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Chronotype delay and sleep 
disturbances shaped 
by the Antarctic polar night
C. Tortello 1, A. Folgueira 2, J. M. Lopez 3, F. Didier Garnham 3, E. Sala Lozano 4, M. S. Rivero 3, 
G. Simonelli 5,6,7, D. E. Vigo 1,8,10* & S. A. Plano 1,9,10*

Chronotype is a reliable biomarker for studying the influence of external zeitgebers on circadian 
entrainment. Assessment of chronotype variation in participants exposed to extreme photoperiods 
may be useful to investigate how changes in light–dark cycle modulate the circadian system. This 
study aimed to examine chronotype and sleep changes during a winter campaign at the Argentine 
Antarctic station Belgrano II. A sample of 82 men who overwintered in Antarctica completed the 
Munich Chronotype Questionnaire during March (daylight length: 18.6 h), May (daylight length: 2.8 h), 
July (daylight length: 0 h), September (daylight length: 14.5 h), November (daylight length: 24 h). The 
main results showed a decrease in sleep duration and a delay in chronotype and social jetlag during 
the polar night, highlighting the influence of social cues and the impact of the lack of natural light on 
circadian rhythms.

Circadian rhythms are driven by a complex network of independent oscillators coordinated with each other by 
the suprachiasmatic nucleus and entrained by external zeitgebers1,2. Therefore, assessing a single individual´s 
phase of entrainment represents a challenging task to achieve. However, the timing of biological processes such 
as acrophase, dim-light melatonin onset, or chronotype3, can serve as biomarkers to estimate the phase of this 
complex and multi-oscillating system.

Chronotype, as a biological construct partially determined by genetics, is defined as a phenotype that reflects 
human preferences in the timing of sleep and wake4. The Morningness-Eveningness Questionnaire (MEQ), 
developed by Horne and Östberg5, stands as the first validated instrument for assessing chronotype. This ques-
tionnaire measures an individual’s daily behavioral preference on an ordinal scale, grounded in the idea that 
chronotype embodies a personality trait6. Several other procedures to measure chronotype have been developed, 
though the Munich ChronoType Questionnaire (MCTQ) has proved to be one of the most reliable. Designed 
by Roenneberg et al. (2003) the MCTQ measures the chronotype according to the reported middle point of the 
sleep period (mid-sleep) of the work-free days7. This questionnaire correlates well with data taken from sleep 
logs8, wrist actimetry9, and dim-light melatonin onset (the gold standard for phase determination, but also an 
expensive and laborious technique to implement)10. Furthermore, the advantage of being a self-administrated 
questionnaire enhances the possibility of assessing it in a more significant number of samples. This robust and 
versatile instrument showed to be useful for studying the epidemiology of the human circadian clock11, measur-
ing chronotype repeatedly over time12, detecting changes related to geographical location13, predicting school 
performances in adolescents14, and evaluating cardiometabolic disease in night workers15.

Light exposure is considered to be the main zeitgeber that synchronizes the central clock. In order to assess 
the impact of the light–dark cycle on the circadian system, several studies have focused on the influence of the 
photoperiod on chronotype variations16,17. Differences in chronotypes by latitudes have been described, show-
ing that the timing of this biomarker is at least, partially, dependent on this environmental factor18,19. Extreme 
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photoperiods where either day or night tend to last longer or even not exist at all (i.e. the sun does not rise above 
the horizon during the polar night or the sun does not descend below the horizon during the polar day) have 
shown to modulate this phase of entrainment. For example, in a sub-Arctic region, chronotype evidenced a 
delay during dark periods20.

Antarctica has gained interest in chronobiological research as it offers an ideal setting to ecologically study 
circadian parameters in extreme light–dark cycle conditions. Physiological and behavioral changes have been 
reported because of Antarctic isolation and extreme photoperiods21. The study of the impact of polar night 
on chronotypes has shown mixed results. Some studies have shown a delay in mid-sleep22, while others have 
revealed that most participants defined themselves as “definitely morning” chronotype during this period23. 
Differences in chronotypes have also been studied during summer campaigns, showing a significant decrease 
in mid-sleep in Antarctica compared to measures taken before and after traveling to the `white continent´ as 
well as greater social jetlag for late chronotypes24. Also, variations in dim-light melatonin onset have been found 
between chronotypes, with a tendency for early chronotypes to be delayed in comparison with late ones, which 
showed an advanced phase25.

As exposed above, few studies have focused on chronotypes during Antarctic expeditions and, those that 
have assessed them, generally included small samples, self-perceived preferences, short periods of exposure, or 
Antarctic locations with milder photoperiods. On the other hand, previous studies have shown sleep changes 
caused mainly by the absence of natural light exposure during Antarctic polar night, evidenced in shorter 
sleep duration due to delayed bedtime26. Although these sleep variations can be modulated by chronotype and 
seasonality27, no studies have previously explored this association under extreme photoperiods during a winter 
campaign in Antarctica.

Therefore, our primary objective was to longitudinally assess chronotype (MSFsc) variations according to 
the MCTQ during the months of March (daylight length: 18.6 h), May (daylight length: 2.8 h), July (daylight 
length: 0 h), September (daylight length: 14.5 h), and November (daylight length: 24 h) at Belgrano II Argentine 
Antarctic station, utilizing data from a pooled sample across multiple campaigns. As secondary objectives, we 
assessed the influence of the day length and the chronotype variations on sleep variables. The main hypothesis 
was that participants show a significant delay in chronotype and an increase in social jetlag during the polar 
night due to the lack of natural light.

Results
Descriptive analyses of the chronotype and sleep measures are presented in Table 1.

Results for the main effects of Model 1, which focus on a seasonal modulation of the circadian and sleep vari-
ables derived from a winter campaign are presented in Table 2. MSFsc showed a quadratic growth throughout 
the year with greater values during polar night, exhibiting the influence of the duration of natural light hours 
on the circadian system, as evidenced by the delay of this phase of entrainment (p < 0.001) (Fig. 1A). Social 
Jetlag also increased during shortened day length revealing the impact of the lack of a clear light clue in the 

Table 1.   Mean and standard deviation of chronotype and sleep variables throughout the Antarctic campaigns. 
*[m] = minutes; [Clk] = clock time.

March May July September November

Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE)

MSFsc [Clk] 4.8 (0.1) 5.1 (0.1) 5.2 (0.1) 4.9 (0.1) 5 (0.1)

Mid-sleep [Clk]
(W) 4 (0.1) 4.1 (0.1) 4.1 (0.1) 4.1 (0.1) 4.1 (0.1)

(F) 5 (0.1) 5.3 (0.1) 5.5 (0.1) 5.1 (0.1) 5.2 (0.1)

Social Jetlag [m] 62.2 (6.3) 73.4 (6.5) 82.1 (7.5) 61.7 (6.1) 65.8 (5.9)

Sleep duration [m]
(W) 437.2 (8) 423.4 (7.4) 424.4 (7.3) 431.3 (8.2) 435.7 (8.3)

(F) 455.2 (10.6) 422.7 (8.4) 444.8 (9.3) 444.8 (11.7) 440.8 (8.6)

Nap [m]
(W) 47.3 (3.5) 61.9 (5.5) 61.3 (6.4) 59.7 (6.4) 45.2 (4.7)

(F) 64.5 (5.4) 62.4 (5.9) 70.8 (6.6) 63.7 (6.2) 56.1 (5.4)

Total sleep [m]
(W) 437.2 (8.7) 423.4 (9) 424.4 (8.5) 431.3 (7.6) 435.7 (8.9)

(F) 455.2 (11.4) 422.7 (9.6) 444.8 (10.9) 444.8 (11.3) 440.8 (9.4)

Sleep onset [Clk]
(W) 0.3 (0.1) 0.6 (0.1) 0.6 (0.1) 0.6 (0.1) 0.4 (0.1)

(F) 1.3 (0.2) 1.8 (0.1) 1.8 (0.1) 1.5 (0.2) 1.5 (0.1)

Sleep offset [Clk]
(W) 7.6 (0.1) 7.6 (0.1) 7.6 (0.1) 7.7 (0.1) 7.7 (0.1)

(F) 8.8 (0.2) 8.9 (0.1) 9.3 (0.2) 8.9 (0.1) 8.9 (0.1)

Sleep onset latency [m]
(W) 13.6 (1.1) 14.2 (1.1) 15.6 (1.1) 15 (1.1) 13.9 (1.1)

(F) 14.1 (1.2) 14.2 (1.1) 14.5 (1.1) 14.6 (1) 13.9 (1.1)

Sleep inertia [Clk]
(W) 7.9 (0.1) 7.9 (0.1) 8 (0.1) 8 (0.1) 7.8 (0.2)

(F) 9.2 (0.2) 9.6 (0.2) 9.4 (0.3) 9.5 (0.2) 8.9 (0.3)

Time to bed [Clk]
(W) 0.1 (0.1) 0.3 (0.1) 0.3 (0.1) 0.3 (0.1) 0.2 (0.1)

(F) 1.1 (0.2) 1.6 (0.1) 1.6 (0.1) 1.3 (0.2) 1.3 (0.1)
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differences between work and work-free days (p < 0.001) (Fig. 1B). In contrast, a U-shape pattern was observed 
for Sleep duration on workdays also evidencing a quadratic growth in which minimum sleep duration values 
were observed during winter (p < 0.001) (Fig. 1C). Remarkably, this significant effect for night sleep disappeared 
when the nap duration was included, as shown in Total Sleep on workdays (p = ns) (Fig. 1E). Neither Sleep dura-
tion nor Total Sleep on work-free days showed significant variability considering day length fluctuations (p = ns; 
p = ns) (Fig. 1D, F). Additionally, Sleep onset and Time to bed on workdays exhibited significantly later values 
associated with shorter day length (p = 0.01; p < 0.01, respectively) while during work-free days the pattern was 
even more pronounced (p < 0.001; p < 0.001). Similarly, Sleep offset on work-free days shifted to later hours in 
response to decreased daylight (p < 0.01). Neither Sleep onset latency nor Sleep inertia showed significant vari-
ations throughout the campaign (p = ns; p = ns; respectively).

To elucidate the effect of the chronotype on sleep variables, we included it as a level 1 predictor (Table 2). 
We observed that MSFsc evidenced a significant main effect on Antarctic participants’ Social Jetlag and Sleep 
duration on work-free days. Regarding the relationship between MSFsc and Social Jetlag, the model showed a 
significant modulation of participants` social jetlag values, showing that MSFsc increased for each unit increase 
in Social Jetlag (p < 0.001). In contrast, Sleep duration on work-free days evidenced a reduction of chronotype 
values for each unit increase in sleep duration during work-free days (p < 0.01). In summary, later chronotypes 
showed greater social jetlag and longer periods of sleep during work-free days. Sleep onset, Time to bed and Sleep 

Table 2.   Parameters estimates for HLM models of chronotype and sleep variables. *SE = Standard Error, 
W = Workdays, F = Work-free days.

Model 1 Model 2

Intercept Month Day length Intercept Month Day length Chronotype

MSFsc
Coefficient (SE) 4.9 (0.1) 0.1 (0.02) − 0.02 (0.003)

p < 0.001 < 0.01 < 0.001

Mid-sleep

W
Coefficient (SE) 243.1 (4) 1.6 (1) − 0.2 (0.1)

p < 0.001 0.1 0.1

F
Coefficient (SE) 314.2 (7) 4.4 (1) − 1.2 (0.2)

p < 0.001 < 0.01 < 0.001

Social Jetlag
Coefficient (SE) 71.3 (6) 2.8 (1) − 1 (0.2) − 150.8 (10) − 1 (1) − 0.1 (0.1) 44.7 (2)

p < 0.001 0.06 < 0.001 < 0.001 0.3 0.3 < 0.001

Sleep duration

W
Coefficient (SE) 419.1 (8) − 1.2 (2) 1 (0.2) 422.5 (19) − 0.6 (2) 1 (0.2) − 1.4 (3)

p < 0.001 0.5 < 0.001 < 0.001 0.7 < 0.001 0.7

F
Coefficient (SE) 435 (10) − 1.7 (2) 1 (0.2) 507 (25) − 0.4 (2) 0.5 (0.3) − 14.5 (5)

p < 0.001 0.5 0.02 < 0.001 0.8 0.1 < 0.01

Total sleep

W
Coefficient (SE) 480.1 (9) − 1.4 (2) 0.4 (0.3) 470.8 (22) − 1.5 (2) 0.6 (0.3) 1.3 (4)

p < 0.001 0.5 0.2 < 0.001 0.5 0.1 0.7

F
Coefficient (SE) 505.1 (12) − 2.1 (3) 0.4 (0.5) 553.1 (30) − 1.4 (3) .2 (0.5) − 9.6 (6)

p < 0.001 0.5 0.4 < 0.001 0.6 0.6 0.1

Sleep onset

W
Coefficient (SE) 1468 (7) 2.2 (2) − 1 (0.2) 1401.7 (16) 0.4 (1) − 0.2 (0.2) 13.3 (3)

p < 0.001 0.2 0.01 < 0.001 0.8 0.3 < 0.001

F
Coefficient (SE) 1532.6 (8) 5.4 (2) − 1.5 (0.3) 1210.3 (11) − 0.2 (1) − 0.3 (1) 64.9 (2)

p < 0.001 < 0.01 < 0.001 < 0.001 0.8 0.05 < 0.001

Sleep offset

W
Coefficient (SE) 457.1 (7) 2.5 (2) − 0.2 (0.3) 395.2 (10) 0.2 (1) 0.5 (0.1) 11.2 (2)

p < 0.001 0.2 0.4 < 0.001 0.7 < 0.001 < 0.001

F
Coefficient (SE) 535 (9) 3.8 (2) − 1 (0.3) 282.8 (16) − 0.6 (2) 0.1 (0.2) 50.1 (3)

p < 0.001 0.1 < 0.01 < 0.001 0.7 0.6 < 0.001

Sleep onset 
latency

W
Coefficient (SE) 15.6 (1) − 0.04 (0.3) − 0.05 (0.05) 9.3 (3) − 0.1 (0.3) − 0.02 (0.05) 1.2 (0.6)

p < 0.001 0.9 0.4 < 0.01 0.8 0.6 < 0.05

F
Coefficient (SE) 15.2 (1) 0.01 (0.2) 0.04 (0.04) 13.1 (3) − 0.03 (0.2) − 0.04 (0.04) 0.4 (0.5)

p < 0.001 0.9 0.2 < 0.001 0.9 0.3 0.4

Sleep inertia

W
Coefficient (SE) 480.2 (9) 1.7 (3) − 0.6 (0.4) 403.8 (19) − 1 (2) 0.2 (0.3) 14.2 (4)

p < 0.001 0.5 0.2 < 0.001 0.7 0.5 < 0.001

F
Coefficient (SE) 560 (15) − 1.9 (4) − 0.3 (0.6) 384.2 (35) − 4.2 (4) 0.2 (0.6) 35.7 (7)

p < 0.001 0.6 0.7 < 0.001 0.2 0.7 < 0.001

Time to bed

W
Coefficient (SE) 1454.8 (7) 2.2 (2) − 0.1 (0.2) 1390.7 (17) 1 (2) − 0.3 (0.2) 12.7 (3)

p < 0.001 0.2 0.01 < 0.001 0.7 0.2 < 0.001

F
Coefficient (SE) 1518.4 (8) 5.5 (2) − 1.5 (0.3) 1199.3 (11) − 0.1 (1) − 0.4 (0.2) 64.3 (2)

p < 0.001 < 0.01 < 0.001 < 0.001 0.9 < 0.05 < 0.001
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offset exhibited consistent patterns, indicating that individuals with later chronotypes experienced later sleep 
phases on both workdays (p < 0.001; p < 0.001, respectively) and work-free days (p < 0.001; p < 0.001, respectively). 
MSFsc also revealed a significant effect on Sleep inertia on workdays and work-free days, evidencing a delayed 
in these phases for each unit of increase in chronotype values (p < 0.001; p < 0.001, respectively). In the same line, 
Sleep onset latency on workdays showed prolonged durations for later chronotypes (p < 0.05).

Discussion
This is the first study to longitudinally analyze chronotype and sleep variables with the MCTQ during a winter 
campaign in Antarctica, using a large sample size. The main findings of the research were that Chronotype, 
Social Jetlag, and Sleep duration during workdays showed a significant seasonal variation modulated by the 
length of the day.

Figure 1.   Circadian and sleep variations in Belgrano II. The curves in orange show the predicted values for 
Chronotype (A), Social Jetlag (B), Sleep duration on workdays (C), Sleep duration on work-free days (D), 
Total sleep on workdays (E), Total sleep on work-free days (F) during each measurement point. The grey lines 
show the mean and SEM of the respective variables. In the background, the photoperiod throughout the year 
is represented using three different colors: daylight is depicted in white, civil twilight in light grey and night 
in dark grey (https://​www.​timea​nddate.​com). The respective times throughout the day are shown on the right 
Y-axis, represented in clock time.

https://www.timeanddate.com
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Model 1. Seasonal modulation
Results from Model 1 supported our hypothesis that the absence of natural light during winter induces a delay in 
chronotype and an increase in social jetlag. The influence of the photoperiod on sleep and circadian patterns has 
already been established28. Our findings concerning the delayed chronotypes are in line with those that showed 
more than a half-hour delay in mid-sleep during winter among people living within extreme photoperiods20 and 
during a winter Antarctic campaign22. Considering that chronotype has been demonstrated as a consistent and 
stable measure at the individual level over the course of months12, changes in this variable might be attributed to 
the extreme photoperiod conditions. In the absence of a natural light cue and a defined timetable to follow, the 
endogenous period, which exceeds 24 h, gives rise to a new phase of entrainment. Although the main variable for 
studying circadian rhythms is the mid-sleep during work-free days, alternative phase markers, such as sleep onset 
and offset, may similarly show delays reinforcing the shifted phase modulated by variations in zeitgebers29–31. 
Furthermore, we assume that on work-free days, when individuals experience fewer external constraints such 
as work schedules, their sleep patterns tend to align more closely with their inherent biological rhythms. This 
alignment offers a clearer insight into their innate circadian rhythm. Social jetlag describes the discrepancy 
between biological rhythms and social timing4,32. Previous studies have shown a clear correlation between later 
chronotypes and greater amounts of social jetlag33,34, which was also evidenced in Antarctica during a summer 
expedition24. Due to the lack of a natural light cue, and the subsequently delayed chronotype, the differences in 
mid-sleep between workdays and work-free days became more evident during the polar night. Indeed, these 
findings emphasize the importance of social cues in synchronizing the circadian clock35. Our data suggest that 
as the day length decreased, the days with a set routine helped maintain a more stable phase of entrainment. 
Conversely, during the work-free days the lack of clear social cues provokes a delay in this phase, providing 
compelling evidence for the pivotal role of a fixed timetable in preserving the alignment of our rhythms.

Seasonality also impacted Sleep duration on workdays, showing fewer hours of sleep during winter. This 
result reaffirmed the idea that although the participants maintained their social cues, the absence of a clear and 
strong zeitgeber may deteriorate circadian synchronization36. Interestingly, despite the well-known role of social 
cues in synchronizing the circadian system37, our findings revealed that even though the crew adhered to a fixed 
schedule the influence of light as a zeitgeber remained stronger in modulating this variable. We hypothesized that 
in the absence of these robust social cues, the lack of natural light may have had a more significant impact on this 
parameter. The lack of alternation between day and night probably led to a circadian phase change, delaying the 
time at which participants went to sleep. We support the idea that fixed morning schedules during workdays, in 
which the crew had to wake up early, provoked a reduction in the amount of sleep. Our findings are consistent 
with those obtained in our previous research carried out at the same Antarctic station in which the sleep–wake 
cycle was recorded by actigraphy26. These results also reinforced the fact that naps may play a key role in compen-
sating for the sleep debt during workdays, as the seasonal variation was not noticeable in total sleep measures38.

Model 2. Chronotype modulation
As expected, Model 2 evidenced that the chronotype modulates social jetlag. Previous studies have demonstrated 
this relationship in other contexts39–41. Our results are consistent with those showing that later chronotypes 
had greater social jetlag during a summer Antarctic campaign24. Based on our findings and in line with previ-
ous evidence, it appears that individuals with later chronotypes adjusted all their sleep phases to later hours in 
accordance with their endogenous rhythm42. Data indicated that these shifted phases were not limited to only 
work-free days, but were also evident on workdays when adhering to a work routine was necessary. However, the 
modulation of social jetlag by chronotype allows us to infer that, despite the association between chronotype and 
phase delay being observed on both workdays and work-free days, fixed routines still contribute to the synchro-
nization of the circadian rhythm. Additionally, early chronotypes slept less during work-free days than the later 
ones. We speculate that later chronotypes had a greater sleep debt than the early chronotypes due to the delayed 
sleep onset and the work schedule. As a result, they needed to compensate for these hours during the weekend43.

Limitations
In order to comprehensively examine the circadian variations resulting from the extreme photoperiod, it would 
have been valuable to include a control group for comparison. However, replicating the isolated and confined 
conditions, as well as the strict schedule carried out by military personnel in Antarctica throughout one year, 
presents considerable obstacles. Furthermore, addressing physiological measures like dim-light melatonin onset 
and sleep–wake cycle through actigraphy would have provided a complete overview of the processes under study 
allowing a better understanding of them. In addition, despite the crewmembers’ exposure to artificial light was 
mild44, measuring it could have yielded greater insights into its role as a zeitgeber. Lastly, increasing our size sam-
ple would have let us incorporate other variables as predictors in the models, enriching our research perspective.

Conclusions
Our study provides evidence about the impact of the lack of natural light on chronotype and sleep measures, 
with the strength of being conducted through longitudinal research conducted in a naturalistic environment. 
These results shed light on the circadian misalignment caused by extreme photoperiod exposure and the role 
of strong social cues in a relatively large sample for this experimental setting. Though not directly applicable to 
other contexts, our results could be useful in the study of shift workers45,46, mineworkers47, medical staff48, and 
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astronauts49. Future studies should explore how these changes can be associated with other variables that have 
already been shown to have a circadian modulation, such as alertness or physical and cognitive performance50,51.

Materials and methods
Participants and design
Belgrano II is an Argentine Antarctic station located approximately 1300 km from the South Pole (the 3rd south-
ernmost permanent station of the planet), at sea level on the mainland at the Nunatak Bertrab (77° 51′ S and 
34° 33′ W). Due to its southern position, Belgrano II is characterized by an extreme photoperiod consisting of 
four months of absence of natural light (polar night; from May to August), four months with constant daylight 
(polar day; from November to February), and four transition months between these two phases, with variable 
day lengths. The extreme isolation and confined conditions are also a singularity of this station. Each year, a 
crew of around 15 military personnel travel to Belgrano II. They usually arrive by February and remain for a 
year without any other possibility of contact rather than radio communications and internet. In the event of an 
emergency, a rescue team can take several days to reach Belgrano II from another Antarctic station, provided 
there are good weather conditions.

The crew has an established routine of five workdays from 9:00 am to 6:30 pm. On workdays, a reveille call 
signals the official start of the day at the station, while on days off, participants wake up at their own discretion. 
Each member has a designated task to perform, and two work-free days in which they have to develop only the 
main procedures to maintain the facilities. During the winter, the light–dark cycle depends on artificial lighting. 
Except for the medical room, all areas maintained illumination levels below 500 lx26.

Data were collected during five winter campaigns (2014, 2016–2019) and comprised pooled information from 
82 participants who voluntarily agreed to join this observational, analytical and longitudinal study. The sample 
consisted of only men with a mean age of 35 ± 5 years and similar anthropometric characteristics (Body mass 
index [BMI] = 27 ± 3 kg/m2). Measures were assessed every other month from March to November. To rule out 
possible depression and anxiety disorders throughout the campaigns, that may influence the sleep variables52, 
the Beck Depression Inventory-II (BDI-II:53; Spanish version:54 and the Beck Anxiety Inventory (BAI:55; Spanish 
version:56 were assessed every other month throughout the year. Mood remained stable during the campaigns 
with scores of depression and anxiety that did not meet the criteria for mental disorder (DSM-IV; American 
Psychiatric Association, 1996). Non-significant variations were found between each measurement point (BAI 
p < 0.71; BDI-II p < 0.48) [data not shown].

The study was approved by the Ethics Committee from the National University of Quilmes (Bernal, Argen-
tina) and performed in accordance with the Declaration of Helsinki and its amendments. Participants provided 
written informed consent after being informed about the nature and purpose of the study.

Chronotype and sleep measures
The Munich Chronotype Questionnaire (MCTQ) is a self-report scale designed to assess chronotype. It inquir-
ies about wake-up time, bedtime, sleep time, and naps during workdays and work-free days, assuming a struc-
tured work schedule57. The variables included in the analyses were: Mid-sleep on workdays (MSW); Mid-sleep 
on work-free days (MSF); Social jetlag which describes the discordance between an individual’s endogenous 
rhythm and the external social timing influenced by factors such as alarm clocks, work schedule, meals and social 
activities58 [MSF–MSW]; Sleep duration on workdays (SDW); Sleep duration on work-free days (SDF); Naps 
on workdays (NW); Naps on work-free days (NF); Total sleep on workdays [SDW + NW]; and Total sleep on 
work-free days [SDF + NF]; Sleep onset on workdays; Sleep onset on work-free days; Sleep offset on workdays; 
Sleep offset on work-free days; Sleep onset latency on workdays; Sleep onset latency on work-free days; Sleep 
inertia on workdays; Sleep inertia on work-free days; Time to bed on workdays; and Time to bed on work-free 
days. The following equation, which was utilized to obtain the chronotype’s value corrects the MSF for sleep 
debt on workdays (MSFsc)58:

Statistical analysis
Hierarchical linear modeling (HLM)59 was performed to examine seasonal chronotype variations and seasonal 
sleep parameters variations. We structured our data in two levels: the repeated measures level (Month), nested 
within the participant-level data.

Two models were tested for each variable as obtained through the MCTQ. (1) The first model was performed 
to characterize the seasonal modulation of chronotype and sleep variables (Model 1. Seasonal modulation). Day 
length, measured as the differences between the end and start times of civil twilight60, was also included in the 
model. Day length was calculated averaging the total minutes of natural light during the first and the last day of 
each measurement point (https://​www.​timea​nddate.​com) (Fig. 2). (2) A conditional model was conducted includ-
ing the chronotype at each measurement point, as a level 1 predictor of sleep variations (Model 2. Chronotype 
modulation). All analyses were performed with R Studio software while plots were constructed using Prism9 
(GraphPad Software, La Jolla California, USA).

MSFsc = MSF−

[

SDF−
(5 × SDW+2 × SDF)

7

]

2
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Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.
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