
Eto et al. 
Journal of Physiological Anthropology           (2022) 41:42  
https://doi.org/10.1186/s40101-022-00316-x

ORIGINAL ARTICLE

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access
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Abstract 

Background: It is known that the circadian rhythm phase in adults can be advanced in a natural light‑dark cycle 
without electrical lighting. However, the effect of advanced sleep‑wake timing according to the natural light‑dark 
cycle on children’s circadian phase is unclear. We investigated the effects of approximately 2 weeks of camping life 
with little access to artificial lighting on children’s circadian phases. We also conducted an exploratory examination on 
the effects of wake time according to natural sunrise time on the manner of the advance of their circadian phases.

Methods: Twenty‑one healthy children (mean ± SD age, 10.6 ± 1.4 years) participated in a camping program with 
wake time (4:00) being earlier than sunrise time (EW condition), and 21 healthy children (10.4 ± 1.1 years) participated 
in a camping program with wake time (5:00) being almost matched to sunrise time (SW condition). Salivary dim 
light melatonin onset (DLMO) before the camping program and that after approximately 2 weeks of camping were 
compared.

Results: DLMO was advanced by approximately 2 h after the camping program compared with the circadian phase 
in daily life in both conditions. In addition, the advances in DLMO were significantly correlated with mid‑sleep points 
before the camp in both conditions (EW: r = 0.72, p < 0.01, SW: r = 0.70, p < 0.01). These correlations mean that the 
phase advance was greater for the children with delayed sleep habits in daily life. Furthermore, in the EW condi‑
tion, mean DLMO after the camp (18:09 ± 0:33 h) was earlier than natural sunset time and there was no significant 
decrease in interindividual variability in DLMO. On the other hand, in the SW condition, mean DLMO after the camp 
(18:43 ± 0:20 h) matched natural sunset time and interindividual variability in DLMO was significantly lower than that 
before the camp.

Conclusions: Camping with advanced sleep and wake timing under natural sunlight advances children’s circadian 
phases. However, DLMO earlier than sunset in an early waking condition may lead to large interindividual variability in 
the circadian rhythm phase.

Keywords: Circadian rhythm, Melatonin, Children, Sleep, Camping, Lighting, Physiology, Photoperiods, Non‑image 
forming effect

Background
In modern society, electric lighting allows people to live 
in bright environments during the day and at night. The 
modern light environments that are detached from a 
natural light-dark cycle, i.e., sunset and sunrise, disturb 
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circadian rhythm and sleep timing [1–3]. Circadian 
rhythm and sleep timing are delayed by light exposure 
during the early biological night [4, 5], and late circa-
dian rhythm, late sleep timing and a concomitant lack 
of sleep duration are associated with adverse effects 
such as a decline in cognitive function [6] and increased 
risk of mood disorder [7], diabetes [8], and obesity [9]. 
The use of electric lighting at night has been shown 
to be associated with later circadian and/or sleep tim-
ing by field surveys in rural areas [2, 10, 11] and urban 
areas [12, 13], and it has been shown that the internal 
circadian clock synchronizes with the natural light-dark 
cycle in camping life without electric lighting [1] in 
summer and winter [3].

Although these findings provide evidence that modern 
light environments contribute to later circadian rhythm 
and that adult humans have the capability for entrain-
ment of the circadian clock to the natural light-dark 
cycle, the influence of living without electric lighting on 
children’s circadian clock is not known. Recently, even in 
children and adolescents, many studies have shown that 
insufficient sleep due to a later circadian clock caused by 
electric lighting at night [14, 15] could be associated with 
some health problems [16–19]. Furthermore, it has been 
reported that children’s circadian systems are highly sen-
sitive to light at night [20–22]. The behavior of children’s 
circadian rhythm in the natural light-dark cycle should be 
clarified in order to better understand the effects of mod-
ern light environments on the circadian clock in children. 
In addition, it is important to consider how the sleep-
wake schedules affect the photoentrainment function of 
the circadian clock. In a previous study in which adults’ 
circadian rhythms in a natural environment were investi-
gated [1], sleep-wake schedules were selected by partici-
pants themselves, and the effects of sleep schedule on the 
process by which the circadian clock entrains the natural 
light-dark cycle are therefore unclear.

We had the opportunity to obtain data for the circadian 
phases in camping programs conducted in 2016 and 2017 
with the cooperation of an organization that coordinates 
camping programs with little access to artificial light-
ing for children every summer. The sleep schedule had a 
wake time set approximately one hour before the natu-
ral sunrise time in the 2016 camping program, whereas 
the wake time in the 2017 camping program was set to 
approximately matched sunrise time. In the two camp-
ing programs with different wake times, circadian phase 
changes due to camping life for approximately 2 weeks 
were observed in an exploratory manner. Therefore, in 
this study, we investigated the effects of camping life with 
little access to artificial lighting on children’s circadian 
phases, and we also conducted an exploratory exami-
nation on the effects of wake time according to natural 

sunrise time on their circadian phases by comparisons of 
results obtained in 2016 and 2017.

Methods
Participants and experimental conditions
Twenty-one healthy children (age range, 9–13 years; 
mean ± SD age, 10.6 ± 1.4 years; sixteen boys and five 
girls) participated in a camping program from July to 
August in 2016, and 21 healthy children (age range, 9–14 
years; mean ± SD age, 10.4 ± 1.1 years; eighteen boys and 
three girls) participated in a camping program from July 
to August in 2017. All subjects had no existing medical 
conditions and were not taking any routine medications. 
All of the participants gave written informed consent 
for participation in the study, which was approved by 
the Ethical Committee of Kyushu University. Informed 
consent forms for the children were completed by the 
parents after confirming their child’s agreement for par-
ticipation. The experiments were conducted in accord-
ance with the Declaration of Helsinki.

The camping programs were conducted by Mobili-
tyland Corporation in Japan. The campsite was located 
in Tochigi Prefecture, Japan (latitude: 36.5°N, longi-
tude: 140.2°W). According to the Sunrise Sunset Times 
Lookup website [23], the average times of sunset and 
sunrise during the camping program were 18:50 and 4:42, 
respectively, in 2016 and 18:49 and 4:43, respectively, in 
2017. Bedtimes and wake times were set by the organizer 
of the camping program for 19:30 and 4:00, respectively, 
in 2016 (Earlier wake time condition [EW condition]: 
wake time being earlier than sunrise time) and for 20:00 
and 5:00, respectively, in 2017 (synchronized wake time 
condition [SW condition]: wake time being almost 
matched to sunrise time). Meal times during the camping 
life were breakfast at 6:30, lunch at 12:00 and dinner at 
17:00 in both the EW and SW conditions. At times other 
than sleep and meal times, the children participated in 
camping program events including playing in the forest, 
playing in a river and craftwork workshops. During the 
evening hours, participants prepared and ate dinner and 
studied in a shed with incandescent lamps. Illuminance 
inside the shed in the evening was less than 30 lx. For 2 
weeks before the first day of the camping program, the 
participants were instructed to maintain their habitual 
bedtime and wake time and to keep a sleep diary by 
themselves. Sleep-wake habits and daily light exposure in 
that 2-week period were recorded by wrist activity moni-
tors with a light sensor to verify compliance with instruc-
tions (in 2016: ActiSleep BT Monitor, Acti Japan; in 2017: 
MotionWatch 8, CamNtech). Although recording of 
sleep-wake habits and light exposure by the sleep diary 
and wrist activity monitors was also performed during 
the camping program (Fig.  1), the data obtained from 
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wrist activity monitors were excluded from further analy-
sis because the data were frequently missing because the 
participants sometimes forgot to wear the monitors or 
devices failed and because the devices used in the two 
conditions were different due to technical reasons. The 
environmental light illuminance in the campsite was 
recorded by light intensity loggers (HOBO CO-UA-002, 
Climatec). Figure  2 shows the average environmental 
light illuminance in the campsite measured by HOBO in 
the EW and SW conditions. The mean illuminances from 
sunrise to sunset during the camping program were 1067 
± 691 lx and 662 ± 417 lx in the EW and SW conditions, 
respectively.

Circadian phase assessments
The internal circadian phase was determined by sali-
vary melatonin secretion onset time at evening, 
which is known as DLMO (dim light melatonin onset) 
[24, 25]. The first internal circadian phase assess-
ment for determining the circadian phase in daily life 

(PreCamp-DLMO) was performed on the first day of 
the camping program both in the EW condition and in 
the SW condition. The second internal circadian phase 
assessment for determining the circadian phase during 
camping life (Camp-DLMO) was performed on the 11th 
day of the camping program in the EW condition and on 
the 14th day of the camping program in the SW condi-
tion. The different assessment days between the two 
conditions were due to the schedule of the camping pro-
gram. The circadian phase assessments were performed 
in a shed located at the camping site with dim lighting (< 
30 lx) [25, 26] in the angle gaze when participants were 
seated and looking straight ahead, and saliva samples 
were collected to determine melatonin concentration 
every hour using the Salivette saliva collection device 
with a plain cotton plug from 17:00 until bedtime. Par-
ticipants were instructed to finish dinner by 17:00 on the 
day of circadian assessments and sit in a chair until fin-
ishing the saliva sample collection procedure, i.e., until 
bedtime. Participants did not drink any water for 15 
min prior to each salivary sample collection. Except for 
the saliva collection time, the participants were allowed 
to study, talk, and read. Participants were instructed to 
wear sunglasses if they went outside the shed to use the 
restroom or for other purposes during the saliva sample 
collection procedure. Bedtime, i.e., end time of collec-
tion of saliva samples, was defined as each participant’s 
habitual bedtime in the PreCamp-DLMO assessment, 
while it was set to 20:00 in the Camp-DLMO assess-
ment. Salivary melatonin concentrations were quantified 
by using a radioimmunoassay kit (RK-DSM2, Bühlmann 
Laboratories). The time of DLMO, which is a marker of 
the circadian phase, was determined by linear interpola-
tion between two time points at which melatonin con-
centration crossed the 4.0 pg/mL threshold [27, 28].

Data and statistical analysis
Information on sleep habits (bedtime, wake time, mid-
sleep point, and sleep duration) was obtained from 
subjective sleep diaries because actigraphy data were 
frequently missing because the participants sometimes 
forgot to wear the monitors or the devices failed, as men-
tioned above. Data for sleep habits were averaged data for 
a period of 2 weeks before the camping program and data 
from the day of the first circadian phase assessment to 
the day of the second circadian assessment as representa-
tive values of sleep habits in daily life and camping life, 
respectively. DLMO and sleep schedule before the camp-
ing program and those during the camping program 
were compared by a two-tailed paired t test, and DLMO, 
sleep-wake cycles and light exposure in the EW condition 
and those in the SW condition were compared by a two-
tailed Welch’s t test.

Fig. 1 Overview of the experimental protocol with data obtained by 
actigraphy. Data obtained in 2017 for a participant’s activity and light 
exposure measured by a wrist activity monitor with a light sensor 
(MotionWatch 8). Black ticks denote activity and yellow ticks denote 
light exposure. The vertical axis shows the number of days in the 
camping program session and the horizontal axis shows the time of 
day. PreCamp‑DLMO assessment was performed on the first day of 
the camping program both in the earlier wake time (EW) condition 
and the synchronized wake time (SW) condition. Camp‑DLMO 
assessment was performed on the 11th day of the camping program 
in the EW condition and on the 14th day of the camping program in 
the SW condition
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Although all of the children who participated com-
pleted all of the procedures of the experiment, five 
children were excluded from further analysis because 
PreCamp (two children in the EW condition and one 
child in the SW condition) or CampDLMO (two chil-
dren in the SW condition) could not be detected due to 
no melatonin secretion until bedtime, and six children 
(three children in the EW condition and three children 
in the SW condition) were excluded because of the omis-
sion of recording in sleep diaries. p < 0.05 was considered 
to be statistically significant in all statistical analyses. All 
results are presented as means ± SD.

Results
Table  1 shows sleep-wake schedules in daily life before 
the camp (PreCamp) and in the camping program 
(Camp). The bedtime, wake time and mid-sleep point in 
the camping program were significantly earlier than those 
before the camp in both EW and SW conditions due to 
the forced earlier sleep-wake cycle in the camping pro-
gram (EW condition: n = 16, all p < 0.0001; SW condi-
tion: n = 15, all p < 0.0001). On the other hand, there was 
no significant difference between sleep duration before 
the camp and that during the camp (EW condition: p 
= 0.12; SW condition: p = 0.43). A comparison of the 
sleep-wake cycles during the camping program between 
the EW and SW conditions showed that the Camp-wake 
time and mid-sleep point in the EW condition were sig-
nificantly earlier than those in the SW condition and 
the Camp-sleep duration in the EW condition was sig-
nificantly shorter than that in the SW condition (Table 1, 
EW condition: n = 16 and SW condition: n = 15, wake 
time: p < 0.001; mid-sleep point: p < 0.01; sleep duration: 
p < 0.05). The Camp-bedtime in the EW condition had a 

tendency for being earlier than that in the SW condition 
(p = 0.08).

DLMO, which is a marker of circadian phase, at the 
second circadian assessment (Camp-DLMO) was signifi-
cantly advanced by the camping program compared with 
that at the first assessment in both the EW condition and 
the SW condition (EW: n = 16, p < 0.0001; SW: n = 15, 
p < 0.0001). The average advances of DLMO were about 
2 h in both conditions (EW condition: 2:02 ± 0:48 h, SW 
condition: 2:06 ± 0:45 h, Fig.  3). The circadian advance 
was significantly correlated with changes in bedtime and 
wake time in both conditions (EW condition: [bedtime] 
r = 0.75, p < 0.001, [wake time] r = 0.60, p < 0.05; SW 
condition: [bedtime] r = 0.77, p < 0.001, [wake time] r = 
0.51, p < 0.05, Pearson’s correlation test). A comparison 
of DLMO between the EW and SW conditions showed 
that Camp-DLMO in the EW condition was signifi-
cantly earlier than that in the SW condition (Table  1, p 
< 0.01). Camp-DLMO in the EW condition (18:09 ± 
0:33) was significantly earlier than sunset time at the 
second DLMO assessment day (sunset time: 18:46, p < 
0.01, one-sample t test) and the inter-individual variance 
of Camp-DLMO was not significantly lower than that of 
PreCamp-DLMO (p = 0.21, F test; Fig. 4A). On the other 
hand, Camp-DLMO in the SW condition (18:43 ± 0:20) 
almost matched sunset time at the second DLMO assess-
ment day (sunset time: 18:43, p = 0.66, one-sample t-test) 
and the large inter-individual variance of PreCamp-
DLMO was significantly decreased by the camping life (p 
< 0.01, F test; Fig. 4B). In addition, there were significant 
correlations between circadian advances and mid-sleep 
point before the camp in both conditions (EW condi-
tion: r = 0.72, p < 0.01; SW condition: r = 0.70, p < 0.01; 
Fig.  5). These results indicate that the Camp-DLMO 

Fig. 2 Mean environmental light illuminance in the campsite. Mean environmental light illuminance during the camping program in the campsite 
measured by HOBO in the earlier wake time (EW) condition (A) and in the synchronized wake time (SW) condition (B)
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advance was greater for children who had delayed sleep 
habits in daily life.

Discussion
Children’s circadian rhythm phase, i.e., DLMO, advanced 
approximately 2 h after 1.5 or 2 weeks of living in accord-
ance with a natural light-dark cycle compared with the 
circadian rhythm phase in daily life. We showed that the 
forced earlier sleep-wake cycle and light exposure by 
natural sunlight may have caused the children’s circadian 
rhythm phase to advance. We provided new evidence 
that children’s circadian clock may be capable of entrain-
ment to the natural light-dark cycle.

Interestingly, mean Camp-DLMO in the EW condition 
was earlier than sunset time and interindividual vari-
ability in Camp-DLMO remained large and was not sig-
nificantly different from PreCamp-DLMO, while mean 
Camp-DLMO in the SW condition almost matched sun-
set time and interindividual variability in Camp-DLMO 

was significantly lower than that in PreCamp-DLMO. 
Wake time that was earlier than the natural sunrise time 
in the EW condition may have contributed to the DLMO 
advance to before sunset time and to the interindividual 
variability in the circadian phase. The advance of DLMO 
to before sunset time in the EW condition would be due 
to the exposure of children who were already awake 
to natural light before sunrise (Fig.  2A). Regarding the 
contribution of waking up earlier than sunrise to inter-
individual variability in the circadian phase, it is possible 
that exposure around DLMO to natural light before sun-
set affected the results. The average environmental light 
illuminance around Camp-DLMO in the EW condition 
(18:09) was 60.7 lx (illuminance range, 10.8–161.5lx; n 
= 11 days, measured by HOBO) and the children in the 
EW condition were presumed to have been exposed, 
though not excessively, to sunlight at the start of biologi-
cal night. On the other hand, the amount of light expo-
sure around Camp-DLMO in the SW condition (18:43 ± 

Table 1 Sleep habits and circadian phase

Each index was compared between PreCamp and Camp using the paired t test. Data for sleep habits (bedtime, wake time, mid-sleep point, and sleep duration) were 
averaged data for a period of 2 weeks before the camping program and averaged data from the day of the first circadian phase (DLMO) assessment (first day of the 
camping program in both conditions) to the day of the second DLMO assessment (11th day in the EW condition and 14th day in the SW condition)

DLMO Dim light melatonin onset

Earlier wake time (EW) condition (n = 16) Synchronized wake time (SW) condition (n = 15)

[h:m] PreCamp
(Mean ± SD)

Camp
(Mean ± SD)

t value p value PreCamp
(Mean ± SD)

Camp
(Mean ± SD)

t value p value

Bedtime 21:26 ± 0:54† 19:48 ± 0:15 7.03 < 0.0001 22:05 ± 0:52† 19:56 ± 0:12 10.56 < 0.0001

Wake time 6:06 ± 0:59 4:08 ± 0:17‡ 8.92 < 0.0001 6:41 ± 0:58 4:35 ± 0:16‡ 8.85 < 0.0001

Mid‑sleep point 25:46 ± 0:51 23:58 ± 0:09‡ 8.90 < 0.0001 26:23 ± 0:52 24:12 ± 0:13‡ 11.21 < 0.0001

Sleep duration 8:40 ± 0:46 8:20 ± 0:25† 1.65 0.12 8:36 ± 0:36 8:45 ± 0:34† 0.80 0.43

DLMO 20:11 ± 0:49† 18:09 ± 0:33‡ 9.74 < 0.0001 20:50 ± 0:45† 18:43 ± 0:20‡ 10.38 < 0.0001

Fig. 3 Change in mean salivary melatonin onset and mean sleep‑wake timing. Mean dim light melatonin onset (DLMO) and sleep‑wake timing 
were compared during daily life (PreCamp) and during the camping program (Camp) in the earlier wake time (EW) condition (A) and in the 
synchronized wake time (SW) condition (B). Salivary melatonin onset is shown as colored triangles. Blue triangles indicate PreCamp‑DLMO and 
red triangles indicate Camp‑DLMO. Bedtimes and wake times were set for 19:30 and 4:00, respectively, in the EW condition and for 20:00 and 5:00, 
respectively, in the SW condition
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Fig. 4 Change in individual salivary melatonin onset and individual sleep‑wake timing. Individual dim light melatonin onset (DLMO) and 
sleep‑wake timing were compared during daily life (PreCamp) and during the camping program (Camp) in the earlier wake time (EW) condition 
(A) and in the synchronized wake time (SW) condition (B). Salivary melatonin onset is shown as colored triangles. Blue triangles indicate 
PreCamp‑DLMO and red triangles indicate Camp‑DLMO. Bedtimes and wake times were set for 19:30 and 4:00, respectively, in the EW condition 
and for 20:00 and 5:00, respectively, in the SW condition

Fig. 5 Relationships between habitual sleep timing and change in salivary melatonin onset time. Change in salivary dim light melatonin onset 
(DLMO), which is a marker of circadian phase, was related to habitual sleep timing (mid‑sleep point) before the camping program in the earlier 
wake time (EW) condition (A) and in the synchronized wake time (SW) condition (B). The vertical axis shows the change in DLMO [h] and the 
horizontal axis shows the mid‑sleep point [h] before the camping program
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0:20) was 1.54 lx (illuminance range, 0.0–10.8 lx; n = 14 
days) and was significantly less than that in the EW con-
dition (p < 0.01, two-tailed Welch’s t test; Fig.  2). Light 
exposure around DLMO, i.e., the start of biological night, 
has been reported to contribute not only to the delay of 
the biological clock [4, 5, 29] but also to the expansion of 
individual variability in the circadian phase [30]. DLMO 
advanced to before sunset by waking earlier than sunrise; 
consequently, the environmental light before sunset was 
exposed to the biological night. Thus, a decrease in the 
inter-individual variability of the circadian phase during 
camping life might have been inhibited in the EW condi-
tion. Although the mechanism by which biological night 
light exposure contributes to increased individual differ-
ences in circadian rhythms is unknown, individual differ-
ences in light sensitivity of the circadian system may have 
affected the interindividual variability in the circadian 
phase [31, 32]. The light exposure around DLMO may 
seem low, but it may be sufficient to induce a non-image 
forming response given the high light sensitivity of chil-
dren [20, 21, 33].

It should be noted that the fact that the mean Camp-
DLMO in the SW condition was almost matched to sun-
set time may be coincidental. Therefore, a future study 
is needed to determine whether similar findings can be 
obtained under different day-length conditions, such 
as different seasons, different latitudes and different 
environmental illuminance. In addition, it is debatable 
whether natural light was essential to this study’s findings 
that the circadian phase advanced by about 2 h. To verify 
this, an experiment in which only the sleep schedule is 
advanced in an artificial lighting environment is needed 
as a control experiment. Furthermore, we cannot rule out 
the possibility that the baseline circadian phase, i.e., Pre-
Camp-DLMO, had an effect on the earlier Camp-DLMO 
in the EW condition than that in the SW condition. The 
PreCamp-DLMO in the EW condition was significantly 
earlier than that in the SW condition (Table  1). How-
ever, PreCamp-DLMO did not significantly correlate 
with Camp-DLMO in both the EW condition (r = 0.32, 
p = 0.24) and the SW condition (r = 0.14, p = 0.62). 
This means that earlier Camp-DLMO in the EW condi-
tion cannot be explained by only early PreCamp-DLMO. 
Therefore, we suspect that Camp-DLMO in the EW con-
dition was earlier than that in the SW condition due to 
the influence of waking before natural sunrise time rather 
than earlier PreCamp-DLMO.

This study has some limitations. First, the intervals 
between the first and second circadian phase assess-
ments were different in the EW condition (11 days) 
and SW condition (14 days). The DLMO earlier than 
sunset time in the EW condition might be considered 
to be the result of detecting the state of the middle of 

the synchronization process due to the short interval 
between the first and second circadian phase assess-
ments. However, it has been shown that the circadian 
rhythm entrained the natural light-dark cycle within 1 
week in a previous study in which the effects of the natu-
ral light-dark cycle on adults’ circadian clock were inves-
tigated [1]. Therefore, the intervals of circadian phase 
assessments in both conditions are considered to be long 
enough to detect circadian rhythms in the synchroniza-
tion state, and the differences in the manner of advance 
between the EW and SW conditions could be due to dif-
ferences in the wake time during the camping life. Sec-
ond, natural light exposure might have been different in 
the EW and SW conditions because weather conditions 
could not be controlled across conditions. In fact, the 
average environmental light illuminance in the campsite 
measured by HOBO was lower in the SW condition than 
EW condition (Fig. 2), suggesting that the camp program 
in the SW condition may have had poor weather overall 
(see Figure S1 for daily environmental light illuminance 
during the camping program). Therefore, we cannot rule 
out the possibility that the differences in weather condi-
tions between the EW and SW conditions influenced the 
results for circadian phase. Third, since the sleep schedule 
was decided by the organizer of the camping program, we 
also could not control the sleep opportunity. One of the 
goals of the camping program was to improve children’s 
sleep habits. Therefore, not only delaying the early wake 
time but also extending the sleep duration was conducted 
in the 2017 camping program (SW condition), based on 
the results of the 2016 camping program (EW condition). 
The sleep duration was significantly different between 
the EW and SW conditions (show Table 1) and this dif-
ference may have affected the circadian phase results. 
However, the difference in sleep duration between the 
two conditions would have occurred due to the ear-
lier wake time in the EW condition rather than bedtime 
because there was a significant difference in wake time 
but no significant difference in bedtime between the two 
conditions (show Table  1). Therefore, we assume that 
the earlier DLMO in the EW condition may have been 
influenced by earlier waking time rather than sleep dura-
tion. Finally, although the illuminance in the dim lighting 
condition (< 30 lx) during the saliva sampling was deter-
mined according to previous reports [25, 26], it may have 
been a relatively high level. Illuminance in DLMO meas-
urements has recently been recommended to be less than 
10 lx [34]. The illuminance level in the shed could not be 
set to a sufficiently low level because the children needed 
some brightness to cook dinner and study in the camp-
ing program. Although a previous study showed that 
melatonin is suppressed even at an illuminance of 15 lx in 
pre- to mid-pubertal adolescents [35], it is possible that 
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the subjects in the previous study had stayed in a near-
dark environment (~ 0.1 lx) just prior to light exposure 
and thus had increased light sensitivity in the circadian 
system [36–38]. On the other hand, the light sensitivity 
in the circadian system of participants in this study might 
be decreased in the evening because they were exposed 
to high-illuminance sunlight in the daytime during the 
camping program. In addition, it has been shown that 
low-color temperature lighting has a small effect on mel-
atonin secretion even with 40 lx illuminance [39], and the 
dim light environment with an incandescent lamp in this 
study also might have had a only small effect on mela-
tonin secretion. Furthermore, the children in this study 
were studying and reading during the DLMO assess-
ment and their gaze was directed downward. Therefore, 
the actual cornea illuminance may have been less than 
30 lx. Nonetheless, the fact that DLMO was measured at 
a relatively high illuminance is a limitation of this study. 
The DLMO in this study may not be accurate; however, 
it is certain that the circadian phase was advanced by the 
camping program since PreCamp-DLMO and Camp-
DLMO were measured under the same illuminance 
conditions.

We showed that constructed light environments in 
modern society lead to a delay in children’s circadian 
phase or sleep-wake cycle and that the start of biological 
night in children, i.e., DLMO, is significantly advanced 
by 1.5 weeks or 2 weeks of camping life with a sleep-
wake rhythm according to the natural light-dark cycle 
(Fig.  3). The circadian phase advance was greater for 
children who have eveningness sleep habits in their daily 
life (Fig.  5). In addition, the difference in wake times in 
the camping program schedules in 2016 (EW condition) 
and 2017 (SW condition) indicated that wake time that 
is earlier than natural sunrise time may lead to advanced 
DLMO before sunset and large interindividual variabil-
ity in DLMO (Fig. 4). The finding of this study will con-
tribute to an understanding of the mechanisms by which 
delayed circadian and sleep-wake rhythms develop in 
children in modern society [40, 41] and to the establish-
ment of treatment for them [42]. For example, exposing 
a patient with a delayed circadian phase to a light envi-
ronment and sleep-wake cycle in accordance with the 
natural light-dark cycle may result in proper timing of the 
circadian clock. Recently, it has become possible to arti-
ficially create skylights indoors [43], and the feasibility of 
treatments using natural light is increasing. Although it 
has been shown that morning light exposure combined 
with a forced advanced sleep schedule can advance the 
circadian phase in young adults [44] and adolescents [45], 
premature sleep-wake cycles may lead to circadian phase 
instability. Since exposure to sunlight, which is a strong 
zeitgeber, and a properly set sleep-wake schedule can 

adjust the internal biological clock to the desired timing 
regardless of age, i.e., adults [1] or children, and regard-
less of daily sleep habits, i.e., morningness or evening-
ness, they would contribute to reduction of negative 
effects due to circadian misalignments.

Conclusions
The results of our study in which advances in circadian 
phases in children during camping life suggested that 
children’s circadian clock may be capable of entrainment 
to the natural light-dark cycle. Our results also showed 
that even when children spend time in a natural envi-
ronment with sunlight, which is a strong zeitgeber, inap-
propriate sleep-wake schedules, e.g., waking earlier than 
sunrise, may lead to large interindividual variability of 
the circadian rhythm phase. Our findings are expected 
to contribute to an understanding of children’s circadian 
clock and to the establishment of appropriate light envi-
ronments for improving health problems caused by circa-
dian misalignment.
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