
https://doi.org/10.1177/07487304211006073

JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 36 No. 4, August 2021 395–409
DOI: 10.1177/07487304211006073              
© 2021 The Author(s)
Article reuse guidelines: sagepub.com/journals-permissions

395

Work schedules are often tight corsets for sleep-
wake behavior, requiring workers to get up or go to 
sleep at times that may or may not be in synch with 
their biological rhythms. This is especially true in 
rotating shift schedules, where shift workers need to 

cope with changing work hours, including night 
shifts. As a result, sleep in shift workers is often 
shortened, mistimed, and of poor quality (Boivin and 
Boudreau, 2014). To reduce adverse effects on health, 
social life, and safety, guidelines on night and shift 
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Abstract  The study aimed to explore chronotype-specific effects of two versus 
four consecutive morning or night shifts on sleep-wake behavior. Sleep debt 
and social jetlag (a behavioral proxy of circadian misalignment) were estimated 
from sleep diary data collected for 5 weeks in a within-subject field study of 30 
rotating night shift workers (29.9 ± 7.3 years, 60% female). Mixed models were 
used to examine whether effects of shift sequence length on sleep are depen-
dent on chronotype, testing the interaction between sequence length (two vs. 
four) and chronotype (determined from sleep diaries). Analyses of two versus 
four morning shifts showed no significant interaction effects with chronotype. 
In contrast, increasing the number of night shifts from two to four increased 
sleep debt in early chronotypes, but decreased sleep debt in late types, with no 
change in intermediate ones. In early types, the higher sleep debt was due to 
accumulated sleep loss over four night shifts. In late types, sleep duration did 
not increase over the course of four night shifts, so that adaptation is unlikely 
to explain the observed lower sleep debt. Late types instead had increased 
sleep debt after two night shifts, which was carried over from two preceding 
morning shifts in this schedule. Including naps did not change the findings. 
Social jetlag was unaffected by the number of consecutive night shifts. Our 
results suggest that consecutive night shifts should be limited in early types. 
For other chronotypes, working four night shifts might be a beneficial alterna-
tive to working two morning and two night shifts. Studies should record shift 
sequences in rotating schedules.
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work offer several recommendations for shift sched-
uling, including fast and forward rotating schedules, 
avoiding early morning starts, and limiting the num-
ber of consecutive night shifts to three or less (Burgess, 
2007; Knauth, 1993). Most studies on the effects of 
consecutive shifts have focused on sleepiness, cogni-
tive performance, and occupational injuries during 
night shifts, with mixed results: several studies 
reported less cognitive impairment after four com-
pared with two consecutive night shifts (Chang et al., 
2014, 2017), and saw peak impairments after the third 
night shift (Behrens et al., 2019; Lamond et al., 2004), 
whereas others have found no or limited evidence for 
adaptation effects (Ganesan et al., 2019; Magee et al., 
2016; McHill and Wright, 2019; Fischer, Lombardi, 
Folkard, et al., 2017). However, even in studies that 
observed improvements, performance levels were 
still lower than those during day shifts. One factor for 
these inconsistencies might be the context in which 
consecutive shifts occur: if night shift performances 
are assessed in isolation from other shift types (i.e., 
surrounded by days off or in laboratory simulations), 
a very different picture could emerge, as compared 
with measures that are embedded into a rotational 
schedule (where, for example, quick changes between 
early and night shifts can be observed). Shift sched-
ules are often characterized as fast or slowly rotating, 
determined by how many shifts of the same type are 
scheduled in a row. For instance, fast rotations may 
consist of two morning shifts, followed by two eve-
ning and two night shifts, whereas a slow rotation 
may have a weekly or monthly rhythm for each shift 
type, only separated by work-free days. The distinc-
tion may not always be straightforward: In some 
schedules, each type of shift has its own periodicity 
(e.g., six morning, two evening, three night shifts). 
That periodicity may also change within a rotation 
cycle, that is, working two night shifts the first week, 
but four night shifts the week after. Detailed analyses 
of sleep-wake behavior in shift sequences, instead of 
characterizing entire shift schedules as fast or slow, 
are needed to evaluate current recommendations for 
the number of consecutive shifts and potentially add 
to guidelines.

A majority of both day and shift workers experi-
ence sleep debt: They accumulate sleep loss during 
the workweek, which they partially compensate for 
by sleeping longer on days off (Paine and Gander, 
2016; Roenneberg et  al., 2012; Seo et  al., 2021). 
Similarly, sleep on workdays occurs usually earlier 
compared with work-free days, resulting in a mis-
alignment of sleep times that has been coined 
“social jetlag” (Roenneberg et  al., 2019; Wittmann 
et al., 2006). Social jetlag has been associated with 
adverse health outcomes in both day and shift 
workers (Henderson et al., 2019, Parsons et al., 2015, 

Roenneberg et al., 2012). There is a growing body of 
evidence suggesting that chronotype (i.e., the behav-
ioral manifestation of underlying circadian rhythms) 
modulates sleep-wake behavior in day and shift 
schedules (Kervezee et al., 2021; Korsiak et al., 2018; 
Razavi et al., 2019; Roepke and Duffy, 2010; van de 
Ven et  al., 2016). For example, cross-sectional 
questionnaire and performance data collected in 
rotational shift workers demonstrated that late 
chronotypes on average perform better, sleep longer, 
and experience less circadian misalignment on night 
shifts compared with early chronotypes (Juda et al., 
2013a; Vetter et al., 2012). For morning shifts, with an 
early start time of 0600 h, the opposite pattern has 
been described, with early types sleeping longer and 
better, experiencing less circadian misalignment and 
performing better than late types.

Here, we compared sleep-wake behavior across 
two versus four consecutive morning and night shifts 
and their respective work-free days in a within-
subject field study of 30 shift workers. We used 
interaction analysis between our sleep-wake behav-
ior outcomes and chronotype to examine whether 
shift sequences might have differential effects depend-
ing on an individual’s chronotype. We hypothesized 
that increasing the number of consecutive night shifts 
(from two to four) will result in an increase of sleep 
debt and social jetlag for early chronotypes but a 
decrease for late types. Increasing the number of con-
secutive morning shifts, in turn, was expected to 
result in an increase of sleep debt and social jetlag for 
late chronotypes but a decrease for early types.

Methods

All participants provided written informed con-
sent, and study design and materials were approved 
by the ethical committee of the Ludwig-Maximilian-
University Munich as well as the workers’ council at 
the respective industry plant.

Study Design

Data were collected in 2008 in Germany as part of 
a field study examining cognitive performance in 
shift workers, who were employed at an electronics 
manufacturing plant with homogeneous work units, 
in terms of product, work processes, and supervision 
(for more details on the study, refer to Vetter et  al., 
2012). Thirty-four participants filled out daily sleep 
logs over 5 weeks, including time of preparing to fall 
asleep, minutes required to fall asleep, time of 
awakening, time of getting up, use of alarm clocks 
(yes/no), and sleep quality (1 = poorest, 10 = best). 
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Information about shift schedules were provided by 
the management and verified by participants in the 
sleep logs, noting any deviations from their regular 
schedules (i.e., sick days, fill-ins). Participants worked 
a forward-rotating, 3 × 8 h system with transition 
times of 0600 h (morning shift), 1400 h (evening shift), 
and 2200 h (night shift; Suppl. A, Fig. S1).

Shift Sequences

Shift Sequences of Different Length (2- vs. 4-Day 
Blocks).  The shift schedule was divided into “blocks” 
of consecutive workdays, with either a 2- or a 4-day 
morning shift block (2M vs. 4M), a block of four eve-
ning shifts (4E), and either a 2- versus 4-day night 
shift block (2N vs. 4N). Each sequence ended on the 
first day off after a block of workdays.

Shift Sequences of Equal Length (5-Day Blocks).  Effects 
of consecutive shifts can be biased by comparing 
different numbers of workdays. To increase compa-
rability between night shift sequences, we post hoc 
determined sequences of equal length: five consecu-
tive days including one work-free day and four work-
days (2M + 2N vs. 4N), followed by first day off.

Data Processing

Exposure Variables.  The primary exposure variables 
were chronotype and the consecutive number of 
morning (2M vs. 4M) and night shifts (2N vs. 4N). 
Our primary interest was the interaction between 
chronotype and number of consecutive shifts. The 
secondary exposure variable was the order of shifts 
(first, second, etc.).

Chronotype assessment.  Chronotype was calculated 
from sleep diaries as midsleep on work-free days 
after evening shifts, corrected for potential sleep loss 
on workdays (MSFE

sc; Juda et al., 2013b). It was used 
as a continuous variable in regression models but 
as a categorical variable for visualization purposes. 
Cut-offs for categories were chosen in line with pre-
vious studies (Fischer, Lombardi, Marucci-Wellman, 
and Roenneberg, 2017): early chronotypes MSFE

sc < 
0330h intermediate types MSFE

sc 0330 h to 0530 h, and 
late types MSFE

sc > 0530 h.

Outcome variables.  Sleep variables were determined 
from sleep logs, including sleep onset, offset, mid-
sleep, duration, and quality (subjective scale 1-10). 
The two main outcome variables were sleep debt and 
social jetlag, calculated as the relative difference 
between average sleep duration and timing on work-
days and sleep on the first day off. We specifically 
chose the first day off to estimate acute effects of sleep 

deprivation after a block of work shifts. Sleep depri-
vation or restriction is followed by “recovery sleep” 
(e.g., longer than usual sleep) that gradually reverts 
to habitual sleep after one or more nights. As such, 
sleep on the first day off (instead of, for example, 
average sleep duration) was considered a more direct 
assessment of acute effects of sleep loss than average 
sleep duration. Sleep debt and social jetlag were for-
mulated so that negative values signified shorter (for 
duration) or earlier (for timing) sleep on workdays 
compared with the first day off after a given shift 
sequence:

	 ∆ = −
=
∑SD SD SD st1

1

1

n
i

n

w f , 	 (1)

	 ∆ = −
=
∑MS MS MS st1

1

1

n
i

n

w f , 	 (2)

where n  is the number of consecutive workdays, 
SDw  is sleep duration on workdays, SD st

f
1  is sleep 

duration on the first day off, MSw  is midsleep on 
workdays, and MS st

f
1  is midsleep on the first day off. 

We furthermore calculated relative differences 
between sleep duration and timing on each shift 
(first, second, etc.) within a given shift block and first 
day off. The goal of these secondary outcome vari-
ables was to examine how sleep changed over time in 
a given shift sequence.

In post hoc analyses, we also estimated cumulative 
sleep loss (SLc) for each shift sequence by calculating 
the difference between average workday sleep dura-
tion in that sequence and average sleep duration on 
work-free days after evening shifts (as a proxy for indi-
vidual sleep need, given that this sleep episode is typi-
cally the least restricted one in shift workers [Juda 
et al., 2013b]), multiplied by the number of workdays:

	 SL SD SDc w f
En= −( ) , 	 (3)

where n  is the number of workdays, SDw  is the 
average sleep duration on workdays, and SD f

E  is the 
average sleep duration on work-free days after eve-
ning shifts (proxy for sleep need).

Covariates.  We included between-subject variables 
age and sex even though they remain stable across 
repeated measurements to improve generalizability 
and to provide estimates that are also useful in the 
context of studies with samples different to ours in 
age and sex composition.

Statistical Analyses

Mixed models with random intercept (by partici-
pant) were calculated separately for morning shifts 
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and night shifts. Models included the following fixed 
effects: number of consecutive shifts (two vs. four) or 
the order of consecutive shifts (first, second, etc.); 
chronotype (continuously, MSFE

sc); interaction term 
for number or order of consecutive shifts with chro-
notype; age (continuously); and sex. We used Q-Q 
plots and Shapiro-Wilk tests to test for normal distri-
bution of model residuals; results showed no assump-
tion violation. We verified heteroscedasticity using 
Breusch-Pagan tests and by plotting residuals versus 
fitted values. Spearman’s rank correlations were cal-
culated due to non-linear relationships between 
chronotype and sleep duration variables. Analyses 
involving SLc or sequences of equal length (5-day 
blocks) as exposure variables were conducted post 
hoc. Level of significance was corrected for multiple 
comparisons and set to 0.001 for effects not included 
in our hypotheses (two-sided testing, that is, sleep 
quality, onsets, offsets) and to 0.002 for hypothesis-
driven effects (one-sided testing, that is, sleep dura-
tion and timing). Data processing and analyses were 
conducted in R (version 3.6.3).

Sensitivity and Additional Secondary Analyses.  In sensi-
tivity analyses, we excluded all first days off with use 
of alarm clocks to test the independence of effects from 
forced wakeups. Additional secondary analyses tested 
the robustness of our findings using alternate calcula-
tions of average sleep duration (i.e., including naps to 
calculate an average 24 h sleep duration) and alternate 
approaches to calculating sleep debt (i.e., using the 
average sleep duration on work-free days after eve-
ning shifts and an average of subsequent days off after 
a given sequence [i.e., first and second vs. first, second, 
and third day off] as reference for the calculation of 
sleep debt, instead of only the first day off).

Results

Full model descriptions including random effects 
can be found in Supplement A, Tables S1 to S11.

Sample Description

Of initially 34 participants, 4 were not included 
due to incomplete observations, for example, they 
worked two, but not four, consecutive shifts during 
the study period. Table 1 shows sample characteris-
tics, and Tables 2 to 4 show descriptives of sleep 
variables. The early chronotype group was on aver-
age older than intermediate and late chronotypes 
(χ2 = 23.6, p = 0.05; Table 1).

Increasing the Number of Consecutive Morning Shifts 
Had No Significant Effects on Sleep.  Morning-shift 

sleep showed the known chronotype-dependency: 
Sleep before morning shifts occurred later (b = 0.4, 
p < 0.001) and was shorter (b = −0.7, p < 0.001) the 
later the chronotype. However, sleep was similar in 
the 2M versus 4M block, with no significant chrono-
type interaction. This means that while sleep before 
morning shifts was modulated by chronotype, the 
chronotype-specific pattern was overall comparable 
for 2M versus 4M.

Increasing the Number of Consecutive Night Shifts 
Increased Sleep Debt for Early Chronotypes, but Decreased 
Sleep Debt for Late Chronotypes

As was the case for morning shifts, chronotype 
affected night shift sleep: Sleep after night shifts 
occurred significantly later (b = 0.4, p = 0.002) the 
later the chronotype (Table 5). When night shifts 
increased from 2N to 4N, sleep debt increased for 
early types, but decreased for late types (Figure 1a; 
significant interaction effect between shift sequence 
and chronotype; b = 0.7, p < 0.001, Table 5). Secondary 
analyses using different reference days to calculate 
sleep debt showed the same patterns, demonstrating 
robustness of our findings (Figure 2 and Suppl. B, 
Fig. S2). We did not observe an effect of shift sequence 
or an interaction effect of shift sequence and chrono-
type on any other sleep variable (i.e., social jetlag, 
sleep onset, offset, midsleep, and quality).

Does Lower Sleep Debt After 4N Mean Late Chronotypes 
Sleep Longer on Workdays When Working More 
Nights?.  Increasing the number of consecutive night 
shifts from two to four increased sleep duration on 
workdays for late chronotypes by 40 min on average 

Table 1.  Sample characteristics.

Variable Chronotype (MSFE
sc)  

Agea (years) Total 29.9 (7.3)
Early (<0330 h) −40.3 (2.5)
Intermediate (0330 h-0530 h) 29.1 (6.1)
Late (>0530 h) 28.4 (7.8)

Sex (female) Total 18 (60%)
Early (<0330 h) 2 (66%)
Intermediate (0330 h-0530 h) 9 (60%)
Late (>0530 h) 7 (58%)

Nappers (%) Total 25 (83%)
Early (<0330 h) 3 (100%)
Intermediate (0330 h-0530 h) 12 (80%)
Late (>0530 h) 10 (83%)

Abbreviation: MSFE
sc = chronotype proxy (midsleep on work-

free days after evening shifts, corrected for potential sleep loss 
during evening shifts). Values are expressed as mean (standard 
deviation), respectively, number (percentage). Total N = 30. 
Chronotype: early n = 3 (MSFE

sc < 0330 h), intermediate n = 15  
(MSFE

sc 0330 h-0530 h), late n = 12 (MSFE
sc > 0530 h).

a. Early chronotypes were on average older than the other 
chronotype groups (Kruskal-Wallis χ2 = 23.6, p = 0.05).
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Table 2.  Sleep variables I.

Variable Chronotype (MSFE
sc)

Difference Between 2N and 
First Day Off After 2N

Difference Between 4N and 
First Day Off After 4N

ΔSD (h) Total −2.6 (1.7) −1.8 (1.6)
Early (<3:30) −3.3 (1.2) −4.8 (1.4)
Intermediate (3:30-5:30) −2.5 (1.8) −2.2 (1.4)
Late (>5:30) −2.8 (1.8) −0.9 (0.8)

ΔMS (h) Total 4.3 (1.9) 4.8 (2.1)
Early (<3:30) 6.3 (0.5) 7.2 (0.7)
Intermediate (3:30-5:30) 4.6 (1.7) 5.6 (1.1)
Late (>5:30) 3.1 (1.6) 3.2 (2.2)

Abbreviations: MSFE
sc = chronotype proxy (midsleep on work-free days after evening shifts, corrected for potential sleep loss during 

evening shifts); 2N = two consecutive night shifts; 4N = four consecutive night shifts; ΔSD = proxy of sleep debt; calculated as difference 
in sleep duration between workdays and first day off; ΔMS = proxy of circadian misalignment (“social jetlag”); calculated as difference 
in midsleep timing between workdays and first day off. Values are expressed as mean (standard deviation). Note that negative values 
represent shorter sleep (ΔSD), respectively, earlier sleep (ΔMS) on workdays than on days off.

Table 3.  Sleep variables II.

Variable Chronotype (MSFE
sc) 2N First Day Off After 2N 4N First Day Off After 4N

Sleep 
duration (h)

Total 6.0 (1.3) 8.6 (1.5) 6.4 (1.2) 8.3 (1.3)
Early (<3:30) 4.4 (1.7) 7.7 (0.6) 4.6 (1.7) 9.4 (0.5)
Intermediate (3:30-5:30) 6.0 (1.2) 8.4 (1.6) 6.3 (0.8) 8.4 (1.6)
Late (>5:30) 6.4 (1.0) 9.2 (1.5) 7.1 (1.1) 7.9 (0.7)

Midsleep (hh: 
mm)

Total 10:18 (0.9) 6:02 (2.0) 10:38 (0.8) 5:50 (2.4)
Early (<3:30) 9:27 (0.4) 3:08 (0.9) 9:37 (0.5) 2:27 (0.7)
Intermediate (3:30-5:30) 10:11 (0.8) 5:32 (1.5) 10:34 (0.7) 4:58 (0.9)
Late (>5:30) 10:41 (1.0) 7:34 (1.7) 10:58 (0.9) 7:46 (2.4)

Sleep onset 
(hh: mm)

Total 7:17 (0.7) 1:43 (2.2) 7:25 (0.6) 1:40 (2.7)
Early (<3:30) 7:14 (0.6) 23:16 (0.8) 7:19 (0.6) 21:46 (0.9)
Intermediate (3:30-5:30) 7:11 (0.6) 1:19 (1.9) 7:25 (0.6) 0:45 (1.4)
Late (>5:30) 7:29 (0.8) 2:59 (2.2) 7:26 (0.7) 3:48 (2.4)

Sleep offset 
(hh: mm)

Total 13:17 (1.4) 10:22 (2.1) 13:51 (1.3) 9:59 (2.3)
Early (<3:30) 11:40 (1.2) 7:00 (1.1) 11:55 (1.2) 7:08 (0.5)
Intermediate (3:30-5:30) 13:11 (1.3) 9:46 (1.4) 13:42 (0.9) 9:11 (1.0)
Late (>5:30) 13:53 (1.4) 12:09 (1.6) 14:31 (1.3) 11:43 (2.4)

Sleep quality
(1-10)

Total 6.9 (2.1) 7.1 (2.5) 6.5 (1.9) 6.4 (2.9)
Early (<3:30) 5.3 (3.8) 4.5 (4.9) 5.0 (3.3) 6.0 (3.5)
Intermediate (3:30-5:30) 6.4 (1.7) 6.9 (2.2) 6.2 (1.8) 5.9 (3.15)
Late (>5:30) 7.1 (1.3) 7.0 (2.6) 8.1 (1.6) 7.8 (2.4)

Cumulative 
sleep loss 
(SLc) (h)

Total 3.8 (2.3) N/A 6.4 (3.9) N/A
Early (<3:30) 5.4 (2.8) 10.1 (5.5)
Intermediate (3:30-5:30) 4.1 (2.4) 6.8 (3.6)
Late (>5:30) 3.1 (2.1) 5.0 (3.6)

Abbreviations: MSFE
sc = chronotype proxy (midsleep on work-free days after evening shifts, corrected for potential sleep loss during 

evening shifts); 2N = two consecutive night shifts; 4N = four consecutive night shifts; SLc = cumulative sleep loss; calculated as sum of 
hours of sleep lost across several workdays. Values are expressed as mean (standard deviation). Values of cumulative sleep loss (SLc) are 
provided for workdays only.

(vs. 11 min and 17 min in early and intermediate 
types, respectively; Figure 1b). Despite this clinically 
relevant effect size, this increase for late types was 
not statistically significant (interaction: b = 0.61, 
p = 0.619, Table 5). The number of night shifts did, 
however, significantly affect sleep duration on the 
first day off: after 4N, late chronotypes slept 77 min 
less than after 2N, whereas early types slept 99 min 

longer (Figure 1c). When comparing between chrono-
type groups, unexpectedly, sleep duration on the first 
day off after 2N was substantially longer in late types 
(9.2 h) than in early ones (7.7 h; interaction: b = 0.6, 
p = 0.010), suggesting that late types needed more 
recovery sleep after 2N than early chronotypes.

Analyzing sleep duration on each individual shift 
(first, second, etc.) showed no significant differences: 
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Sleep was already longer for late types after the first 
night shift in the 4N versus 2N sequence, and did not 
gradually increase over consecutive night shifts 

(Figure 1d and 1e). The longer recovery sleep in early 
types on the first day off after 4N versus 2N was 
driven by an earlier sleep onset (interaction: b = 0.6, 

Table 4.  Sleep variables III.

Variable Chronotype (MSFE
sc) Seq1: 2M + 2N Seq2: 4N

ΔSD (h) Total −2.2 (1.5) −1.4 (1.4)
Early (<3:30) −1.9 (0.7) −3.9 (1.0)
Intermediate (3:30-5:30) −1.7 (1.4) −1.5 (1.3)
Late (>5:30) −2.9 (1.7) −0.6 (0.6)

Sleep duration 
(h)

Total 6.4 (0.9) 7.0 (0.9)
Early (<3:30) 5.8 (1.2) 5.5 (1.1)
Intermediate (3:30-5:30) 6.7 (0.8) 6.9 (0.8)
Late (>5:30) 6.3 (0.8) 7.4 (0.7)

Sleep quality
(1-10)

Total 6.7 (1.7) 6.8 (1.6)
Early (<3:30) 6.2 (2.6) 5.3 (2.5)
Intermediate (3:30-5:30) 6.3 (1.8) 6.5 (1.6)
Late (>5:30) 7.4 (1.1) 7.4 (1.1)

Cumulative 
sleep loss (SLc) 
(h)

Total 8.6 (5.4) 6.4 (3.8)
Early (<3:30) 7.9 (7.3) 9.7 (4.3)
Intermediate (3:30-5:30) 8.3 (5.8) 6.6 (3.7)
Late (>5:30) 9.2 (4.9) 5.0 (3.8)

Abbreviations: MSFE
sc = chronotype proxy (midsleep on work-free days after evening shifts, corrected for potential sleep loss during 

evening shifts); Seq1: 2M + 2N = shift sequence including two morning shifts, one day off, and two night shifts; Seq2: 4N = shift sequence 
including one day off and four night shifts; ΔSD = proxy of sleep debt; calculated as difference in sleep duration between the shift 
sequence and first day off (negative values = shorter sleep on shift days); SLc = cumulative sleep loss; calculated as sum of hours of sleep 
lost across several workdays. Values are expressed as mean (standard deviation). Values of timing-related sleep variables ΔMS (“social 
jetlag”), midsleep, sleep onset, and sleep offset are not provided for sequences of equal length (“Seq1: 2M + 2N” and “Seq2: 4N”), since 
averaging clock times across morning and night shifts is not meaningful.

Table 5.  Interaction effects between chronotype and number of consecutive night shifts on sleep duration variables.

Exposure

Outcome

ΔSD SDw SD1st
f SLc

Estimate (SE,
95% CI) p Value

Estimate (SE,
95% CI) p Value

Estimate (SE,
95% CI) p Value

Estimate (SE,
95% CI) p Value

Shift sequences of different length
  4N (ref: 2N) −2.6 (0.9,

−4.5, −0.7)
0.011 0.1 (0.7,

−1.2, 1.4)
0.844 2.8 (1.5,

1.0, 4.6)
0.005 5.7 (1.8,

2.2, 9.3)
0.004

  MSFE
sc 0.1 (0.2,

−0.3, 0.4)
0.631 0.3 (0.1,

0.1, 0.6)
0.023 0.2 (0.2,

−0.1, 0.6)
0.216 −0.7 (0.4,

−1.5, 0.1)
0.095

  MSFE
sc × 4N 0.7 (0.2,

0.3, 1.0)
0.001 0.1 (0.1,

−0.2, 0.3)
0.619 −0.6 (0.2,

−1.0, −0.3)
0.002 −0.6 (0.4,

−1.3, 0.1)
0.082

Shift sequences of equal length
  Seq2: 4N (ref: Seq1: 

2M + 2N)
−4.2 (1.1,
−6.3, −2.1)

<0.001 −1.4 (0.6,
−2.6, −0.2)

0.036 2.8 (1.1,
0.7, 4.9)

0.013 3.4 (3.6,
−3.6, 10.4)

0.353

  MSFE
sc −0.4 (0.2,

−0.7, −0.1)
0.022 −0.2 (0.1,

−0.4, 0.0)
0.118 0.2 (0.2,

−0.1, 0.6)
0.234 0.1 (0.7,

−1.2, 1.4)
0.877

  MSFE
sc × Seq2: 4N 1.0 (0.2,

0.6, 1.4)
<0.001 0.4 (0.1,

0.1, 0.6)
0.002 −0.6 (0.2,

−1.0, −0.2)
0.001 −1.2 (0.7,

−2.5, 0.2)
0.108

Abbreviations: Estimate = age- and sex-adjusted unstandardized regression coefficient b; ΔSD = proxy of sleep debt; calculated as 
difference in sleep duration between workdays and first day off; SDw = average sleep duration on workdays; SD1st

f = sleep duration on 
first day off; SLc = cumulative sleep loss; calculated as sum of hours of sleep lost across several workdays; SE = standard error; CI = 
confidence interval; 4N = four consecutive night shifts; 2N = two consecutive night shifts; MSFE

sc = chronotype proxy (midsleep on work-
free days after evening shifts, corrected for potential sleep loss during evening shifts). Seq2: 4N = shift sequence including one day off and 
four night shifts; Seq1: 2M + 2N = shift sequence including two morning shifts, one work-free day, and two night shifts. Note that the 
significance threshold was set to 0.001 for effects not included in hypotheses (i.e., sleep quality, onsets, offsets) and to 0.002 for hypothesis-
driven effects (i.e., sleep duration and timing).
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p = 0.010), while the shorter recovery sleep observed 
in late types resulted from both a later onset and ear-
lier offset after 4N versus 2N (Figure 1f). We thus 
tested whether the shorter sleep on first day off after 
4N in late types was due to forced wakeups, and 
repeated analyses excluding work-free days where 
participants indicated waking up with alarm clocks 
(excluding 8% of first days off). Our results were 
robust, suggesting that forced wakeups were not 
driving the chronotype-specific pattern of sleep we 
observed on the first day off. Taken together, the find-
ings suggest that sleep debt on the shift sequences 2N 
and 4N did not account for the recovery sleep pattern 
observed on the first day off. In post hoc analyses, we 
therefore examined (1) cumulative sleep loss and (2) 
shift sequences containing the same number of 
workdays.

Late Chronotypes Accumulate Less Sleep Loss Across 
Night Shifts Than Earlier Types.  To account for effects 
of chronically curtailed sleep that accumulates over 

successive workdays, we calculated cumulative sleep 
loss (SLc) in post hoc analyses. Figure 3c shows that 
for both 2N and 4N, sleep loss was lower in late chro-
notypes than in early or intermediate ones. As for 
sleep debt, sleep loss across night shifts did not 
explain the duration of recovery sleep on the first day 
off (compare Figure 3c and 3d). Specifically, sleep loss 
after 2N was lower in late types (SLc = 3.1 h) than in 
intermediate (4.1 h) and early ones (5.4 h); yet, despite 
late types having lower sleep loss, their recovery 
sleep on the first day off was longer (9.2 h) than that 
of intermediate (8.4 h) and early types (7.7 h). This 
finding indicates that neither sleep debt nor cumula-
tive sleep loss on night shift sequences explained 
why recovery sleep after 2N was longer in late types 
than in early ones.

Late Chronotypes Accumulate More Sleep Loss Than Ear-
lier Types When Night Shifts Are Preceded by Morning 
Shifts. To account for the fact that shift sequences are 
not isolated occurrences but embedded into schedules 

Figure 1.  Chronotype-specific sleep debt for two versus four consecutive night shifts: (a) Sleep debt, calculated such that negative 
values indicate shorter sleep on workdays than first day off. (b) Average sleep duration after night shifts. (c) Average sleep duration on 
first day off after night shifts. (d) and (e) Sleep duration by order of consecutive night shifts. (f) Sleep onsets and offsets after night shifts. 
Abbreviations: ΔSleep duration = proxy for sleep debt; 2N = two consecutive night shifts; 4N = four consecutive night shifts. Note that 
chronotype was used as a continuous variable in regression models and cut-offs are used for illustration purposes only.
*Significant (p ≤ 0.002) interaction effect “chronotype × number of consecutive shifts.”
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of rotational work hours, we also analyzed 5-day 
blocks of shift sequences (i.e., four workdays, one day 
off) in post hoc analyses, taking into account preceding 
workdays. In the present shift schedule, 2N were pre-
ceded by two morning shifts (2M) and one day off in-
between. Sequence 1 (“2M + 2N”) thus included 2M, 
one work-free day, and 2N. Sequence 2 (“4N”) included 
one work-free day and 4N. As before, sleep debt 
decreased for late types and increased for early types 
when night shifts in a sequence of 5 days increased 

Figure 2.  Alternate approaches to calculating sleep debt. Different ways of calculating sleep debt were compared: the difference in 
sleep duration between (a) the average on workdays and the first day off (primary outcome of this study); (b) the average on workdays 
and the average across the first, second, and third day off; (c) the average on free days and the first day off; and (d) the average on work-
days and the average on free days. Panels a-c show robust results for the effect of chronotype and shift sequences (2N vs. 4N) on sleep 
debt. While the more typical calculation of sleep debt as illustrated in panel d shows the known chronotype-dependency in sleep debt, 
it does not capture the otherwise observed interaction between chronotype and shift sequence. This calculation shows similar patterns 
for 2N and 4N, even though sleep loss accumulates over consecutive workdays. The similar patterns are due to the fact that average sleep 
duration across all free days is used as the reference, being the same for 2N and 4N. Abbreviations: 2N = two consecutive night shifts; 
4N = four consecutive night shifts.

from 2N to 4N (interaction: b = 1.0, p < 0.001; Figure 
4a). Unlike before, the change in sleep debt was due to 
significant changes in sleep duration on both the first 
day off and during the sequence (Figure 4b-4d): sleep 
duration increased on average by 66 min in late types 
when comparing the 2M + 2N with the 4N sequence 
(interaction: b = 0.4, p = 0.002). On the first day off, 
sleep decreased by 77 min in late types and increased 
by 99 min in early types (interaction: b = −0.6, p = 
0.001). Examining cumulative sleep loss, SLc now 
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perfectly mirrored recovery sleep on the first day off 
(compare Figure 3e and 3f), although effects were not 
significant (interaction: b = −1.2, p = 0.108). Specifi-
cally, sleep loss after 2M + 2N was higher in late chro-
notypes than in early types (9.2 h vs. 5.0 h), being in 
line with recovery sleep on the first day off after 2M + 
2N that was longer in late types than in early ones (9.2 
h vs. 7.7 h). Results did not change when sleep dura-
tion estimates included napping (see Suppl. C, Figs. 
S3-S5). The finding indicates that, by taking into 

account morning shifts that preceded night shifts in 
this schedule, cumulative sleep loss on workdays 
accounted for chronotype differences in recovery sleep 
observed on the first day off.

Late Chronotypes Are Most Likely to Benefit From Con-
secutive Night Shifts but the Extent Depends on Preceding 
Shifts. We defined “benefitting” from a schedule by a 
reduction in sleep debt, specifically longer sleep on 
workdays and shorter sleep on the first day off. 

Figure 3.  Chronotype-specific cumulative sleep loss (SLc): (a) and (b) 28-day shift schedule with morning shifts (light gray boxes), eve-
ning shifts (gray boxes), night shifts (dark gray boxes), and work-free days (white boxes). Striped boxes indicate first days off following 
a given shift sequence. Panel a shows 2-and 4-day blocks of consecutive night shifts (2N, 4N). Panel b shows 5-day blocks, including four 
workdays and one free day (2M + 2N, 4N). (c) Chronotype-specific SLc for shift sequences 2N versus 4N. (d) Sleep duration on first day 
off after 2N versus 4N. (e) Chronotype-specific SLc for 5-day shift sequences 2M + 2N versus 4N. (f) Sleep duration on first day off after 
5-day shift sequences 2M + 2N versus 4N. Abbreviations: 4N = four consecutive night shifts; 2N = two consecutive night shifts; Seq2: 
4N = shift sequence including one work-free day and four night shifts; Seq1: 2M + 2N = shift sequence including two morning shifts, 
one work-free day, and two night shifts. Note that chronotype was used as a continuous variable in regression models and cut-offs are 
used for illustration purposes only.
*Significant (p ≤ 0.002) and #marginally significant (p < 0.10) interaction effect “chronotype × number of consecutive shifts.”
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Seventy-seven percent (n = 23) in our sample slept 
longer on workdays when working four versus two 
night shifts; yet, the absolute increase was rather 
small (of those 23, 9 had an increase < 0.5 h; Figure 
4f). The same pattern was observed for recovery sleep 
on the first day off (Figure 4e): 63% (n = 19) slept less 
after 4N versus 2N, but the absolute decrease was 
rather small (<0.5 h) for 7 of the 19 shift workers. The 
difference between individuals, however, was large: 
three late types slept as much as 4.6 h less on the first 
day off after 4N versus 2N (Figure 4e). The large 
decrease in some late types was driven by very long 
sleep durations on the first day off after 2N, with one 
participant, for example, sleeping 12.7 h after 2N and 
8.1 h after 4N. The sleep duration observed after 4N 

in this case was equivalent to this participant’s aver-
age sleep duration on work-free days. When analyses 
took into account preceding morning shifts, all but 
two late chronotypes (83%) benefited from working 
4N compared with 2M + 2N (Figure 4g). The result 
was similar for intermediate types: 64% (n = 9 out of 
14) slept longer working 4N than 2M + 2N, though 
for 3 of the 9 (33%) the increase was less than 0.5 h. 
Cut-off values based on fitted curves (Figure 4e and 
4f) suggested that shift workers with a chronotype 
later than ~5:00 might benefit from working 4N ver-
sus 2N in terms of sleep duration. R2 values were 
larger for polynomial than linear fits, indicating a 
saturation effect such that additional benefits for 
extremely late chronotypes (MSFE

sc > 8:00) might be 

Figure 4.  Chronotype-specific sleep in shift sequences including preceding morning shifts: (a) Sleep debt, calculated such that nega-
tive values indicate shorter sleep on workdays than first day off. (b) Average sleep duration in 5-day shift sequences: “Seq1: 2M + 2N” 
includes two morning shifts, one work-free day, and two night shifts; “Seq2: 4N” includes one work-free day and four night shifts. (c) 
and (d) Sleep duration by sleep episode in the shift sequence. Note that five workdays equal six associated sleep episodes, due to the 
night shift, for example, for the 3-day sequence “morning shift—work-free day—night shift,” there are four sleep episodes: one before 
the morning shift, a second after the morning shift and onto the work-free day, a third after the work-free day onto the first night shift, 
and a fourth the next day after the first night shift. (e) Difference in sleep duration on the first day off for 2N versus 4N. (f) Difference 
in sleep duration on workdays for 2N versus 4N. (g) Difference in sleep duration for 2M + 2N versus 4N. Positive values in panels e-g 
indicate more sleep for sequences with four night shifts than for sequences with two night shifts (2N, 2M + 2N). Abbreviations: Seq1: 
2M + 2N = shift sequence including two morning shifts, one work-free day, and two night shifts; Seq2: 4N = shift sequence including 
one work-free day and four night shifts; 2N = two consecutive night shifts; 4N = four consecutive night shifts; MSFE

sc = chronotype 
proxy. Note that chronotype was used as a continuous variable in regression models and cut-offs are used for illustration purposes only.
*Significant (p ≤ 0.002) interaction effect “chronotype × number of consecutive shifts.”
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limited (Figure 4f). However, when comparing 4N 
with 2M + 2N, even extremely late types benefited 
(Figure 4g), suggesting a linear relationship when 
morning shifts were involved (r = 0.53, p = 0.004).

Discussion

In this within-subject field study of 30 shift work-
ers, we examined chronotype-specific effects of con-
secutive shifts on sleep using 5 weeks of continuous 
sleep-wake reports. This allowed us to examine two 
specific blocks of shifts, namely, two versus four con-
secutive morning and night shifts. We calculated the 
difference in sleep duration and timing between 
workdays and the first day off to estimate sleep debt 
and social jetlag. Unexpectedly, sleep debt and social 
jetlag did not change with an increased number of 
consecutive morning shifts. However, sleep debt after 
night shifts increased in early, but decreased in late 
chronotypes, with no meaningful change in interme-
diate chronotypes. In early types, the increase in sleep 
debt from 2N to 4N was attributable to accumulated 
sleep loss over four consecutive night shifts. Sleep on 
workdays was consistently short (<5 h) resulting in 
catch-up sleep on the first day off, that was on aver-
age ~2 h longer after 4N compared with 2N. In late 
types, sleep debt decreased from 2N to 4N, but inter-
estingly, sleep duration did not increase over succes-
sive night shifts, suggesting that adaptation might 
not be the reason for the observed decrease in sleep 
debt. Rather, sleep debt was unexpectedly high in late 
types after 2N, which were, in this schedule, pre-
ceded by two early morning shifts. In fact, the combi-
nation of morning and night shifts within a 5-day 
timeframe led to an overall decreased sleep duration 
on workdays for late chronotypes. Late types com-
pensated for this by sleeping in more on the first day 
off following 2N, ~1.5 h longer than following 4N. 
Our results were robust, independent of alarm clock 
usage and napping. Results were also similar when 
using different calculations of sleep debt, indicating 
that effects of sleep restriction as a function of shift 
sequence are consistently dependent on chronotype.

While night shifts represent the most disruptive 
and strenuous shifts for all shift workers, if they are 
necessary, increasing night shifts from two to four may 
result in less sleep debt for late chronotypes, especially 
when the alternative is a combination of morning and 
night shifts. Correlational cut-off values indicated that 
a workers’ chronotype would need to be later than 
(MSFE

sc) ~5:00 to likely see benefits for their sleep-wake 
behavior when working four successive night shifts, 
which is close to the cut-off we chose for defining a late 

chronotype (>5:30). Improvements were only apparent 
in sleep duration and did not translate to improvements 
in other sleep variables (i.e., sleep quality), likely because 
the absolute benefits were rather small. A recent 
study found large inter-individual variability in the 
direction and magnitude of phase shifts in urinary 
6-sulphatoxymelatonin (aMT6s), a melatonin metabo-
lite, after exposure to three to four consecutive night 
shifts (Stone et  al., 2018). Including chronotype 
improved their model prediction of individual phase 
shifts and explained more variance than other factors, 
with late types showing the largest phase delays. Their 
findings provide further support that individual chro-
notype is a determining factor for adaptation to con-
secutive night shifts. However, both our findings and 
those presented by Stone and colleagues describe large 
inter-individual variability that went beyond catego-
ries of chronotype, suggesting that other factors, such 
as behavioral patterns and light-dark exposure, may 
also play a role.

In line with a recent study by Garde et al. (2020), 
we saw no adaptation effects: Sleep duration did not 
significantly increase over the course of 2N or 4N. 
Studies using physiological markers (i.e., melatonin, 
cortisol) reported progressive delays of circadian 
phase over the course of successive night shifts 
(Jensen, Hansen, et  al., 2016) but no adaptation 
(Jensen, Garde, et al., 2016). Full circadian adaptation 
to night shifts seems limited even in permanent night 
shift workers (Folkard, 2008). Importantly, night 
shifts often do not occur in isolation from other shift 
types (day/morning or evening shifts). When we 
included two morning shifts that preceded the two 
night shifts in this schedule, we observed that late 
types experienced a higher cumulative sleep loss 
than after four night shifts. This high level of sleep 
loss then resulted in catch-up sleep on the first day 
off that was longer than catch-up sleep after 4N. 
Our findings highlight two important factors: (1) 
Chronotype effects are often not straightforward but 
most likely involve interactions with other exposure 
variables (i.e., number and type of shift), and (2) shift 
sequences such as 2N and 4N are often embedded in 
rotational schedules with alternating shift times. 
Findings for consecutive night shifts in permanent 
schedules are likely to be different from those for 
night shifts in the context of day/morning and eve-
ning shifts. Our results furthermore suggest that any 
number of night shifts regardless of chronotype may 
be best scheduled between (several) days off.

The finding that late chronotypes appeared to 
have carried over sleep loss from preceding morning 
shifts also suggests that one day off in-between morn-
ing and night shifts may not be sufficient for recov-
ery. Studies using polysomnographic assessment of 
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sleep suggest that one night of recovery sleep may be 
enough in terms of slow-wave sleep and sleep stages 
(Åkerstedt et  al., 2009; Hennecke et  al., 2019). 
However, studies on self-report variables, perfor-
mance measures, and physiological factors suggest 
higher numbers of recovery days: >2 days for meta-
bolic dysregulation (Depner et al., 2019), ≥3 days for 
fatigue and subjective health (Haluza et  al., 2019; 
Lekander et  al., 2013), and >7 days for cognitive 
lapses (Axelsson et al., 2008).

Our findings showed that early types accumulated 
tremendous amounts of sleep loss over consecutive 
night shifts (66% lost > 5 h of sleep over 2N). Previous 
studies have reported early types to frequently nap 
before night shifts, attenuating sleep loss to such an 
extent that the relationship between a later chrono-
type and longer sleep for night shifts was no longer 
statistically significant (Fischer et al., 2016; Kervezee 
et al., 2021). We observed a similar napping pattern in 
our study; yet, while naps did mitigate sleep loss dur-
ing workdays, early types still had longer recovery 
sleep on their first day off than late types, suggesting 
that napping did not fully compensate for cumulative 
sleep loss. A limitation of our study is the fact that we 
had only three early chronotypes in our sample 
(MSFE

sc < 0330 h), hampering generalizability. 
However, it is well-established that night shifts carry 
on average a higher risk for early types, in terms of 
sleep (Fischer et al., 2016), health (Vetter et al., 2015), 
and occupational safety (Del Rio-Bermudez et  al., 
2014). Taken together, we argue that even a few night 
shifts must be regarded as potentially hazardous. This 
suggests that night work should be limited for early 
chronotypes, in particular successive night shifts.

Contrary to our hypotheses, we did not see signifi-
cant interaction effects between chronotype and the 
number of morning shifts. Late types seemed to grad-
ually advance their sleep onset over 4M resulting in 
slightly (but non-significantly) increased sleep dura-
tion on workdays (data not shown). Previous studies 
have reported more irregular sleep-wake behavior in 
late types (Fischer et  al., 2016; Phillips et  al., 2017), 
which may reflect the ability to sleep at various circa-
dian phases, thereby facilitating adaption. Even so, 
the slight increase in sleep duration for late types was 
not enough to offset their sleep loss accumulated over 
consecutive morning shifts.

Strength and Limitations

Our study has several strengths, but also limita-
tions. One strength is the within-subject design of our 
study, which minimized confounding. A recent study 
on the impact of consecutive nights on sleep duration 
and quality (Garde et  al., 2020) considered the fact 
that they had a washout period of 7 days before each 

block of night shifts as an advantage of their study, 
having minimized carry-over effects. We see it as a 
strength of our study to not have had such washout 
intervals: Many shift schedules involve rotating shift 
times, and detailed analyses of how consecutive 
shifts are embedded in the wider schedule are highly 
informative and much needed. Thus, our study pro-
vides highly granular insights of ecological validity.

Several limitations are noteworthy. Additional 
descriptive data (in particular, the use of sleep aids) 
were not available for this sample. Early chronotypes 
were on average older than other chronotype groups. 
The relationship between early chronotype and 
older age is well-established (Roenneberg et  al., 
2004; Fischer, Lombardi, Marucci-Wellman, and 
Roenneberg, 2017; van de Ven et al., 2016); as such, 
we do not regard it as a limitation but a representa-
tion of the real world. Despite this between-group 
difference, it is unlikely that it confounded our results 
significantly in view of the within-subject design. 
Our chronotype groups were not equally distributed. 
In fact, we only had three participants in the earliest 
category. It is noteworthy that we used chronotype as 
a continuous variable in all our regression models. In 
view of the on average higher health and safety risk 
that night shifts carry for early types, we do not 
expect our findings to change in studies with a more 
balanced chronotype distribution. The sole outcome 
of our study was sleep-wake behavior assessed from 
sleep diaries. Even though we did not measure per-
formance or fatigue, we would expect the changes in 
sleep to translate to changes in performance, given 
the vast evidence that sleep deprivation leads to cog-
nitive impairments (Van Dongen et  al., 2003; 
Elmenhorst et  al., 2018). The exact magnitude may 
depend on additional factors, including task load, 
light environment, monotony, and so on. Time awake 
was not considered in regression models because 
shift workers frequently napped before night shifts, 
ranging in duration from 15 min to 5 h. Future inves-
tigations should explore the link between naps, time 
awake, and main sleep-wake behavior on different 
shift sequences. Our calculated measures sleep debt 
and cumulative sleep loss are rather crude. Effects of 
sleep loss on subsequent recovery sleep are not a 
zero-sum game (−1 h on workdays = + 1 h on days 
off); sleep quality and architecture (i.e., NREM REM 
cycles) play an important role, but could not be 
assessed in this field study setting. Using the dura-
tion of sleep without information on sleep architec-
ture or circadian timing will always be limited in 
assessing the “true” amount of sleep debt. First, the 
relationship between accumulated sleep loss and 
subsequent recovery sleep is non-linear due to ceiling 
effects. For example, an extended 11 h recovery sleep 
after 4 night shifts may not extend further after >4 
night shifts. Second, sleep duration is also constrained 
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by a circadian process (e.g., Daan et  al., 1984), for 
example, sleep may end prematurely despite an ele-
vated homeostatic sleep pressure. In shift work, the 
alignment of sleep relative to the circadian cycle may 
be different between workdays and recovery days. 
Hence, the circadian constraint on sleep duration 
may also differ, which might introduce a confound in 
sleep debt assessments from sleep duration alone. 
This could affect early and late chronotypes differ-
ently, such that a difference in sleep debt could instead 
be a difference in circadian timing. With increasing 
availability of wearable devices to track sleep archi-
tecture (e.g., Winnebeck et al., 2018, Walch et al., 2019), 
and techniques to assess circadian phase in free-living 
individuals (e.g., Laing et al., 2017, Braun et al., 2018; 
Wittenbrink et al., 2018), future studies in shift work-
ers may be able to overcome the limitations of behav-
ioral actigraphy and sleep log methods. While we did 
not assess circadian timing based on a physiological 
measure (i.e., dim light melatonin onset [DLMO]), we 
aimed to limit the impact of this potential confound 
by adjusting our statistical models for midsleep 
timing, a behavioral proxy for differences in circa-
dian timing between chronotypes (Kantermann 
et al., 2015, Ghotbi et al., 2020). Last, what might be 
beneficial for sleep might not also result in positive 
effects for other factors, such as social and family life. 
Evening shifts are a prominent example: They inter-
fere least with sleep-wake behavior but limit social 
participation.

Concluding Remarks

To the best of our knowledge, this is the first study 
to address chronotype-specific effects of consecutive 
shifts on sleep. Our results suggest that the number 
of consecutive night shifts should be limited in early 
chronotypes, and that increasing the number of con-
secutive night shifts reduces sleep debt in late chro-
notypes, especially if the alternative would be to 
include early morning shifts within a shift block that 
includes night shifts. These results add to the grow-
ing body of evidence that chronotype should be con-
sidered a relevant factor when designing shift 
schedules. Future studies should record exact shift 
sequences, together with chronotype.
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