in the outcomes. The emerging adulthood traits
are most strongly associated with adverse mental health, accounting
for 68% of the variance. They were least strongly associated with
achieved (13%) and planned (8%) educational level. Full results of the
multiple regression analyses, including results separately for males

and females, are presented in Table S7.

Genetic analyses

Univariate twin analyses

All EA traits as well as functional outcomes showed significant
heritability as presented in Figure 5. All twin correlations are pre-

sented in Figure S3 and are presented in Table S8 with 95% con-
fidence intervals. Full ACE model-fitting results, including the 95%
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FIGURE 2 Descriptive statistics (means and standard deviations) for the whole sample (first column of results) and separately for males
and females (second column, with minimum and maximum score for each scale in parentheses). For subsequent analyses, the data were

corrected for mean age and sex differences, as described in Methods

confidence intervals, are shown in Table S? and model-fit statistics
in Table S10. While for some variables the AE model showed better
fit than the full ACE model, and some twin correlations indicated
the presence of non-additive genetic variance, ACE model results
are shown for completeness and to facilitate comparisons between
variables.

Across EA traits and functional outcomes, heritability (A) was
modest on average (mean 34%, range 12% - 60%). The most heritable
trait in emerging adulthood is risky sexual behaviour (0.60; 95% CI:
0.52-0.63). Other traits with substantial heritability include general
risk-taking behaviour (0.50; 95% Cl: 0.42-0.53), media use (0.51;
95% Cl: 0.48-0.55), health behaviours (0.52; 95% Cl: 0.41-0.58),
environmental concerns (0.53; 95% Cl: 0.43-0.56) and quality of

relationship with mother (0.53; 95% Cl: 0.43-0.57). These heritabil-
ities are higher than those for the Big Five personality traits, which
range from 0.22 (95% Cl: 0.18-0.27) to 0.40 (95% ClI..36-0.44). For
the outcome variables, the adverse mental health composite is more
heritable (0.50, 95% Cl: 0.42-0.54) than the adverse physical health
composite (0.39, 95% Cl: 0.27-0.43).

Shared environmental effects (C) were modest on average
(mean 5%, range 0%-61%), but for a few variables substantial ef-
fects were observed. The greatest shared environmental effect was
found for communication with father (0.61; 95% Cl: 0.53-0.68).
Substantial shared environmental influence was also found for
contact with father (0.38; 95% Cl: 0.24-0.50) and quality of rela-
tionship with father (0.26; 95% Cl: 0.19-0.33). Two other traits
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FIGURE 3 Phenotypic correlations between emerging adulthood (EA) traits and key outcomes (indicated by the total length of the bar).
Proportion of each correlation explained by additive genetic (A), shared environmental (C) and non-shared environmental factors are indicated
by the red, dark blue and light blue bars, respectively
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FIGURE 4 Summary of multiple regression analyses: variance explained (adjusted R?) in composite scores of adverse physical health,
adverse mental health, wellbeing and educational attainment psychological traits

showing substantial shared environmental effects were relationship variance on average (E range 24%-88%). The largest non-shared
with twin (0.52; 95% Cl: 0.47-0.56) and religiosity (0.44; 95% ClI: environmental effects were observed for physical and social peer
0.39-0.49). perpetration (0.88; 95% Cl 0.83-0.93 and 0.85; 95% Cl 0.80-0.91).

The majority of the individual differences were explained by non- Importantly, this component of variance also includes measurement

shared environment (E) factors that accounted for 59% of the error.
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FIGURE 5 Univariate twin analyses of additive genetic (A), shared environmental (C), and non-shared environmental (E) components of

variance for emerging adulthood (EA) traits

These univariate results were similar when computed separately
for males and females (Figure S4A) and when DZ opposite-sex twin

pairs were excluded (Figure S4B).

Sex-limitation analyses

A few qualitative and quantitative sex differences emerged, for
example, in childhood experiences, quality of relationship with
mother and physical victimisation. Full model-fit statistics with
nested models are presented in Table S11; ACE estimates for
males and females are presented in Figure S4A and estimates

with 95% confidence intervals in Table S8. Two of the largest sex

differences in heritability were found for chaos and marriage
hopes. For chaos, heritability was 0.29 (95% Cl: 0.10-0.47) for
males and 0.03 (95% Cl: 0.00-0.15) for females; for marriage
hopes, heritability was 0.00 (95% Cl: 0.00-0.21) for males and
0.25 (95% Cl: 0.11-0.39) for females. However, as indicated by
the overlapping confidence intervals for these estimates, limited
power warrants caution in interpreting these results; they are
presented here for completeness. As an additional sensitivity
analysis, because we observed significant quantitative sex differ-
ences in the sex-limitation model-fitting analyses, we also calcu-
lated all estimates when excluding opposite-sex DZ twin pairs
from analyses (presented in Supporting Information S1) and the

results remained highly similar.
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Bivariate twin analyses

As mentioned earlier, Figure 3 showed the phenotypic correlations
between EA traits and adverse physical health, adverse mental health,
wellbeing and education. Figure 6B presents results for bivariate ge-
netic analyses, which estimate the extent to which the phenotypic
correlations between emerging adulthood traits and functional out-
comes are mediated by genetic and environmental factors. The full
results with 95% confidence intervals are presented in Table S12.

On average, more than 50% of these phenotypic correlations
were mediated by genetic factors, 60% for mental health, 56% for
physical health, 50% for wellbeing and 52% for the two education
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outcomes. For example, the first row of Figure 3, shows that poor
sleep quality is negatively correlated with wellbeing (r = —0.23) and
positively correlated with adverse mental health (0.50) and adverse
physical health (0.38). These three correlations are largely mediated
genetically—56%, 54% and 60%, respectively. The rest of these cor-
relations are mediated by nonshared environmental factors. For all of
the substantial phenotypic correlations between EA traits and out-
comes, genetic factors account for the majority of the correlations.
An equally important finding is that a large proportion of the corre-
lations between EA traits and functional outcomes is explained by
non-shared environmental factors. For example, daily hassles corre-

lated with wellbeing (r = —0.31), these are almost in equal parts

Genetic correlation
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(A) Genetic correlations between EA traits and outcomes derived from bivariate twin analyses; (B) phenotypic correlations

between EA traits and key outcomes (indicated by the total length of the bar). Proportion of each correlation explained by additive genetic (A),
shared environmental (C) and non-shared environmental factors are indicated by the red, dark blue and light blue bars, respectively
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FIGURE 6 (Continued)

mediated by genetic and non-shared environmental factors (48% and
39%, respectively). Shared environment does not significantly
contribute to any of these correlations.

Genetic contributions to the phenotypic correlations are based on
the genetic correlation weighted by the heritability of the two traits.
The genetic correlation estimates the extent to which the same genetic
variants influence the two traits, regardless of their heritabilities.
Figure 6 presents the genetic correlations between the EA traits and
the outcome variables. Table S13 shows the estimates with 95% con-
fidence intervals. The average genetic correlation was 0.23 ignoring
the sign of the correlation. Because all EA traits are moderately heri-
table, the pattern of results for genetic correlations in Figure 6 cor-
responds to the results in Figure 3 showing the genetic contribution to
the phenotypic correlations. For example, the genetic correlations
between poor sleep quality and the outcome variables are —0.45 for
wellbeing, 0.74 for adverse mental health, and 0.74 for adverse phys-
ical health, all of which are statistically significant. Most of the other
highest genetic correlations between EA traits and outcomes were
observed for adverse mental health: daily hassles (0.71), partner
violence (0.62), social peer victimisation (0.60), Big 5 neuroticism
(0.83), and self-control (—0.61). It should be noted that when the
phenotypic correlation is negligible, the genetic correlation can be
substantial but signifies little. For example, marriage hopes yields a
genetic correlation of 0.61 with educational attainment but the
phenotypic correlation is only 0.10 and it yields modest genetic cor-
relations with other outcomes. These results are highly similar for
males and females (Figure S5A,B) and also similar when excluding
opposite-sex twin pairs (Figure S5C).

The shared environmental correlation (rC) and non-shared
environmental correlation (rE) can also be estimated. The shared
environmental correlations are illustrated in Figure S6 and non-
shared environmental correlations in Figure S7. Table S13 presents

Component llAMc O E

these estimates with 95% confidence intervals. None of the shared
environmental correlations are statistically significant. Because
shared environment contributes so little to the phenotypic correla-
tions between EA traits and outcomes, the shared environmental
correlations can be large, but the 95% confidence intervals indicate
that these estimates are not significant.

Univariate GREML-GCTA

Although the sample size with genotyped DNA limited power to
detect SNP heritability, for completeness we present these estimates
in Table S14, which indicates the sample sizes for each measure. The
mean SNP heritability was 10%, ranging up to 26%, as illustrated in
Figure S8. In addition, we conducted bivariate GREML analysis, again
for completeness (Table S15). However, little confidence can be

placed in these results due to limited power.

Sensitivity analyses

Univariate twin and GREML analyses reported above were repeated
with van der Waerden transformed variables. The results of these
analyses are presented in the Supporting Information S1 (Figure S9
for univariate twin analyses; Figure S10 for univariate GREML ana-

lyses). Results do not differ with and without transformation.

DISCUSSION

Societal changes have stretched the transition from adolescence to

adulthood, which has created a new developmental period called
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emerging adulthood. The prolonged uncertainties about identity,
relationships and occupations can create stress but they also offer
flexibility and unprecedented opportunities for young people to find
their adult selves. These opportunities are amplified by the Internet
and social media for this first generation of digital natives.

Here we reported the results of the first systematic investiga-
tion of genetic and environmental influences on 57 psychological
traits covering major issues in emerging adulthood such as aspira-
tions, thoughts and attitudes, relationships and personality. All 57
traits showed significant genetic influence, with an average herita-
bility of 34% while the majority of individual differences (59% on
average) were explained by non-shared environmental influences.
These diverse traits were associated with mental health (average
correlation 0.20), wellbeing (0.16), physical health (0.12) and
educational attainment (0.06). Shared genetic factors explained the
majority of these correlations (~50%). Together, these emerging
adulthood traits explained on average 30% of variance in the out-
comes (range = 8%-69%), suggesting that these traits relate to the
outcomes additively.

As mentioned in the Introduction, the ever-expanding menu of
idiosyncratic experiences for self-exploration during emerging adult-
hood suggests that environmental influence is likely to be critical for
emerging adulthood traits. The present results from this first system-
atic analysis of emerging adulthood traits in a genetically sensitive
design are consistent with this hypothesis in that the environment is
the major source of individual differences in EA traits. Moreover, more
than 90% of the environmental influence is due to non-shared envi-
ronment, which includes measurement error. Non-shared environ-
ment could reflect idiosyncratic experiences in the chaotic world of
emerging adulthood, experiences not likely to be shared by siblings.
This non-shared environment is especially relevant when examining
the differences between MZ twin pairs, who share their genes and
home environment, are the same age and same sex. Shared environ-
mental influences account for only 5% of the variance of the 57 EA
traits on average. In other words, most environmental effects on EA
traits are not shared by siblings, even twins, who grow up in the same
family. As siblings leave the family home in early adulthood, it seems
likely that they each make their own independent way in the world,
having trait-relevant experiences not shared with their sibling. Part of
our ongoing research is to investigate the environmental experiences
that account for individual differences in emerging adulthood using the
longitudinal data collected in TEDS.

Another possibility is that the heterogeneity of experience in
early adulthood provides an opportunity for genetic potential to be
realised as individuals select, modify and create environments
correlated with their genetic propensities. This is gene-environment
correlation, which contributes to heritability. In support of this hy-
pothesis, we found significant genetic influence for all 57 EA traits,
many of which have not been investigated previously in emerging
adulthood. On average, genetic influences accounted for 34% of the
variance. Moreover, the most highly heritable traits in our study are
traits that are especially relevant to emerging adulthood: risky sexual
behaviour (60% heritability), general risk-taking behaviour (50%),
media use (51%) and concerns about the environment (53%). An
additional possibility is gene-environment interactions, in which in-
dividuals' reactions to environmental influences depend on genetic
factors.
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Although our results can be viewed as providing support for both
hypotheses, it is also possible to interpret the results as support for
neither hypothesis because both moderate genetic influence and
substantial non-shared environmental influence are found for nearly
all traits throughout development. These findings are consistent with
meta-anayses of over 50 years of twin studies showing that the
majority of the twin resemblance is due to genetic factors, with the
average heritability of all traits around 50%, and the rest of the
variance is explained by non-shared environmental factors, not
shared by twins growing up in the same family (Polderman
et al., 2015). Two of the 10 most replicated findings from behavioural
genetics are the findings that all psychological traits show significant
and substantial genetic influence and most environmental effects are
not shared by children growing up in the same family (Plomin
et al.,, 2016). Nonetheless, at the least it is useful to confirm these
findings in emerging adulthood and especially for the many traits that
have not been investigated previously at this age.

Moreover, it is possible that some EA traits show greater genetic
or non-shared environmental influence in emerging adulthood as
compared to earlier ages. Because many of these traits have not been
studied previously in genetically sensitive designs, precise compari-
sons are not possible. One exception in TEDS is personality—the
same measure of the Big Five personality traits was administered
at age 16 and ages 21-25. The heritability of the Big Five personality
traits was around 30% at age 16 (Rimfeld et al., 2016) and 33% at age
21. This slight increase in heritability is not statistically significant
and none of the five individual traits yielded significantly greater
heritability at age 21 than at age 16. However, personality is highly
stable across development (Turkheimer et al., 2014) and may be the
least likely domain to show developmental changes in heritability.

TEDS also has some relevant data from a study of the psycho-
logical effects of COVID-19 (Rimfeld et al., 2016). In a subsample of
TEDS, nine EA traits from the present study were assessed using the
same measures 2 years later. For these EA traits, the average heri-
tability was 34% at both ages. However, this study also found that
change across the 2-year period was significantly heritable (15% on
average), suggesting that genetic influences change even during this
2-year period in the early years of emerging adulthood. It remains to
be seen whether the heritability of EA traits increases as the sample
fully emerges into what has been called established adulthood
(Mehta et al., 2020). The importance of non-shared environment in
emerging adulthood is clear: it accounted for 82% of the variance on
average for change across the 2-year period.

Our finding of high heritability (50%-60%) for traits most rele-
vant to emerging adulthood and the evidence for genetic change
during emerging adulthood leads us to predict that the heritability of
EA traits will increase as we follow the twins into established
adulthood. In any case, it seems that the turmoil of emerging adult-
hood does not shuffle the deck of individual differences. One firm
conclusion is that heritability is not swamped by the environmental
heterogeneity of emerging adulthood.

Our results also indicate that EA traits are associated with
wellbeing, adverse mental and adverse physical health and educa-
tional outcomes. Although the associations were modest to moderate
for individual EA traits and outcomes, the EA traits acting additively
and together accounted for 31% of the variance in the outcomes on
average. We show that adverse mental and physical health, wellbeing
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and educational attainment reflect a package of heritable EA traits.
These findings also indicate that when studying individual differences
in health, wellbeing or socioeconomic phenotypes in emerging
adulthood, diverse traits should be considered such as life goals and
aspirations and relationships. The additional implication of the results
points to genetic confounding when studying the links between these
functional outcomes and diverse psychological traits, as our results
from bivariate genetic analyses show that these correlations are
mediated mostly by genetic factors. Future research should use
genetically sensitive designs when studying the correlates of func-
tional life outcomes. However, these findings underscore the adage
that correlation does not imply causation. For example, perceived
daily hassles correlates negatively with wellbeing and positively with
adverse mental and adverse physical health, but it cannot be assumed
that daily hassles cause wellbeing or health.

Compared to health and wellbeing outcomes, we explained much
less variance in educational outcomes (or hopes/aspirations for
educational outcomes), compared to our previous reports in earlier
childhood or even late adolescence (Krapohl et al., 2014). This can be
explained in terms of the precision of the phenotype. Here we use
achieved educational outcome, which is basically years of education,
while previously we have used much finer-grained measures of
educational achievement, such as teacher-graded performance or
standardised examination results. However, similar to our previous
report (Krapohl et al., 2014), we show that educational achievement
and attainment can be partially explained by a range of behavioural and
psychological traits, such as personality, poor sleep quality or risk-
taking, all of which are also substantially heritable.

The limitations of this study include the usual limitations of twin
design, which are described in detail elsewhere (Knopik et al., 2017;
Rijsdijk & Sham, 2002). In addition, attrition and selection bias might
have influenced the results. It is well documented that participants in
most studies tend to be slightly healthier and more educated than the
general population, and therefore, the associations observed be-
tween study variables might be biased by collider effects (Munafo
et al.,, 2018). However, the TEDS twins in their early twenties remain
reasonably representative of their birth cohort in terms of ethnicity
and socioeconomic status (Rimfeld et al., 2019). An additional limi-
tation is missing data and here we only used twins having all available
data points. Missingness was minimal per data collection phase (e.g.,
it was less than 4% for the wellbeing composite) but was larger when
both phase 1 and phase 2 data were used (e.g., around 18% for
physical health). The representativeness of the sample, however, was
very similar for phase 1 and phase 2 data collection. We repeated the
analyses using mean scores of wellbeing, mental and physical health
as a sensitivity analysis, allowing for missing data, and the patterns of
associations and the aetiology of these composite measures
remained highly similar. A conceptual limitation is that our EA traits
were assessed at the same time as adverse mental and adverse
physical health, wellbeing and education. Although we view the latter
variables as outcomes, we acknowledge that longitudinal assessment
of these outcomes is needed to investigate the extent to which EA
traits predict them, which is part of our research plan for TEDS. It
should also be acknowledged that the adverse physical and mental
health, as well as wellbeing, were composite measures of many
diverse constructs, so further finer-grained research is warranted. As
with every study, these results should be replicated in other studies
using diverse samples. The TEDS study is predominantly white

British, which is representative for this birth cohort, and might not
replicate in other ancestry groups. An additional consideration is that
the developmental stage of emerging adulthood might not appear in
all countries, and where it does occur, cultural differences might
affect emerging adulthood.

We conclude that non-shared environment is a major source of
individual variation in emerging adulthood, however, the environ-
mental uncertainties of emerging adulthood in the 21st century do
not diminish the importance of genetics. As adolescents travel down
long and winding roads to adulthood, their trip is substantially
influenced by genetic proclivities that nudge them down different

paths that lead to different destinations.
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