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Summary

Sleep health tends to worsen during adolescence, partially due to pubertal-related

changes that, in combination with social and psychological factors, can lead to long-

lasting impairments in sleep health and affective functioning. Discrepant findings

between subjective and objective measures of sleep in relation to affect have been

reported in studies of adults; however, few investigations have assessed both subjec-

tive and objective sleep quality in a single sample, and fewer have examined this in

the context of pubertal development. We aimed to (1) characterise pubertal associa-

tions with subjective sleep satisfaction, objective sleep efficiency, and objective and

subjective sleep duration in adolescents; (2) examine the longitudinal association

between daily affect and sleep metrics; and (3) test whether pubertal stage moder-

ated this association. Eighty-nine participants (64% female, ages 13–20) completed

an ecological momentary assessment (EMA) and actigraphy protocol. Independent of

age, advanced pubertal stage was associated with lower subjective sleep satisfaction

but not with objective sleep indices. Subjective sleep satisfaction was associated with

within-person trajectories of negative affect, but not with positive affect. Pubertal

stage and sleep satisfaction did not interact to predict within-day negative or positive

affect. These findings are consistent with previous reports showing that objective

and subjective sleep health are associated differently with puberty, and that subjec-

tive sleep health is associated with daily affect. Pubertal stage may be a more impor-

tant indicator of subjective sleep quality in adolescence than is chronological age,

most likely due to hormonal changes and psychological adjustment to the physical

changes associated with the pubertal transition.
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1 | INTRODUCTION

Insufficient sleep is prevalent in adolescence, affecting �70% of

high-school students (National Sleep Foundation, 2020). Studies rec-

ommend 8–10 h of sleep (Paruthi et al., 2016) for adolescents 13–

18 years of age; however, 12–18-year-old adolescents tend to sleep

for only about 7 h each night (Galland et al., 2018), which is associated

with an increased risk for psychological distress (Glozier et al., 2010).

Although this low level of sleep duration is due in part to environmen-

tal factors (e.g. school start time), it is also influenced by biological

changes that begin at the onset of puberty.

Researchers have documented consistent associations between

pubertal development and changes in circadian rhythm, demonstrating

that, compared with adolescents in earlier stages of puberty,
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adolescents in later stages of puberty have a delayed circadian phase

(Boyar et al., 1972; Carskadon et al., 1993; Hagenauer et al., 2009;

Jenni et al., 2005). This biological shift in adolescents’ circadian clock

causes them to go to bed later which, when compounded by early

school start times, results in a decrease in sleep duration (Crowley

et al., 2018) and a greater difference between bedtimes during the

week and bedtimes on the weekend (i.e. social jetlag) (Carvalho-

Mendes et al., 2020). The endogenous shift towards eveningness in

the circadian rhythm tends to correlate with self-reported circadian

preference (Duarte & Menna-Barreto, 2022; Roenneberg et al., 2004).

Circadian preference has been posited to influence various dimen-

sions of sleep health, including daily sleep duration and sleep quality

(Chan et al., 2020). Although the association between puberty and

sleep duration has been examined, the association between puberty

and sleep quality in adolescence has been understudied. Nonetheless,

when examining the dimensions of sleep health, a pattern of sleep–

wakefulness that supports physical and mental well-being

(Buysse, 2014), it is important to consider circadian preference, partic-

ularly in the context of associations with pubertal development.

Sleep quality is generally defined by an individual's ratings of the

previous night's sleep experience (Krystal & Edinger, 2008), although

exact definitions vary. Objective measures (e.g. polysomnography,

actigraphy) tend to conflict with subjective reports of sleep (Choi

et al., 2017). Despite the importance of assessing both objective and

subjective measures of sleep health (Dewald et al., 2010), only a few

studies have used both methods in the same participants in relation to

pubertal development, and these investigations have yielded inconsis-

tent results. For example, Holm et al. (2009) found that individuals in

later stages of puberty objectively slept less than did those in earlier/

pre-pubertal stages; however, in terms of subjective sleep quality,

there were no differences based on pubertal stage. In a different sam-

ple, individuals in later stages of puberty reported poorer subjective

sleep quality, but there was no association with objective sleep dura-

tion (Becker et al., 2019).

There are notable links between sleep health and affective prob-

lems (e.g. internalising symptoms) during the transition through

puberty that likely reflect a bidirectional relation between these two

constructs. Although high levels of negative affect (NA) and low levels

of positive affect (PA) are not necessarily problematic on a given day,

a pattern of consistent high NA and low PA has been found to be

associated with a diagnosis of depression, particularly in girls who are

in mid to late puberty (Forbes et al., 2004). A meta-analysis examining

naturalistically assessed sleep studies over time (i.e. through daily

diary and actigraphy), mainly with adult samples, indicated that better

sleep health predicts better next-day PA and lower levels of next-day

NA (Konjarski et al., 2018). It is not clear, however, whether advanced

pubertal stage moderates this association.

1.1 | Present study

In this study, our first aim was to use multimodal measures of natural-

istic sleep quality and duration to characterise the associations

between pubertal stage and sleep health. To measure subjective sleep

health, we obtained daily self-reported measures of sleep duration

and sleep satisfaction (i.e. quality) using ecological momentary assess-

ment (EMA). To measure objective sleep health, we examined sleep

duration and sleep efficiency (i.e. the proportion of total sleep time to

time-in-bed) metrics from daily actigraphy. Whereas subjective sleep

health dimensions of sleep duration and sleep quality were measured

using ecological momentary assessment (EMA), objective sleep health

dimensions of sleep duration and sleep quality (i.e. sleep efficiency)

were measured with actigraphy. Sleep efficiency is commonly used as

an objective index of sleep quality (Evans et al., 2021). Further, sleep

efficiency has been shown to be related to subjective sleep quality

more strongly than are other actigraphy-based metrics (Kaplan

et al., 2017). Thus, for our first aim, we hypothesised that adolescents

who are more advanced in puberty will have poorer subjective sleep

satisfaction, lower objective sleep efficiency, and shorter subjective

and objective sleep duration than will adolescents who are less

advanced in puberty.

Importantly, a portion of our data was collected during the

COVID-19 pandemic. The pandemic has had an unprecedented impact

on daily routines in the USA (Becker et al., 2021). Thus, we adjusted for

the effects of the pandemic on sleep quality and duration. We also

adjusted for early adversity and perceived life stress, given that adversity

during childhood (Kajeepeta et al., 2015) and higher levels of perceived

stress have each been found to be associated with poorer sleep health

(ten Brink et al., 2021). We also examined socioeconomic status (SES),

given significant associations between sleep problems and household

income (Stamatakis et al., 2008), as well as body mass index (BMI) given

associations with puberty and sleep duration (Rutters et al., 2010).

Our second aim was to investigate the longitudinal association

between sleep health and affect, and our third aim was to examine

the moderating effects of advanced pubertal stage on the daily associ-

ation between sleep health and affect. Across adolescents and adults,

subjective measures of sleep tend to be related to affect more

strongly than do objective measures of sleep (Konjarski et al., 2018).

Thus, for our second aim, we hypothesised that poorer subjective

sleep satisfaction or shorter duration (based on findings from our first

aim) would be associated with higher NA and lower PA; and for our

third aim, pubertal stage would moderate this association, such that

this effect would be strongest for adolescents who are most advanced

in puberty.

2 | METHODS

2.1 | Participants and procedure

A total of 174 adolescents participating in a larger longitudinal study

(King et al., 2019) assessing the effects of early life stress on neurobi-

ological development over puberty agreed to participate in an

“at-home components” portion of the study. See Supplement (page

S2) in Appendix S1 for recruitment procedures. All participants were

recruited through print and online advertisements. For 2 weeks,
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participants were given an Actiwatch Spectrum Plus™ device (Phillips

Respironics) to monitor sleep and downloaded a smartphone app,

MetricWire, that prompted them to respond to two questions about

their sleep every morning. Sleep diaries were administered to partici-

pants to supplement the actigraphy protocol (see Measures: Sleep).

One hundred twelve participants had usable actigraphy and EMA

sleep data; 91 of these participants completed actigraphy and EMA

concurrently (overlapping at least 7 days). Two participants were

missing pubertal data, bringing our sample to 89 participants. Given

changes in circadian routines during the transition from grade school

to post-high-school, our main analyses examined participants

13–18 years old (N = 87), which excluded n = 2 participants who

were post-high-school. Supplementary analyses included these partic-

ipants post-high-school. See Table 1 for demographic characteristics

of the 89 participants who completed the EMA and actigraphy proto-

col concurrently. In accordance with the Declaration of Helsinki, par-

ticipants and their parents provided informed written assent and

consent, respectively. This study was approved by the Stanford Uni-

versity Institutional Review Board (IRB-27671) and all participants

were compensated for their participation. See Supplement (page S2)

in Appendix S1 for Participant Compensation and Adherence.

2.2 | Measures

2.2.1 | Pubertal stage

To assess pubertal stage, participants rated their developmental stage

using the Tanner Staging questionnaire (Morris & Udry, 1980) which

measures developmental status based on participants’ endorsement of

schematic drawings of secondary sex characteristics (pubic hair and

breast development for females, pubic hair and testicular development

for males) on a scale from 1 (no pubertal development) to 5 (adult level

of pubertal development). We averaged the two ratings of the second-

ary sex characteristics to yield a composite measure of the participants’
pubertal stage. Self-reported Tanner staging has been found to be cor-

related with physicians’ physical examinations of pubertal development

(Shirtcliff et al., 2009). In addition, adolescents’ self-reported Tanner

stage and their circadian preference have been found to be associated

with physician-measured Tanner stage and with the offset of salivary

melatonin secretion (Carskadon et al., 1997).

2.2.2 | Actigraphy assessment

To objectively monitor sleep quality, participants were asked to wear

an actigraphy device (Actiwatch Spectrum Plus) for 2 weeks to obtain

reliable data (Buysse et al., 2006) while limiting the burden of assess-

ments that participants were completing in the broader study. They

were instructed to press an event marker for 3 s to mark the time

they started trying to fall asleep and again as soon as they got out of

bed to start their day. Participants were also instructed to complete a

daily sleep diary over the same time period as they wore the device;

the diary data were used only to guide the scoring of actigraphy data,

as described in the Supplement (page S3) in Appendix S1. We config-

ured the Actiwatches to have an epoch length of 1 min to measure

motor activity and light data. See Supplement for details about the

hardware and software features (pages S2–S3) in Appendix S1.

TABLE 1 Participant characteristics

Variable (N = 89) M (SD) Range

Sex: Female (%) 64

Assessed during COVID-19: Yes

(%)

36

Age (years) 15.51 (1.37) 13–20

Tanner score 4.33 (0.66) 2–5

Proportion of those in early

puberty (stages 2–2.5) (%)

5

Proportion of those in mid

puberty (stages 3–3.5) (%)

11

Proportion of those in late

puberty (stages 4–4.5) (%)

56

Proportion of those in post

puberty (stage 5) (%)

28

BMI 22.02 (5.57) 14.09–46.59

Household income (%)

<$5000 0

$5001–$10,000 1

$10,001–$15,000 0

$15,001–$25,000 0

$25,001–$35,000 2

$35,001–$50,000 5

$50,001–$75,000 10

$75,001- $100,000 11

$100,001–$150,000 21

$150,000 or greater 45

Not reported 5

Race/Ethnicity (%)

White 43

Black or African American 8

Hispanic/Latino/Latinx 8

Asian 11

Biracial 25

Other than the listed options 5

Early life stress severity 6.32 (4.65) 0–19

Adolescent life stress severity 140.55 (42.61) 56–246

Assessed during COVID-19: Yes

(%)

36

Assessed during grade school: Yes

(%)

98

Interval between EMA and

actigraphy start date (days)

0.66 (1.46) 0–7

Abbreviations: BMI, body mass index; Choices for biological sex were

Male or Female; EMA, ecological momentary assessment.
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2.2.3 | Actigraphy scoring

Actigraphy data were scored by two raters (JSK and SMC) to define

rest, sleep, and wake periods with the Philips Respironics Actiware soft-

ware (version 6.0.9) using criteria described in the Supplement (page

S3) in Appendix S1. Summer months and school breaks were not

excluded. Based on the literature examining the reliability of daily diary

and actigraphy data (Short et al., 2017) five weekday nights are typically

recommended; however, we adopted a more liberal threshold to retain

a sufficient sample size (see Figure 1 for distribution of usable days),

and required participants to have at least 3 days of usable data.

2.2.4 | Objective sleep duration

We operationalised sleep duration as the total number of 1-min

epochs scored as sleep.

2.2.5 | Objective sleep efficiency

Sleep efficiency is the percentage of time asleep (i.e. sleep duration)

relative to the time allocated for sleep (i.e. scoring interval).

2.2.6 | Subjective sleep duration

Each morning participants were also asked via the EMA notifica-

tion, “How many hours did you sleep last night?” Participants were

given choices of “5 h or less”, “6 h”, “7 h”, “8 h”, ‘9 h or more’ for

ease of participant responsiveness, which we coded as 5, 6, 7, 8,

and 9 respectively.

2.2.7 | Subjective sleep satisfaction

We used EMA methods via a smartphone application, MetricWire,

which sent a daily notification every morning at a fixed time for

2 weeks. At each morning prompt, participants were asked: “How

restful or satisfying was your sleep last night?” to which they

responded on a continuous scale from 1 (not at all) to 100 (very).

2.2.8 | Daily affect

Consistent with the EMA protocol for sleep, participants received a

prompt in the morning (i.e. the same time as the sleep prompt), the

afternoon, and at night asking them “since the last prompt, please

indicate the extent to which you felt [AFFECT ITEM]” on a scale from

“not at all” to “very”. See Supplementary Material in Appendix S1

(page S9) for EMA protocol with list of affective items. The order in

which these items were presented was randomised.

2.3 | Potential covariates

2.3.1 | Circadian preference

The Children's Morningness/Eveningness Preference (CMEP) scale is

a 10-item measure of circadian preference (Carskadon et al., 1993).

F IGURE 1 Distribution of usable days
from actigraphy and EMA
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Scores range from 10 (extreme evening preference) to 42 (extreme

morning preference). Questions such as “Is it easy for you to get up in

the morning?”, “When's the ideal time for you to take a test?” are

designed to assess phase tendencies in children (Carskadon

et al., 1993). Eighty-four out of eighty-nine participants completed

the CMEP. Internal consistency of the CMEP in this sample was good

(Cronbach's α = 0.82).

2.3.2 | Body mass index (BMI)

We used BMI as a measure of healthy weight. Height and weight

were obtained via a scale in the laboratory, and then used to calculate

BMI. Given that males and females generally differ on BMI, we stan-

dardised BMI within each sex.

2.3.3 | Early life stress (ELS)

To assess a history of ELS, adolescents were interviewed at baseline

of the broader longitudinal study about exposure to stressful experi-

ences using a modified version of the Traumatic Events Screening

Inventory for Children (Ribbe, 1996). As described in King et al.

(2017), three coders blind to the adolescents’ subjective ratings rated

the objective severity on a 5-point scale of each type of stressor. A

cumulative objective stress severity score was calculated by summing

the maximum severity scores for each type of stressor the adolescent

endorsed; this method ensured that frequent but less severe events

would not be overly weighted (King et al., 2017).

2.3.4 | Perceived current stress

To measure perceived severity of current life stressors, participants

completed the Adolescent Stress Questionnaire (ASQ) (Byrne

et al., 2007), which asks participants to rate subjective stress in differ-

ent domains (e.g. home life, school performance, peer pressure,

emerging adult responsibility) on a 1–5 scale (“not at all stressful to
very stressful”). Total scores range from 58 to 290, with higher scores

indicating greater experiences of stress. Eighty-seven of the eighty-

nine participants in our sample completed the ASQ, with excellent

internal consistency (Cronbach's α = 0.97).

2.3.5 | Household income

Parents reported on their household income for the past

12 months using the following categories: (1) less than $5000,

(2) $5001–$10,000, (3) $10,001–$15,000, (4) $15,001–$25,000,

(5) $25,001–$35,000, (6) $35,001–$50,000, (7) $50,001–$75,000,

(8) $75,001- $100,000, (9) $100,001–$150,000, (10) $150,000 or

greater. Participants from this sample were recruited from the San

Francisco Bay area with income levels higher than many other

national regions (King et al., 2020). Thus, we cannot generalise our

findings to different income strata. Additionally, the racial and ethnic

distribution of our sample, which is largely White and non-Hispanic

may preclude generalisation of our findings.

2.3.6 | COVID-19 pandemic

In our study, 36% of our sample were assessed during the COVID-19

pandemic. Although imprecise as a measure of the effects of

COVID-19, we created a binary variable indicating whether partici-

pants were assessed prior to (i.e. before 17 March 2020) (1) or during

(0) the pandemic (i.e. after 17 March 2020).

2.4 | Analysis aim 1

We averaged our repeated assessments of subjective sleep satisfac-

tion, subjective sleep duration, objective sleep duration, and objective

sleep efficiency over the 2 weeks to obtain more reliable estimates of

these constructs. For each analysis, we first identified and removed

outliers with respect to sleep duration, efficiency, and sleep satisfac-

tion using a standard formula of 1.5 times the interquartile range

beyond the upper or lower quartile. We conducted all analyses in

R and R Studio version 4.1.2.

We standardised Tanner stage, age, and BMI within each sex,

given expected differences in pubertal stage, age, and BMI between

males and females. We considered BMI, ELS, perceived stress,

household income, response rate to EMA prompts, biological sex

(dummy-coded) and timing relative to COVID-19 (dummy-coded) as

theoretically important variables that could be included in our models.

Given the limited statistical power for identifying associations

between various racial/ethnic groups and our response variables, we

did not include this variable in our models; however, we present the

breakdown of race/ethnicity in our descriptive tables. Continuous var-

iables were standardised across the full sample.

To test the use of covariates in regression models, we followed a

standard approach to model fitting (Chambers, 1992; Streiner, 2016).

First, we first tested the bivariate association between metrics of

sleep health (i.e. subjective sleep satisfaction, subjective sleep dura-

tion, objective sleep duration, and objective sleep efficiency) and Tan-

ner stage. Second, we tested whether each covariate significantly

improved model fit using likelihood test ratios. We added variables as

covariates if they were significantly (p < 0.05) associated with the

sleep outcome or improved the model fit upon inclusion in the model

with Tanner stage. We then repeated analyses replacing Tanner stage

with chronological age to understand whether pubertal stage or chro-

nological age contributes to our sleep variables of interest.

For each effect, we computed bootstrapped confidence intervals

with 1000 samples and BayesFactor package in R (Morey &

Rouder, 2018) to compare the alternative hypothesis with the null

hypothesis. A BF between 1 and 3 indicates anecdotal evidence in

favour of the alternative hypothesis; a BF between 3 and 10 indicates

KIRSHENBAUM ET AL. 5 of 12
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“moderate” or “substantial” evidence in favour of the alternative

hypothesis; a BF between 10 and 30 indicates “strong” evidence in

favour of the alternative hypothesis; and a BF > 30 indicates “very
strong” evidence in favour of the alternative hypothesis (Kruschke &

Liddell, 2018). For linear regression models, we used gvlma (Pena &

Slate, 2019) to ensure that model assumptions were met.

2.5 | Analyses aims 2 and 3

Eighty-three of the eighty-seven participants completed the EMA

affect survey simultaneously with the EMA sleep survey. We aver-

aged ratings of the negatively valenced items (sad, annoyed or

angry, grouchy or cranky, worried, anxious, and bored, which were

intercorrelated) to create an aggregate score for NA for each partic-

ipant. Similarly, we averaged the positively valenced items (happy,

cheerful, excited, and energetic, which were intercorrelated) to cre-

ate an aggregate score for PA for each participant. Positively and

negatively valenced items, and NA and PA aggregate scores, were

negatively correlated with each other (Figure 2).

To establish the temporal association between sleep and

affect, we tested a three-level multilevel model (MLM) using the

lmerTest package (Kuznetsova et al., 2017). To interpret the effects

of time-varying variables, we disaggregated between- and within-

person sources of variation of these variables (Howard, 2015); the

between-person effect was operationalised as the sample-centred

mean (e.g. trait-level sleep satisfaction) and the within-person

effect was operationalised as the deviation from the person-

centred mean (e.g. state-level sleep satisfaction). The first level

was time-of-day (TOD) affect data coded as 0 = morning, 1 = after-

noon, 2 = evening. The second level was person-mean-centred

daily sleep data, coded from 0 = day 1 to 13 = day 14 since base-

line. The third level was sample-mean-centred individual

difference data which included pubertal stage and the participant's

between-person sleep and affect data.

We included the interactions between pubertal stage and the

within- and between-person sleep variables. We conducted models

for NA and PA separately. However, to interpret the unique effect

of sleep and puberty on affect, when NA was our dependent vari-

able, we adjusted for within- and between-person effects of PA, and

vice versa. For all models, we compared random intercept and ran-

dom slopes based on model fit. If the model was too complex to

converge, we interpreted the random intercept model.

The equation for the full model is notated below (with NA as our

example dependent variable), where i=TOD; j=day; k=person.

Equations for each level are noted in the Supplementary Material

(Table S1).

Equation for full model:

NAijk ¼ π000þπ001�Pubertykþπ002�SleepTraitkþπ003

�SleepTraitk�Pubertykþπ004�PA:

Traitkþπ100�TODijkþπ101�Pubertyk�TODijkþπ102

�SleepTraitk�TODijkþπ103�SleepTraitk�Pubertyk�TODijk

þ π010�DailySleepjkþπ011�Pubertyk�DailySleepjk þπ012

�SleepTraitk�DailySleepjk þπ013�SleepTraitk�Pubertyk
�DailySleepjk þπ020�Dayjkþπ021�Pubertyk�Dayjkþπ022

�SleepTraitk�Dayjkþπ023�SleepTraitk�Pubertyk�Dayjk
þ π010�DailySleepjk�TODijkþπ111�Pubertyk�DailySleepjk
�TODijkþπ112�SleepTraitk�DailySleepjk�TODijkþπ113

�SleepTraitk�Pubertyk�DailySleepjk�TODijkþπ120�Dayjk
�TODijkþπ121�Pubertyk�Dayjk �TODijkþπ122�SleepTraitk
�Dayjk�TODijkþπ123�SleepTraitk�Pubertyk�Dayjk �TODijk

þ π200�PA:

Stateijkþ r0jkþ r1jk �TODijkþv00kþv10k�TODijkþv01k
�DailySleepjk þv02k�Dayjkþν11k�DailySleepjk þv12k�Dayjk
þ v20k�PA:

Stateijkþeijk

F IGURE 2 EMA correlation plot
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3 | RESULTS

3.1 | Associations among sleep health metrics and
covariates

Eighty-nine participants completed actigraphy and EMA concurrently

with an average response rate of 66% to EMA sleep prompts, compara-

ble to compliance rates reported by others using a similar method (Wen

et al., 2017). Correlations among sleep metrics and covariates are pre-

sented in Table 2, created using scipub package (Pagliaccio, 2021). In

addition, on average, participants had no preference for morning or eve-

ning (M = 25.83, SD = 5.42, range 15–39). Of 84 participants who

completed the CMEP, 21 were identified as evening types, 22 were

identified as morning types, and 41 were considered neither type. Circa-

dian preference types were based on Díaz-Morales et al.'s (2007) sug-

gested cutoffs at the 20th and 80th percentiles.

3.2 | Aim 1: Subjective sleep and pubertal stage

On a scale from 1 (not at all) to 100 (very), participants reported that,

on average, their sleep was closer to “very restful/satisfying” than to

“not at restful/satisfying” (M = 59.81; SD = 17.28; median = 62.43;

range = 19.78–100). Participants also reported sleeping an average

of 7.29 h per night (SD = 0.86; median = 7.40; range = 5.14–9+ h).

No participants had outlying mean sleep satisfaction scores based on

our criteria; one participant had an outlying mean sleep duration

score and was excluded from analyses modelling sleep duration.

Sleep satisfaction was not associated with any continuous covariates

except for perceived stress and circadian preference (see Table 2).

Sleep satisfaction was also not associated with sex (β=�0.25,

p = 0.270), or with having been assessed during COVID-19

(β=�0.09, p = 0.680).

Tanner stage was negatively associated with mean sleep satisfac-

tion (β [95%CI] = �0.29 [�0.47, �0.10], p = 0.007, BF = 5.88) and

age was not associated with mean sleep satisfaction (β [95%

CI] = �0.12 [�0.32, 0.10], p = 0.290, BF = 0.37) (see Figure 3).

Tanner stage was not associated with subjective sleep duration (β

[95% CI] = �0.11 [�0.32, 0.11], p = 0.330, BF = 0.34); consequently,

we did not proceed to test the model of subjective sleep duration

with covariates.

Adjusting for perceived stress severity and circadian preference

yielded a reduced effect of Tanner stage in relation to averaged daily

sleep satisfaction (β [95% CI] = �0.22 [�0.41, �0.02], p = 0.041,

BF = 6.04). The effect of perceived stress severity was no longer sig-

nificant (β [95% CI] = �0.12 [�0.33, 0.10], p = 0.310, BF = 3.69); but

the effect of circadian preference (β [95% CI] = 0.30 [0.11, 0.49],

p = 0.009, BF = 49.61) was still associated with averaged daily sleep

satisfaction. Retaining the two participants post-high-school yielded

slightly reduced effects, but directionally remained consistent with

these findings (see Supplement, page S8 in Appendix S1).

3.3 | Aim 1: Objective sleep and pubertal stage

On average, the participants’ sleep efficiency was 81.73% (SD = 5.42,

median = 82.51, range = 67.75%–93.39%). In addition, participants

objectively slept for an average of 6.82 h per night (SD = 0.81,

median = 6.80, range = 4.55–8.65). One participant had outlying

mean sleep efficiency and duration scores.

Contrary to our hypothesis, Tanner stage was not associated with

averaged daily objective sleep efficiency (β [95% CI] = 0.19 [�0.04,

TABLE 2 Correlation table of continuous variables

Variable 1 2 3 4 5 6 7 8 9 10 11 12

1. Tanner Stage

2. Age 0.34**

3. Morningness �0.15 �0.20

4. Obj Efficiency 0.13 0.05 �0.16

5. Obj Sleep Duration �0.06 �0.18 �0.19 0.43***

6. Subj Satisfaction �0.26* �0.05 0.37*** �0.12 0.03

7. Subj Sleep Duration �0.13 �0.20 0.28* �0.13 0.35*** 0.46***

8. BMI 0.28* 0.03 0.12 0.03 �0.07 �0.04 �0.07

9. Household Inc �0.08 �0.20 �0.05 0.13 0.13 0.14 0.14 �0.21

10. Sleep RR �0.17 0.21 0.10 �0.21* �0.01 0.01 0.25* 0.00 �0.01

11. ELS Severity 0.08 0.03 0.08 0.03 �0.10 �0.10 �0.28** 0.09 �0.37*** �0.09

12. Perceived Stress 0.21* �0.01 �0.38*** 0.17 0.03 �0.28** �0.22* 0.04 0.06 �0.23* 0.26*

Note: This table presents Pearson correlation coefficients with pairwise deletion. N = 5 missing Morningness. N = 11 missing BMI. N = 4 missing

Household Inc. N = 1 missing ELS Severity. N = 2 missing Perceived Stress.

Abbreviations: BMI, body mass index; ELS, early life stress; Household Inc, Household Income; Obj, Objective; sleep RR, sleep EMA response rate; Subj,

Subjective.

*p < 0.05.**p < 0.01.***p < 0.001.
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0.39], p = 0.086, BF = 0.83) or with objective sleep duration (β [95%

CI] = 0.01 [�0.30, 0.10], p = 0.910, BF = 0.23); therefore, we did not

proceed to test the model covariates. Age was also not associated

with averaged daily objective sleep efficiency (β [95% CI] = 0.13

[�0.06, 0.33], p = 0.230, BF = 0.42) or objective sleep duration (β

[95% CI] = �0.01 [�0.31, 0.10], p = 0.34, BF = 0.34).

3.4 | Aim 2 and 3: Daily sleep and affect by
pubertal stage

Our results from Aim 1 indicated that subjective sleep satisfaction

was the only sleep metric associated with pubertal stage. Thus, we

tested whether pubertal stage moderates the longitudinal associa-

tion between sleep satisfaction and each type of affect. After visua-

lising the distributions of NA and PA, we square root transformed

NA scores due to the significant positive skew of the data. The

scores of PA were normally distributed. As presented in Table 3,

F IGURE 3 Developmental stage and averaged daily sleep
satisfaction

TABLE 3 Longitudinal association between sleep and affect by pubertal stage

Level Predictors
NA PA
β CI 95% β CI 95%

L1 Time-of-day 0.05*** 0.02–0.07 0.15*** 0.11–0.19

L1 PA.State �0.16*** �0.18 – �0.14

L1 NA.State �0.20*** �0.23 – �0.17

L2 Day 0.03* 0.00–0.06 �0.00 �0.04 – 0.03

L2 DailySleepSat.State �0.06** �0.10 – �0.03 0.04 �0.00 – 0.09

L3 DailySleepSat.Trait.c �0.29** �0.47 – �0.11 0.31*** 0.15–0.47

L3 PA.Trait �0.10 �0.28 – 0.08

L3 NA.Trait �0.08 �0.24 – 0.09

L3 TannerStage 0.10 �0.09 – 0.30 0.08 �0.09 – 0.25

L1 � L2 Time-of-day � DailySleepSat.State 0.03 �0.00 – 0.07 �0.03 �0.06 – 0.01

L1 � L3 Time-of-day � TannerStage 0.01 �0.03 – 0.05 �0.00 �0.06 – 0.06

L2 � L3 DailySleepSat.State � TannerStage 0.02 �0.02 – 0.06 0.04 �0.01 – 0.08

L3 � L3 DailySleepSat.Trait.c � TannerStage 0.13 �0.03 – 0.28 �0.07 �0.22 – 0.07

L1 � L2 � L3 Time-of-day � DailySleepSat.State � TannerStage 0.02 �0.01 – 0.05 �0.01 �0.05 – 0.03

Random Effects σ2 0.50 105.03

τ00 0.60 day:ID 111.58 day:ID

2.02 ID 209.02 ID

τ11 0.19 day:ID.time-of-day 30.71 day:ID.time-of-day

0.00 ID.time-of-day 11.44 ID.time-of-day

ρ01 �0.58 day:ID �0.66 day:ID

�0.77 ID �0.11 ID

ICC 0.83 0.74

Observations 2327 2327

Marginal R2/Conditional R2 0.184/0.861 0.171/0.788

Note: Intercept reflects affect in the morning. The ‘x’ represents the interaction.

Abbreviations: DailySleepSat.State, within-person sleep satisfaction; DailySleepSat.Trait, between-person sleep satisfaction; ICC, intraclass-correlation

coefficient; NA, Negative Affect (square root transformed); NA.State, within-person negative affect; NA.Trait, between-person negative affect; PA,

Positive Affect; PA.State, within-person positive affect; PA.Trait, between-person positive affect; TOD, time-of-day; ρ01, random-slope-intercept-

correlation; σ2, residual variance; τ00, between-subject variance; τ11, random-slope variance.

*p < 0.05.**p < 0.01.***p < 0.001.
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created using the bruceR (Bao, 2022) and sjPlot (Lüdecke, 2021)

packages, both NA and PA increased over the course of the day; and

across days, NA increased, whereas PA remained stable. As

expected, higher between-person (i.e. trait-level) sleep satisfaction

was associated with lower NA and higher PA. Consistent with our

hypothesis, higher within-person (i.e. state-level) sleep satisfaction

was associated with lower NA. However, contrary to hypotheses,

within-person sleep satisfaction was not related to PA. Contrary to

our hypotheses, pubertal stage did not moderate associations

between either level of sleep satisfaction (state- or trait-level) and

NA or PA.

4 | DISCUSSION

Over the past several decades, investigators have examined asso-

ciations between puberty and sleep health, and between sleep

health and affect. Importantly, research has aimed to disentangle

the effects of pubertal stage and age in relation to subjective

(Holm et al., 2009) and objective sleep quality and duration

(Becker et al., 2019; Sadeh et al., 2009; Short et al., 2012; Zhang

et al., 2014). The distinction between age and puberty is important

because chronological and biological maturation do not occur at

the same rate (Pfeifer & Allen, 2020). Thus, we first aimed replicate

and extend findings of associations between pubertal stage and

sleep duration and quality including daily objective (i.e. actigraphy)

and subjective (i.e. EMA) measurements over a period of 2 weeks

in a sample of early- to post-pubertal adolescents. Relatedly, there

is a strong link between sleep and affect (Egbert et al., 2020;

Forbes et al., 2004; Joinson et al., 2012; Klipker et al., 2017) across

the pubertal transition. Few reports have examined within- and

between-person effects of sleep quality on next-morning affect.

Accordingly, our second aim was to separate between- and within-

person effects of sleep health in relation to next day affect. More-

over, it is unclear whether pubertal stage impacts the association

between daily sleep health and affect. Thus, in our third aim,

we examined whether our puberty-related sleep findings were

associated with EMA-measured negative and positive affect.

We first tested associations among our measures of sleep health

(subjective sleep satisfaction, subjective sleep duration, objective

sleep duration, objective sleep efficiency). Perhaps not surprisingly,

the subjective measures were moderately intercorrelated, as were

the objective measures. Further, as expected, the association

between subjective sleep satisfaction and sleep efficiency was not

significant, replicating findings of discrepancies between objectively

and subjectively assessed sleep quality (efficiency and satisfaction)

(Short et al., 2012). It is likely that subjective and objective measures

of sleep provide different, complementary information about sleep

quality. Although our subjective measure of sleep duration lacked

precision, there was a significant association between objective and

subjective sleep duration, which is consistent with findings from

studies of other non-clinical samples of adolescents (Arora

et al., 2013).

4.1 | Aim 1: Associations between subjective
and objective sleep and pubertal stage

Next, we tested whether pubertal stage and age were associated with

sleep health outcomes. As expected, we found that the association

between pubertal stage and subjective sleep satisfaction was signifi-

cant; pubertally advanced individuals had lower sleep satisfaction. How-

ever, age was not associated with sleep satisfaction. Interestingly, in our

supplementary analysis including participants who were post-high

school, the effect of pubertal stage was slightly reduced. Our findings

are consistent with previous reports of an association between dissatis-

faction with sleep and more mature pubertal development, independent

of age (Knutson, 2005; Lustig et al., 2021). This association has also

been found for self-reported sleep duration (Knutson, 2005); however,

we did not find an association between pubertal stage and subjective or

objective ratings of sleep duration in our study. Our null finding for the

associations between pubertal stage and subjective and objective sleep

duration is discrepant from previous reports of a negative relation

between sleep duration and pubertal development (Knutson, 2005;

Rutters et al., 2010). However, our null finding of the association

between objective sleep duration and pubertal stage is consistent with

results of other studies (Malone et al., 2016). It is possible that our sam-

ple did not experience enough sleep deprivation to allow us to detect

associations of sleep duration with pubertal stage. In addition, given

that California implemented a law in 2019 that prohibits high school

classes to start before 8:30 am (Pupil Attendance: School Start

Time, 2019), our sample may be experiencing better sleep health than is

the average adolescent in the United States.

Aims 2 and 3: Longitudinal association between sleep
health and affect: Moderation by pubertal stage

The second aim of this investigation was to replicate findings of asso-

ciations between sleep and affect. First, we observed that NA and PA

both increase within days. As expected, we found that between-

person and within-person sleep satisfaction was associated with lower

NA. Contrary to our expectations, we found that only between-

person sleep satisfaction, but not within-person sleep satisfaction,

was associated with PA. Our findings of sleep quality in relation to NA

are consistent with previous within- (van Zundert et al., 2015) and

between-person effects (Shen et al., 2022) of sleep quality in relation

to NA. Consistent with Shen et al. (2022), we did not find within-

person effects of sleep quality related to PA. However, this differs

from van Zundert et al. (2015) who showed within-person effects of

sleep quality related to PA. Overall levels and within-person fluctua-

tions of sleep quality may affect NA, whereas only overall levels of

sleep quality affect PA. Given that items that comprised our measure

of PA were mainly high-arousal positive emotions (e.g. excited, ener-

getic), it is possible that we may see different effects with low arousal

items.

The third aim of this investigation was to examine whether puber-

tal stage moderates the longitudinal association between sleep quality
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and affect. We did not find evidence of puberty moderating the asso-

ciation between subjective sleep satisfaction and affect; nor was

pubertal stage associated with trajectories of NA or PA. Although this

finding is consistent with another report of null associations between

average levels of PA and pubertal stage (Forbes et al., 2010), it stands

in contrast to more recent findings of a positive association between

sensitivity to reward – an aspect of PA – and pubertal development. It

may be that pubertal development is more specific to sensation seek-

ing than to PA more broadly. In addition, our null effect of pubertal

stage in relation to trajectories of NA stands in contrast with many

reports linking advanced pubertal stage with internalising symptoms

(Barendse et al., 2021; Marceau et al., 2011). It is possible that overall

low levels of NA in our sample did not allow us to detect an effect of

pubertal stage in relation to trajectories of NA.

We should note three limitations of this study. First, we cannot

make strong inferences about the onset of puberty and within-

individual change over puberty. For instance, although we identified

an association between pubertal stage and sleep quality (specifically,

sleep satisfaction), it is not necessarily the case that those who entered

puberty earlier would continue to be advanced in pubertal stage rela-

tive to their peers throughout development. Addressing this issue will

require a larger longitudinal study in which measures of sleep, puber-

tal stage, and affect are obtained repeatedly, ideally with pre- to post-

pubertal adolescents. As a related point, most of the participants in

this study were in late puberty; greater variability in pubertal stage

may have yielded significant associations with our other sleep metrics.

Second, it is possible that pubertal stage is associated with variability

in sleep onset and offset times during the weekend and during the

week (social jetlag). We did not obtain data from a sufficient number

of weekend days to examine this possibility. Third, although we

obtained a moderately strong (r = 0.46) correlation between subjec-

tive and objective sleep duration, a finer-grained response selection

(e.g. increments of 30 min) for subjective sleep duration may have

yielded a stronger association with pubertal stage.

Despite these limitations, the present study is important in

obtaining multimodal measurements of sleep, a critical consideration

given that sleep measurement and sleep parameters can affect empiri-

cal results (Slavish et al., 2021). We also assessed daily sleep and

affect in adolescents’ natural environments in order to increase eco-

logical validity. We demonstrated that although puberty and age are

developmentally linked, pubertal stage shows a stronger effect than

does age in relation to sleep satisfaction during adolescence. In addi-

tion, sleep satisfaction is associated with adolescents’ NA above and

beyond their mean levels of NA, underscoring the important effects

of sleep satisfaction on a day-to-day basis. In future research investi-

gators should extend these findings by examining the effects of early

pubertal timing (i.e. the onset of puberty) on a wider range of sleep

health metrics.
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