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Abstract

A later school start time policy has been recommended as a solution to adolescents’ sleep
deprivation. We estimated the impacts of later school start times on adolescents’ sleep and
substance use by leveraging a quasi-experiment in which school start time was delayed in some
regions in South Korea. A later school start time policy was implemented in 2014 and 2015,
which delayed school start times by approximately 30-90 minutes. We applied difference-in-
differences and event-study designs to longitudinal data on a nationally representative cohort of
adolescents from 2010 to 2015, which annually tracked sleep and substance use of 1,133
adolescents from grade 7 through grade 12. The adoption of a later school start time policy was
initially associated with a 19-minute increase in sleep duration (95% CI, 5.52 to 32.04), driven by
a delayed wake time and consistent bedtime. The policy was also associated with statistically
significant reductions in monthly smoking and drinking frequencies. However, approximately a
year after implementation, the observed increase in sleep duration shrank to 7 minutes (95% ClI, -
12.60 to 25.86) and became statistically nonsignificant. Similarly, the observed reduction in
smoking and drinking was attenuated a year after. Our findings suggest that policies that increase
sleep in adolescents may have positive effects on health behaviors, but additional efforts may be
required to sustain positive impacts over time. Physicians and education and health policymakers
should consider the long-term effects of later school start times on adolescent health and well-
being.
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Introduction

Sleep deprivation in adolescence harms physical and mental health and increases the
likelihood of unhealthy behaviors (Beebe, 2011; Shochat et al., 2014). While adolescents are
recommended to sleep approximately 9 hours per night (Fuligni et al., 2019; Short et al., 2018), a
recent nationally representative survey of Korean youth shows that only 5.9% of high school and
29.4% of middle school students got more than 8 hours of sleep per night (Ministry of Gender
Equality and Family, 2022). Compared to children and adults, getting enough sleep is especially
challenging for adolescents due to the natural alteration of circadian rhythms during adolescence
that lead to biologically unique sleep patterns (Crowley et al., 2018). With the onset of
adolescence, the accumulation of homeostatic sleep pressure decelerates, and this slow building
of sleep pressure keeps adolescents awake until 11:00 pm or later and leads to naturally late
wake times (Crowley et al., 2018). The delayed circadian rhythm does not necessarily lead to
sleep deprivation unless late morning sleep is disturbed. Unfortunately, early school start times
require adolescents to wake up early in the morning when their body “clocks” point to sleep
time. For example, high schools in Seoul, the capital of Korea, started around 8:00 in 2019 (Seo,
2020). To accommodate this early school start time, adolescents must wake up around 7:00 am,
which is equivalent to adults waking up at 4:00 am given adolescents’ later peak of melatonin
level (Carrell et al., 2011).

Because of this early school start time, most adolescents experience chronic sleep
deficits, which lead to various negative consequences. An established body of literature has
documented that adolescents’ insufficient sleep is associated with poor mental and physical
health, increased smoking and alcohol consumption, and worse academic performance (Beebe,
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organizations, including the American Academy of Pediatrics, have issued policy statements
advocating secondary schools begin at 8:30 or later (Adolescent Sleep Working Group et al.,
2014).

With increased attention to later school start times, many studies have investigated
relationships between school start times and various students’ outcomes (Bastian & Fuller, 2023;
Biller et al., 2022; Bowers & Moyer, 2017; Carrell et al., 2011; Edwards et al., 2015; Heissel &
Norris, 2018; Hinrichs, 2011; Minges & Redeker, 2016; Owens et al., 2017). With respect to
substance use outcomes, recent reviews suggest a comprehensive picture of the causal impact of
school start time policies is missing (Berger et al., 2019; Marx et al., 2017; Morgenthaler et al.,
2016; Wahlstrom et al., 2017; Wahlstrom & Owens, 2017; Wheaton et al., 2015). First, with
notable exceptions (Groen & Pabilonia, 2019; Yang & Choi, 2021), most previous studies on
substance use rely on less rigorous research designs—pre-post and cross-sectional designs—
which have difficulty isolating the causal impact of the policy from confounders (Edwards et al.,
2015; Lo et al., 2018; Owens et al., 2010; Thacher & Onyper, 2016; Wahlstrom, 2014;
Wahlstrom et al., 2017; Whitaker et al., 2019). Second, with a few exceptions (James et al.,
2023; Lo et al., 2018; Thacher & Onyper, 2016; Widome et al., 2020), most previous studies
have estimated short-term relationships between the later school start and outcomes. Given that
longitudinal data suggest that effects of later school start times may not persist (James et al.,
2023; Thacher & Onyper, 2016), longer-term analysis is necessary. Third, previous studies relied
on small or non-representative samples, which is critical to external validity.

To fill this gap in knowledge, the present study exploited a quasi-experiment in Korea
that delayed school start times to between 8:30 and 9:00 am. In 2014, Gyeonggi province

implemented a 9:00 am school start policy, which requires all elementary and secondary schools



in the region to begin at 9:00 am. Following Gyeonggi province, Jeollabuk-do delayed school
start times by 30 minutes in 2014, and Gwangju and Incheon delayed school start times to 8:30-
9:00 and 8:40-9:00 am in 2015, respectively. Given that more than half of schools started before
8:00 am prior to policy adoption, school start times have been delayed approximately 30-90
minutes as a result of the policy (Baek et al., 2015). The policy discussion was initiated as some
middle schoolers proposed delaying school start times on the online suggestion box of the
Gyeonggi Provincial Office of Education (The Hankyoreh, 2014). Because of the centralized
education system of Korea, Gyeonggi and some other regions were able to implement the policy
within three months, which makes gradual adoption or anticipation effects less likely.

Leveraging spatial and temporal variation in the later school start time policy, this study
estimated causal impacts of the policy on sleep and substance use. This study analyzed
longitudinal, nationally representative data from 2010 to 2015 using difference-in-differences.
Considering prior research on the association between school start time and sleep duration
(Minges & Redeker, 2016; Owens et al., 2017; Widome et al., 2020) and associations between
shorter sleep duration and increased substance use (Claudatos et al., 2019; Nguyen-Louie et al.,
2018; Terry-McElrath et al., 2016), we hypothesized that later school start times will lead to
increased sleep duration and reduced substance use.
Methods
Data and participants

This study used the first to sixth waves of the Korean Children and Youth Panel Survey
2010 (KCYPS), a longitudinal, nationally representative survey of 7th graders in 2010.
Administered by the National Youth Policy Institute (NYPI), a government-funded youth policy
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development in Korea (National Youth Poicy Institute, 2020). KCYPS tracked a cohort of 2351
7th graders from 2010 to 2016, collecting annual information on demographics, sleep, socio-
emotional well-being, health, and developmental environment (See Supplement for detailed
information on sampling). Since the final survey (i.e., 7" wave) was conducted after high school
graduation when students were no longer exposed to the policy, it was excluded from the
analysis. The final analytic sample sizes varied across models because some outcomes were
surveyed only at some waves: 6,324 observations from 1,133 students for models with sleep
outcomes and 5,279 observations from 1,120 students for substance use outcomes. The
Institutional Review Board at the Pennsylvania State University reviewed this study and
considered it exempt.
School start time policy

The treatment was a region-level school start time policy that delayed school start times
to between 8:30 and 9:00. The treatment group consisted of students in four regions that
implemented later school start times: two regions, Gyeonggi and Jeollabuk-do, did it in 2014,
and the other two regions, Gwangju and Incheon, did it in 2015. The comparison group consisted
of students in five regions that did not delay school start times—Gyeongsangbuk-do, Daegu,
Busan, Ulsan, and Jellanam-do. Some regions did not force but recommended schools to delay
school start time, and many schools did not follow the guideline. Therefore, these regions are
excluded from the analytic sample to have clean treatment and comparison groups. Since the
policy was implemented at the school level, treatment was determined by the location of the
school rather than residence. Although we do not have information on each school’s start time

before the policy implementation, we have information on the average of school start time before



the policy implementation. As a result of the policy, school start times were delayed
approximately 30-90 minutes (Baek et al., 2015).
Outcomes

Our outcomes of interest were sleep and substance use. Using reported sleep time
information on school days, we focus on: (1) bedtime, (2) wake time, and (3) sleep duration. In
each wave, students reported bedtime and wake time on school days and non-school days in the
hour:minute format (e.g., 23:55). Sleep duration is measured as the difference in hours between
bedtime and wake time on school days. The unit of sleep outcomes is hours (e.g., 6.3 = 6 hours
and 20 minutes). Using reports of substance use, we examine: monthly frequency of (1) smoking
and (2) drinking. For smoking, adolescents reported how many times they smoked cigarettes
either per day or per year. For drinking, adolescents reported how many times they drank alcohol
either per month or per year. We constructed monthly frequency by either multiplying per day
reports by 30 or dividing per year reports by 12. These measures were surveyed from the second
to sixth waves.
Time-varying covariates

As this study used individual-fixed effects, time-invariant characteristics, such as race
and gender, were accounted for in models. To adjust for time-varying characteristics, models
included the natural log of annual family income, family structure (having two parents=1,
otherwise=0), and parental working status (having at least one parent currently not working=1,
otherwise=0).
Analytic Strategy

We employed a difference-in-differences (DD) design to estimate the impacts of later

school start times on students’ sleep and substance use, leveraging variation in a later school start



time policy adoption across regions and years. Specifically, using a two-way fixed effect
(TWFE) approach, which is an extension of the canonical 2X2 DD design, we compared changes
in outcomes of adolescents before and after a later school start time policy adoption in treatment
regions with changes in comparison regions. Our main model includes individual- and year-fixed
effects to adjust time-invariant factors and general trends in outcomes (See Supplement for
TWFE model specifications). In addition to the main model, we estimated a model with time-
varying covariates to account for time-varying individual-level factors and presented the results
in Supplement Table 2. We clustered the standard errors at the region-level to account for the
nested characteristics of data and the level of treatment (i.e., students within regions) and account
for heteroscedasticity. Also, we used sampling weights to make the analysis nationally
representative.
Supplemental Analyses

We conducted several supplemental analyses to better understand dynamic effects of later
school start times and check the robustness of our findings. First, we conducted event-study
analyses of sleep and substance outcomes to identify the dynamic effect of later school start
times and to examine the pre-treatment parallel trend assumption (See Supplement for event-
study model specifications). Second, we conducted the event-study analysis exclusively using
early adopters (2014) to prevent underestimation of initial policy effects. Since students in the
late adopter regions were surveyed six months after implementation, including these students in
the analysis might dilute the immediate impact of the policy. Moreover, restricting the analysis to
students from early adopter regions enables the first-year effect estimate to capture that in grade
11 instead of a combination of effects in grade 11 and 12. Next, we incorporated recent
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treatment timings (Callaway & Sant’Anna, 2021; Goodman-Bacon, 2021; Sun & Abraham,
2021). First, we diagnosed how much weight is being placed for forbidden comparisons, using
Goodman-Bacon decomposition (See Supplemental Table 3) (Goodman-Bacon, 2021). We then
estimated policy effects using recently developed estimators for staggered timing to examine the
robustness of findings from our TWFE model (See Supplemental Figure 1-5) (Callaway &
Sant’Anna, 2021; Sun & Abraham, 2021). Lastly, we reported wild cluster bootstrap confidence
intervals in addition to standard cluster-robust standard errors, which are more reliable and
conservative when the number of clusters is small (Roodman et al., 2019).
Results
Descriptive statistics
Table 1 shows descriptive statistics for adolescents across treatment and comparison
regions in 2013—a year before the first policy implementation. Female students accounted for
about half of the analytic sample. Average parental education was 14.5 years, approximately
90% of students were from a two-parent household, and 33% of students had at least one parent
currently not working. Across all regions, average sleep duration was 6 hours and 18 minutes on
school nights, and average monthly smoking and drinking frequency was 5.81 and 0.10,
respectively. Since we use a difference-in-differences (DD) design, which allows differences in
levels, level differences before policy adoption (e.g., difference in the proportion of female
students between treatment and control regions) do not bias estimations as long as a parallel
trends assumption holds.
Effects of later school start times on sleep duration, wake time, and bedtime
Difference-in-differences (DD) estimates of the overall impacts of later school start times
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that the late school start policy was associated with longer sleep duration. On average, we
observed a 20-minute (0.34 hours, 95% CI, 0.017 to 0.500) increase in sleep duration among
adolescents in treatment regions as compared to those in comparison regions. Considering the
baseline sleep duration, this represents an increase of 5.3%. This increase reflected later wake
times and consistent bedtimes in treatment regions. The average wake time of adolescents in
treatment regions increased by approximately 20 minutes (0.320 hours, 95% CI, 0.114 to 0.436)
after policy adoption, compared to changes in comparison regions, while the policy did not affect
bedtimes overall. Taken together, these findings demonstrated that adolescents’ sleep duration
increased through delayed wake time after the late school start policy on average across all post-
period times.

The event-study analysis for sleep duration, plotted in Figure 1, showed policy impacts at
each post-policy period as well as pre-trends. 95% confidence intervals of coefficients of pre-
policy periods demonstrated that trends in sleep duration were approximately parallel before
policy implementation. It is important to note that we have seven time points in the event-study
graphs for sleep outcomes although we have six waves when sleep outcomes were surveyed.
This is because the policy implemented in different years across regions as described above.
Specifically, two regions implemented the policy in 2014, which resulted in four pre-policy
periods and two post-policy periods. The other two regions implemented the policy in 2015,
which resulted in five pre-policy periods and one post-policy periods (See Supplement for event-
study design specification).

Immediately after policy adoption (i.e., years relative to policy adoption = 0), sleep
duration increased by 19 minutes (0.313 hours, 95% CI, 0.092 to 0.534) among students in

treatment regions, relative to the difference in sleep duration between groups at baseline (i.e., one
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year before policy adoption). Event-study results of wake time and bedtime (See Supplemental
Figure 2-3) showed that this increase in sleep duration was driven by a 22-minute (0.365 hours,
95% CI, 0.227 to 0.502) delayed wake time and consistent bedtime. However, one year after
policy implementation, the observed difference in sleep duration between treatment and
comparison regions shrank to 7 minutes (0.111 hours, 95% CI, -0.210 to 0.431) and became
statistically non-significant at p<.05. This is because bedtime was delayed by 21 minutes (0.351
hours, 95% CI, 0.054 to 0.648) among students in treatment regions, although delayed wake time
persisted across two periods. Event-study results restricted to early adopters as well as those with
alternative estimators(Callaway & Sant’Anna, 2021; Sun & Abraham, 2021) and the wild
bootstrap technique show consistent point estimates and confidence intervals (See Supplemental
Figure 1-3 and Supplemental Table 5).

Effects of later school start times on smoking and drinking

DD estimates of the overall impacts of later school start times on adolescents’ smoking
and drinking were reported in Table 2. First, we found that later school start times were
associated with reduced monthly frequency of smoking and drinking. We observed a decrease of
5.32 (95% ClI, -13.594 to 0.966) in monthly smoking frequency and of 0.207 (95% ClI, -0.346 to
-0.097) in monthly drinking frequency.

Event-study estimates of substance use outcomes are presented in Figure 2 and
Supplemental Figure 4-5. Again, due to a differential treatment timing, we have six time points
in the event-study graphs for substance use outcomes although we have five waves when sleep
outcomes were surveyed. Event-study plots showed pre-policy parallel trends in monthly
smoking and drinking frequencies. Consistent with sleep outcomes, effects on smoking and

drinking outcomes were short-lived. In the year of policy adoption, we observed substantial
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decreases in monthly smoking (b=-7.422, 95% CI, -13.949 to -0.894) and drinking (b=-0.195,
95% ClI, -0.279 to -0.110) frequencies among adolescents in treatment regions vis-a-Vvis
comparison regions. However, the effects shrank a year after the policy implementation. Event-
study results restricted to early adopters as well as those with alternative estimators(Callaway &
Sant’Anna, 2021; Sun & Abraham, 2021) and wild bootstrap technique show reasonably
consistent point estimates and confidence intervals (See Supplemental Figure 4-5 and
Supplemental Table 5).
Discussion

This study explored whether a policy that delayed school start times affected adolescents’
sleep and substance use, leveraging school start time policy variations and longitudinal,
nationally-representative data in Korea. First, we found a 19-minute increase in sleep duration
driven by delayed wake time and stable bedtime right after start times were delayed. However,
follow-up a year after the policy showed that the initial 19-minute increase shrank to 7 minutes
due to delayed bedtime. Our findings are consistent with previous longitudinal studies that
reported a gradual shift in bedtimes as students slowly adjust their bedtime to delayed school
start times, despite differences with our sleep duration findings (Thacher & Onyper, 2016;
Widome et al., 2020). A longitudinal study in New York showed that the initial increase in sleep
duration returned to baseline sleep duration after 8 months, reflecting delayed bedtime (Thacher
& Onyper, 2016). However, a longitudinal study in Minnesota reported a 16-minute delay in
bedtime after a year but found that increased sleep duration persisted due to further delayed wake
time (Widome et al., 2020).

This subsequent shift to later bedtime is a warning that delayed school start times alone

might not be sufficient to guarantee enough sleep over time. One potential factor reducing the
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persistence of the sleep effect might be pressure for academic success among high school
students. According to the 2020 National Survey of Adolescents’ Health and Lifestyle, 62.9% of
students chose “study” as a cause of their sleep deficit (National Youth Poicy Institute, 2020) In
this case, students might allocate the additional time afforded by the later start time to studying
rather than sleep, which offsets the benefits of later school start times. To address the fade-out,
policymakers may use informational interventions, including lessons on sleep hygiene for
students and a letter to parents to explain impacts of sleep on health and well-being.
Communicating scientific reasons behind the policy could alter sleep cultures and behaviors.
That being said, it is important to note that this fade-out effect could be specific to the experience
of students in 12 grade and might not manifest among younger students. Future research should
investigate differential impacts across grades, the interaction between the policy and other social
factors such as academic pressure, sleep culture, electronic device use, and caffeine
consumption, and effects of the later time policy combined with informative interventions, such
as sleep education. In addition, heterogeneity in immediate and fade-out effects should be
explored in future research. For example, the fade-out effect might be prominent among high-
achieving students under enormous academic pressure. Supplement Table 6 shows that all
students experienced fade-outs regardless of reported academic performance, though we interpret
this result with caution given the limited measure and small sub-sample size.

Second, we found that later school start times were associated with reduced monthly
smoking and drinking frequencies, which provides causal evidence consistent with prior
correlational studies (Owens et al., 2010; Stea et al., 2014; Wahlstrom et al., 2017; Wahlstrom &
Owens, 2017; Winsler et al., 2015). Our study expanded the literature on later school start times

and substance use in two ways. First, while most prior research focused on a binary measure of
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substance use (Stea et al., 2014; Wahlstrom et al., 2017; Winsler et al., 2015), our study
documented the impacts on the frequency of use. Second, we examined longer-term effects on
substance use. Third, our study suggests that sleep duration may be a mechanism that links
school start time policies and substance use. Importantly, we found the same fade-out effect for
substance use as was seen for sleep duration; monthly frequency of substance use rebounded to
the usual baseline a year after policy implementation. This finding is consistent with prior
research demonstrating a close link between sleep and substance use (Claudatos et al., 2019;
McKnight-Eily et al., 2011; Nguyen-Louie et al., 2018; Terry-McElrath et al., 2016; Winsler et
al., 2015).

Lastly, our study expanded the literature on later school start times in two additional
ways. First, we provide more assurance that effects are not due to individual factors or temporal
trends, using a quasi-experimental research design. In addition, the generalizability of prior
findings across a range of locations was restricted due to the use of small, non-representative,
single-site (mostly western) samples. By using a nationally representative sample of Korean
adolescents, which represents a geographically and demographically diverse population, this
study highlights the benefits of delayed school start times and various outcomes in a non-western
society.

Limitations

Our study had several limitations. First, findings were based on self-reported measures,
and thus future research should corroborate these findings using objective measures of sleep and
substance use. However, our findings are consistent with literature using objective measures of
sleep (Widome et al., 2020). Second, because we did not have information on each school’s start

time before the policy implementation and only have regional-level summary information, our
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estimations did not account for treatment “dosage”. Relatedly, if there were voluntary start time
delays in comparison regions, it might introduce downward bias into our estimates. However, we
minimized this concern by excluding comparison regions that allowed schools to independently
decide on later start times. Moreover, given the highly centralized education system in Korea
(Bodovski et al., 2017), a lack of fidelity (e.g., schools not adhering to mandated start time
delays) is less of a concern. Fourth, due to the nature of longitudinal data and the specific timing
of policy and survey implementation, our analysis does not isolate the fade-out effect from “12%"
grader” effects. In other words, the disappearance of policy benefits observed a year after
implementation may partly stem from the lack of policy effect on 12th graders. Lastly, although
we leveraged a difference-in-differences design to isolate the effects of later school start time
from unobserved confounders, we acknowledge that unobserved time-varying variables, such as
changes in sleep culture only in treated regions at the policy implementation period, which are
associated with both outcomes and policy adoption, could bias the estimates.
Conclusion

This study provides quasi-experimental evidence for impacts of a later school start time
policy on adolescents’ sleep, smoking, and drinking, using nationally representative data from
Korea. We demonstrated that policies that delay school start times can have health benefits
beyond increases in sleep duration—getting more sleep can reduce unhealthy behaviors for
adolescents. However, our results also serve as a warning that, without measures to ensure the
persistence of increased sleep, the health benefits of delayed start times may be relatively short-
lived. Our study has insights on how adolescents’ health behaviors are shaped within the context
of a school start time so that physicians and policymakers across Global regions can better

understand the underlying processes of sleep deficit and substance use.
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Figure 1. Event-study estimates of the effects of a later school start policy on sleep duration
among adolescents (7th-12th grades) in South Korea, 2010-2015.

NOTE. Each point represents the point estimate from TWFE event-study specification, and the
coefficient for the one time period before the policy is normalized to zero. Each bar represents
the 95% confidence interval, calculated with standard errors clustered at the region level. Point
estimates from TWFE and alternative estimators (Callaway & SantAnna, 2021; Sun and
Abraham 2021) and cluster-robust and wild bootstrap confidence intervals are reported in
Supplemental Figure 1.
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Figure 2. Event-study estimates of the effects of a later school start policy on monthly smoking
frequency among adolescents (7th-12th grades) in South Korea, 2010-2015.

NOTE. Each point represents the point estimate from TWFE event-study specification, and the
coefficient for the one time period before the policy is normalized to zero. Each bar represents
the 95% confidence interval, calculated with standard errors clustered at the region level. Point
estimates from TWFE and alternative estimators (Callaway & SantAnna, 2021; Sun and
Abraham 2021) and cluster-robust and wild bootstrap confidence intervals are reported in
Supplemental Figure 4.
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Table 1. Descriptive statistics of sleep and substance use outcomes and sociodemographic
characteristics by treatment condition for 10th graders in South Korea, 2013

All regions Treatment regions Comparison
regions
Mean SD Mean SD Mean SD

Outcomes

Sleep duration (hour:minute) 6:18 1:05 6:23 1:08 6:13 1:.01

Wake time (hour:minute) 6:36 0:31 6:32 0:32 6:40 0:29

Bedtime (hour:minute) 0:18 1:02 0:09 1:04 0:26 0:59
mo'\r']‘t‘r:nber of times smoking per ¢ ans 35347 5859 33696 5757  36.806
mo'\r']‘tjr:“ber ofimesdrinking per 155 535 0086 0422 0116  0.622
Individual Characteristics

Female 0.506 — 0.561 — 0.456 —

Highest parental education 14451 2257 14414 2281 14486  2.236

) 4553.00 2611.21 4380.47 2798.71 4709.57 2420.46
Annual income

3 6 1 1 1 8

Two-parent household 0.897 — 0.878 — 0.915 —

Parental working status 0.326 — 0.308 — 0.343 —
N 1070~1072 508~510 562

NOTE. Unweighted descriptive statistics of the analytic sample for each outcome in 2013 (i.e.,
the year before the first policy implementation) are reported. For time-varying covariates, the
analytic sample for sleep duration outcome is used. The unit of sleep duration, wake time, and
bedtime is hours. The highest parental education is measured as years of schooling, which is a
continuous variable. Parental working status shows the percentage of students with at least one
parent working currently. Weighted descriptive statistics are reported in Supplemental Table 1.
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Table 2. Estimated effects of a later school start policy on sleep and substance use among adolescents (11th and 12th
grades) in South Korea, 2014-2015

Sleep duration Wake time Bedtime S:Inogli?r:g Monthly drinking
(hours) (hours) (hours) frequency frequency
Later school
start time 0.340 0.320 -0.021 -5.317 -0.207
policy

C'“;;%/rorg'i’““ [0.149,0.532]**  [0.182,0.457]***  [-0.135,0.093] [-11.521,0.887]~  [-0.314,-0.100]**

W"gstﬁ,zoésl”ap [0.017,0.500]*  [0.114,0.436]*  [-0.154,0.144] [-13.594,0.966]~  [-0.346,-0.097]**

N 6324 6324 6324 5279 5279
2 (Within-
R* (Within 0.448 0.184 0.366 0.023 0.043
student)

NOTE. Robust standard errors are clustered at the region level. Wild bootstrap 95% confidence intervals are also
presented. Individual fixed effects and year fixed effects are included in all models. The unit of sleep duration, wake

time, and bedtime is hours. ~ p<.1, * p < .05, ** p < .01, *** p <.001
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Supplemental Online Content

This Supplemental Online Content provides additional details on the methods described in the

main paper.

Method
Data and Sampling

Based on the thorough sampling frame, which was a full list of schools and students
provided by the Department of Education, KCYPS used a stratified multi-stage cluster sampling
design. Specifically, (1) the population was stratified into 27 areas, (2) middle schools were
randomly sampled within a region using probability proportional to size (PPS) sampling, and (3)
7th-grade classes were randomly sampled within selected schools. Students were interviewed in
school in the baseline survey, and each student was traced separately from the second year
survey. The initial response rate was over 80 percent, and 87.5 percent of the original
respondents participated in the first to sixth waves. To account for the complex survey design
and non-random attrition across waves, we used sampling weights which were computed by
NYPI. The analytic sample was limited to students in either treatment regions or comparison

regions, and students who moved across regions across waves were excluded.

Difference-in-Differences Analysis
We employed a difference-in-differences (DD) design leveraging variation in a delayed
school start time policy adoption across regions (Angrist & Pischke, 2009). To be specific, a

two-way fixed effects model with the following specification was used:
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Yise = Po + Bilate School Starty + a; + Ay + nXige + €ist
Where Yist is the outcome—sleep duration, wake time, bedtime, irritability, the number of
smoking, and the number of drinking—of student i who attends a school in region s at each
period t. Late_School_Starts is a binary variable equal to 1 if a student i attends a school in a
region s that adopted the late school start policy at period t, and zero otherwise. Therefore, £,
the parameter of interest, represents the effect of late school start policy implementation. «i is a
set of individual fixed effects, and A: is a set of year fixed effects. Since students who moved
across regions were removed, there is no region-level time invariant variation beyond and above
the individual-level variation. Therefore, region fixed effects are omitted in the model. Xist is a
vector of time-varying individual-level covariates. We presented both models with and without

time-varying individual-level covariates.

Event-study Analysis and staggered treatment timing

We conducted event-study analyses of sleep and substance use outcomes to test whether
the effect of delayed school changes over time (Angrist & Pischke, 2009). In this model
specification, we include pre-policy years and distinct post-policy years instead of one treatment

indicator to allow the effect to change over time:

Vie = Bo+ D 1t = Go+716r + o + A+ i

r+—1
Where Yist is the outcome—sleep duration, wake time, bedtime, irritability, monthly
smoking frequency, and monthly drinking frequency—of student i who attends a school in
region s at each period t. The term 1[t = G, + r] represents a set of indicators for each time
period relative to treatment, with Gs denoting the year in which region s implemented the later

school start time policy and r & [-4,1] for sleep outcomes and r & [-3,1] for substance use
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outcomes. Therefore, the parameters of interest are the 4’s, which represent the effects of a late
school start policy relative to a year before the policy adoption (r = -1). ai is a set of individual
fixed effects, and At is a set of year fixed effects. Since students who moved across regions were
removed, there is no region-level time invariant variation beyond and above the individual-level
variation. Therefore, region fixed effects are omitted in the model. In addition, we estimated a
model with a set of school-fixed effects for wake time and bedtime outcomes, concerning
potential violation of the parallel trend assumption. After including school-fixed effects, in
support of the parallel trends assumption, 95% confidence intervals of coefficients of all
implementation periods except the -4 period for wake time outcome include zero.

As we discussed in the main paper, we incorporated recent advances in the econometrics
literature to address potential bias in the two-way fixed effect approach (Callaway & Sant’Anna,
2021; de Chaisemartin & D’Haultfoeuille, 2022; de Chaisemartin & D’Haultfceuille, 2020;
Gardner, 2022; Goodman-Bacon, 2021; Roth et al., 2022; Sun & Abraham, 2021; Wooldridge,
2021). Among recently developed estimators for staggered timing, we conducted Callaway and
Sant’ Anna (2021)’s estimation and Sun and Abraham (2021)’s estimation to examine the
robustness of findings from our TWFE model. For these analyses, we used csdid and
eventstudyinteract commands in STATA (Rios-Avila et al., 2023; Sun, 2022). Since csdid has a
wild bootstrap cluster option, we used the wild cluster bootstrap technique to compute our
standard errors, which enables us to address the issue of underestimated cluster-robust standard
errors with a small number of clusters. Specifically, we reported wild cluster bootstrap
confidence intervals with 999 replications and Webb weights, which are proper when the number
of replications exceeds two raised to the number of clusters (in this case, 29 = 512) (Roodman,

2023; Roodman et al., 2019).
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Goodman-bacon decomposition

We conducted the Goodman-Bacon decomposition for sleep and substance use outcomes
that have heterogeneity in treatment timing (Goodman-Bacon, 2021; Goodman-Bacon et al.,
2022). Since TWFE estimator within the DD framework is a weighted average of all possible
2X2 DD estimates, understanding how coefficients from each comparison are weighted is
important when there is differential treatment timing. Goodman-Bacon decomposition computes
weights and coefficients for each potential 2X2 comparison and reports coefficients and weights
for these three comparisons: (1) the early-treated group as a comparison group for the late-treated
group (i.e., forbidden comparison), (2) the late-treated group as a comparison group for the early-
treated group, and (3) never-treated group as a comparison group. We presented Goodman-bacon
decomposition results in Supplemental Table 3. The decomposition shows that more than 85
percent of our DD estimates come from the comparison between never-treated and treatment for
all outcomes. Approximately 11 percent of our DD estimates were from forbidden comparison,

which is early group control vs. late group treatment.
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13. Supplemental Figure 7. Event-study estimates of the effects of a later school start policy on

bedtime with school-fixed effects
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Supplemental Table 1. Weighted Descriptive statistics in 2013 by a treatment condition

All regions Treatment regions ~ Comparison regions
Mean SD Mean SD Mean SD
Outcomes
Sleep duration (hour:minute) 6:21 1:05 6:25 1:05 6:15 1:03
Wake time (hour:minute) 6:35 0:30 6:32 0:32 6:40 0:29
Bedtime (hour:minute) 0:14 1:02 0:07 1:02 0:25 1:01
Number of times smoking per month 6.102 36.017 5.901 33.349 6.394 39.599
Number of times drinking per month 0.115 0.615 0.084 0.408 0.159 0.825
Individual Characteristics
Female 0.489 — 0.499 — 0.476 —
Highest parental education 14.516 2.240 14.504 2.267 14.532 2.203
Annual income 453552 274274  4490.44 299425 4601.28 2329.94
4 6 2 3 7 2
Two-parent household 0.891 — 0.880 — 0.906 —
Parental working status 0.403 — 0.383 — 0.431 —
N 1070~1072 508~510 562

NOTE. Weighted descriptive statistics of the analytic sample for each outcome in 2013 (i.e., the year before the
first policy implementation) are reported. For time-varying covariates, the analytic sample for sleep duration
outcome is used. The unit of sleep duration, wake time, and bedtime is hours. The highest parental education is
measured as years of schooling, which is a continuous variable. Parental working status shows the percentage of
students with at least one parent working currently. Unweighted descriptive statistics are reported in Table 1.
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Supplemental Table 2. Estimated effects of a later school start policy on sleep and substance use

Sleep duration Wake time Bedtime Monthly smoking Monthly drinking
(hours) (hours) (hours) frequency frequency
Later school 0.337 0.319 -0.018 5.282 -0.209
start time policy
C'“;;%thl’““ [0.149,0.525]**  [0.182,0.455]***  [-0.133,0.096]  [-11.498,0.933]~  [-0.315,-0.102]**
W"gs?)zoésl”ap [0.020,0.493]*  [0.114,0434]%  [-0.152,0.141] [-13.576,1.003]~  [-0.346, -0.098]**
N 6324 6324 6324 5279 5279
) i
R* (Within 0.449 0.185 0.366 0.024 0.044
student)

NOTE. Robust standard errors are clustered at the region level. Wild bootstrap 95% confidence intervals are also
presented. Individual fixed effects and year fixed effects are included in all models. Time-varying individual covariates
include annual income, parental working status, and family structure. The unit of sleep duration, wake time, and bedtime is
hours. ~p<.1, * p<.05, ** p< .01, *** p <.001
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Supplemental Table 3. Goodman-Bacon Decomposition

Sleep duration Wake time Bedtime (hours) Monthly smoking Monthly drinking
(hours) (hours) frequency frequency

Beta Weight Beta Weight Beta  Weight Beta Weight Beta Weight

Early group control vs. late group 0.490 0111 0424 0111 -0.065 0.111 -7.358 0110 -0.162  0.110
treatment
{-atingl:pcontm'VS- Early group 0.340 0.028 0216 0028 -0.124 0.028 -15118 0036 -0.283  0.036
reatmen

0.317 0.861 0.309 0.861 -0.008 0.861 -4.569 0.854 -0.209 0.854
Never treated vs. treatment

Weighted DD 0.340 0.320 -0.021 -5.710 -0.187

NOTE. Individual fixed effects and year fixed effects are included in all models, and time-varying individual covariates are not included in all
models. Therefore, it provides decompositions of our main DD models presented in Table 2. The unit of sleep duration, wake time, and
bedtime is hours.
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Supplemental Table 4. Full models for event-study estimates of the effects of a later school start policy on sleep and

substance use

Two-way fixed effect

Callaway and Sant'Anna
(2020)

Sun and Abraham (2020)

Sleep duration (hours)

5 years before -0.096  [-0.469,0.277]  -0.217 [-0.771,0.336]  -0.231  [-0.804,0.342]
4 years before -0.047 [-0.334,0.240] -0.079 [-0.318,0.160] -0.119 [-0.423,0.185]
3 years before -0.185  [-0.428,0.058]  -0.224*  [-0.397,-0.051]  -0.245"  [-0.485,-0.006]
2 years before -0.213"  [-0.418,-0.007] -0.278™"  [-0.441,-0.114] -0.260™ [-0.421,-0.098]
1 year before Omitted
Year of policy adoption ~ 0.313" [0.092,0.534] 0.321" [0.019,0.624] 0.317" [0.096,0.538]
1 year after 0111  [-0.210,0.431]  -0.027 [-0.303,0.248] -0.015  [-0.357,0.327]
N 6324 6130 6324
R? 0.451 — 0.535
Wake time (hours)
5 years before 0.184" [0.045,0.323] 0.168™ [0.045,0.290] 0.153 [0.037,0.270]
4 years before 0.175"  [0.057,0.294]  0.170™  [0.071,0.269]  0.176™  [0.057,0.296]
3 years before 0.131" [0.037,0.226] 0.135™ [0.061,0.208] 0.132 [0.019,0.244]
2 years before 0.069°  [0.004,0.134] 0.087" [0.014,0.160] 0.084*  [0.018,0.151]
1 year before Omitted
Year of policy adoption  0.365™"  [0.227,0.502]  0.376™  [0.257,0.496]  0.378™"  [0.260,0.497]
1 year after 0.461™  [0.352,0.571] 0.456™" [0.373,0.539] 0.465™  [0.368,0.562]
N 6324 6130 6324
R? 0.191 — 0.427
Bedtime (hours)
5 years before 0.281 [-0.148,0.709] 0.385 [-0.117,0.886] 0.384 [-0.203,0.972]
4 years before 0.223 [-0.122,0.567] 0.249 [-0.048,0.545] 0.296 [-0.074,0.665]
3 years before 0.317°  [0.034,0.599]  0.358" [0.131,0.586] 0.377 [0.083,0.671]
2 years before 0.282" [0.037,0.527] 0.365™ [0.136,0.593] 0.344™ [0.150,0.538]
1 year before Omitted
Year of policy adoption 0.051 [-0.147,0.249] 0.055 [-0.239,0.348] 0.061 [-0.212,0.334]
1 year after 0.351"  [0.054,0.648]  0.484™ [0.172,0.796] 0.480 [0.144,0.817]
N 6324 6130 6324
R2 0.372 — 0.499
Monthly smoking frequency
4 years before 0.763 12.509’['1 s3] 008 [92579224] 0790 g 4557_76 .
3 years before 1.181 [-7.414,9.776] 0.147 [-4.646,4.940] 0.251 [-6.018,6.520]
2 years before -1.407  [-8.166,5.352]  -2.256 [-6.823,2.311]  -3.027  [-8.707,2.652]
1 year before Omitted
Year of policy adoption ~ -7.422"  [-13.949,-0.894] -7.575" [-12.133,-3.016] -7.593" [-11.788,-3.399]
1 year after -0.406 [-8.903,8.092] -2.743 [-9.475,3.989] -1.805 [-8.842,5.232]
N 5279 5153 5279
R? 0.025 — 0.285

Monthly drinking frequency
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4 years before 0119  [-0.136,0.373]  0.102 [-0.123,0.327]  0.097  [-0.186,0.379]

3 years before 0.063 [-0.111,0.236] 0.085 [-0.049,0.219] 0.063 [-0.120,0.246]
2 years before 0.079 [-0.039,0.198] 0.081 [-0.035,0.198] 0.086 [-0.061,0.233]
1 year before Omitted
Year of policy adoption 0.195™* [-0.279,-0.110] 0187 [-0.259,-0.115] 0187 [-0.263,-0.111]
1 year after -0.112~  [-0.232,0.008] -0.126" [-0.232,-0.020] -0.109 [-0.223,0.005]
N 5279 5153 5279
R? 0.044 — 0.186

NOTE. Point estimates and 95% confidence intervals, in brackets, from three event-study estimations are reported:
standard two-way fixed effect, Callaway and Anna (2020), and Sun and Abraham (2020). Robust standard errors are
clustered at the region level. For Callaway and Sant'Anna (2020) estimations, wild bootstrap 95% confidence
intervals are presented. Models for Callaway and Sant'Anna (2020) estimations have different analytic sample sizes
because it only uses observations with pair balanced, and it does not provide R-squared. The unit of sleep duration,
wake time, and bedtime is hours. ~ p<.1, * p<.05, ** p <.01, *** p <.001
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Supplemental Table 5. Event-study estimates of the effects of a later school start policy on sleep and substance use among the early and late adopters, separately

Early adopters
Sleep duration Wake time Bedtime . Monthly drinking
(hours) (hours) (hours) Monthly smoking frequency frequency
4 years before -0.124  [-0.484,0.237] 0.189" [0.060,0.317] 0.312  [-0.120,0.745] — —
3 years before 0 2'57~ [-0.548,0.034] 0.125~  [-0.006,0.257] 0.382"  [0.029,0.736] 1.195 [-3.715,6.106] 0.061 [-0.142,0.264]
2 years before 0 2-82* [-0.527,-0.037]  0.107" [0.010,0.205] 0.389" [0.116,0.662]  -4.048" [-8.642,0.546] 0.099 [-0.110,0.307]
1 year before Omitted
Year of policy adoption 0.483"  [0.063,0.904]  0.408"" [0.255,0.561] -0.076 [-0.562,0.411] -5.840°  [-10.802,-0.877] 0 1'72* [-0.295,-0.049]
1 year after -0.015  [-0.385,0.355] 0.465™"  [0.360,0.570]  0.480" [0.117,0.844] -1.805 [-9.408,5.798] 0 1'09_ [-0.232,0.015]
N 5316 5316 5316 4438 4438
R? 0.449 0.181 0.379 0.027 0.043
Late adopters
Sleep duration Wake time Bedtime . Monthly drinking
(hours) (hours) (hours) Monthly smoking frequency frequency
5 years before -0.231  [-0.851,0.389] 0.153" [0.027,0.279] 0.384  [-0.251,1.019] — —
4 years before -0.105  [-0.708,0.498] 0.137 [-0.060,0.335] 0.242  [-0.314,0.798]  -0.790 [-20.839,19.259]  0.097 [-0.209,0.402]
3 years before -0.209  [-0.695,0.277] 0.151" [0.009,0.293] 0.360~ [-0.073,0.794]  -2.699 [-24.183,18.784]  0.070 [-0.238,0.378]
2 years before -0.190  [-0.584,0.203] 0.012 [-0.036,0.060] 0.202  [-0.184,0.589] 0.123 [-19.977,20.223]  0.048 [-0.217,0.313]
1 year before Omitted
Year of policy adoption -0.188  [-0.827,0.451] 0.288" [0.031,0.545] 0.476~ [-0.108,1.060] 12 5320‘ [-27.028,1.188] 0 2'33* [-0.421,-0.045]
N 4337 4337 4337 3642 3642
R? 0.506 0.202 0.41 0.024 0.05

NOTE. Point estimates and 95% confidence intervals, in brackets, from two-way fixed effect estimations were reported. Robust standard errors are clustered at the region level.
The unit of sleep duration, wake time, and bedtime is hours. ~ p<.1, * p < .05, ** p <.01, *** p <.001
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Supplemental Table 6. Event-study estimates of the effects of a later school start policy
on sleep duration among high-achievers and non-high-achievers, separately

High-achievers Non high-achievers
5 years before 0.084  [-0.857,1.024] 0 1_10 [-0.523,0.302]
4 years before 0.282  [-0.585,1.150] 0 (;76 [-0.404,0.251]
3 years before 0.068 [-0.476,0.612] 0 2_15 [-0.494,0.065]
2 years before 0.230 [-0.574,0.113] 0.209 [-0.433,0.014]
1 year before Omitted Omitted

Year of policy adoption 0.785 [0.176,1.395] 0.280 [0.058,0.501]
1 year after 0.452 [-0.206,1.111] 0.087 [-0.239,0.413]

N 371 5889

R? 0.510 0.451

NOTE. Point estimates and 95% confidence intervals, in brackets, from two-way fixed
effect estimations were reported. Robust standard errors are clustered at the region
level. The unit of sleep duration is hours. ~ p<.1, * p < .05, ** p < .01, *** p < .001
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Supplemental Figure 1. Event-study estimates of the effects of a later school start policy on sleep duration using
three different estimators
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NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. For Callaway and Sant'’Anna (2020) estimations, wild bootstrap 95%
confidence intervals are presented. The unit of sleep duration is hours.

Supplemental Figure 2. Event-study estimates of the effects of a later school start policy on wake time using three
different estimators
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NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. For Callaway and Sant'/Anna (2020) estimations, wild bootstrap 95%
confidence intervals are presented. The unit of wake time is hours.
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Supplemental Figure 3. Event-study estimates of the effects of a later school start policy on bedtime using three
different estimators

Bedtime
1.2 }
|
l
8- }
|
3 \
= |
(53 |
s 44 I
S
5
< &
R “ I
|
-4 :
T T T T T T T
-5 -4 3 -2 -1 0 1

Years since the policy implementation

‘>—< Callaway-Sant'Anna ———— Sun-Abraham +———— TWFE ‘

NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. For Callaway and Sant'/Anna (2020) estimations, wild bootstrap 95%
confidence intervals are presented. The unit of bedtime is hours.

Supplemental Figure 4. Event-study estimates of the effects of a later school start policy on the number of smoking
using three different estimators
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NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. For Callaway and Sant'/Anna (2020) estimations, wild bootstrap 95%
confidence intervals are presented.
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Supplemental Figure 5. Event-study estimates of the effects of a later school start policy on the number of drinking
using three different estimators

Monthly drinking frequency

IZH Ul % -
it p ok

|
|
|
|
T T T T T
-4 -3 -2 -1 0 1
Years since the policy implementation

Average effect
o

‘>—< Callaway-Sant'Anna  ——— Sun-Abraham ———— TWFE ‘

NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. For Callaway and Sant'/Anna (2020) estimations, wild bootstrap 95%
confidence intervals are presented.

Supplemental Figure 6. Event-study estimates of the effects of a later school start policy on waketime with school-
fixed effects
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NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. School-fixed effects are included in the model in addition to individual-
and year-fixed effects. The unit of wake time is hours.
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Supplemental Figure 7. Event-study estimates of the effects of a later school start policy on bedtime with school-
fixed effects
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NOTE. Each point represents the point estimate from each event-study estimator, and the coefficient for the one
time period before the policy is normalized to zero. Each bar represents the 95% confidence interval, calculated with
standard errors clustered at the region level. School-fixed effects are included in the model in addition to individual-
and year-fixed effects. The unit of bedtime is hours.
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