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1  |  INTRODUC TION

Fatigue remains a challenge in short-haul aviation due to (1) irregular 
schedules that prevent adequate duration and timing of sleep (Borgeois-
Bougrine et al., 2003); (2) early and late duty times that encroach on 
the nightly sleep opportunity (Åkerstedt et al., 2021; Flynn-Evans 
et al., 2018; Roach et al., 2012; Vejvoda et al., 2014); and (3) workload 

factors, such as duty length and the number of sectors (Flynn-Evans 
et al., 2018; Goffeng et al., 2019; Honn et al., 2016; Powell et al., 2007). 
The International Civil Aviation Organization (ICAO) defines fatigue as 
“a physiological state of reduced mental or physical performance ca-
pability resulting from sleep loss or extended wakefulness, circadian 
phase, or workload (mental and/or physical activity) that can impair 
a crew member's alertness and ability to safely operate an aircraft or 
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Summary
Flight crews are frequently required to work irregular schedules and, as a result, can ex-
perience sleep deficiency and fatigue. This study was conducted to determine whether 
perceived fatigue levels and objective performance varied by time of day, time awake, 
and prior night's sleep duration. Ninety-five pilots (86 male, 9 female) aged 33 years 
(±8) volunteered for the study. Participants completed a daily sleep diary, Samn-Perelli 
fatigue scale, and psychomotor vigilance task that were completed before and after 
each flight duty period and at the top-of-descent for each flight. Pilots experienced 
higher self-reported fatigue (EMM  =  3.92, SE  =  0.09, p  <  0.001) and worse perfor-
mance (Response speed: EMM = 4.27, SE = 0.08, p = 0.004) for late-finishing duties 
compared with early-starting duties (Samn-Perelli: EMM = 3.74, SE = 0.08; Response 
speed: EMM = 4.37, SE = 0.08), but had shorter sleep before early-starting duties (early: 
EMM = 6.94, SE = 0.10; late: EMM = 8.47, SE = 0.14, p < 0.001). However, pre-duty 
Samn-Perelli and response speed were worse (z = 4.18, p < 0.001; z = 3.05, p = 0.03; 
respectively) for early starts compared with late finishes (EMM = 2.74, SE = 0.19), while 
post-duty Samn-Perelli was worse for late finishes (EMM = 4.74, SE = 0.19) compared 
with early starts (EMM = 4.05, SE = 0.12). The results confirm that duty time has a 
strong influence on self-reported fatigue and performance. Thus, all flights that en-
croach on a biological night are targets for fatigue risk management oversight.
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perform safety-related duties” (International Air Transport Association 
(IATA;2015). To minimise these risks, industry regulators prescribe 
limits for duty hours that airlines should follow when generating pilot 
work schedules. The European Aviation Safety Agency (EASA) and the 
Federal Aviation Administration (FAA) impose many limits on pilot duty 
time, including restricting the duration of work by the time of day that 
a duty period starts (Commission Regulation (EU) No 83/2014; FAA, 
14 CFR Parts 117, 119, and 121, 2009). Both regulations allow for lon-
ger work episodes when work shifts begin earlier in the day relative to 
shifts that begin later. It is unclear, however, whether such duty time 
restrictions align with actual fatigue and performance.

In 2014, Vejvoda and colleagues conducted a study to examine 
the effects of time awake on late-finishing flights (defined by EASA 
as flights “finishing in the period between 00:00 and 01:59 in the 
time zone to which the crew is acclimatized”, EASA, EU No83/, 
2014). Pilots rated their fatigue levels at the end of each flight and 
duty period. They found that for late-finishing flight duty periods 
(FDPs), pilots were awake longer and reported moderate to severe 
fatigue levels at duty end compared with at the end of FDPs that 
started early in the morning (between 05:00 and 06:59). However, 
this study only included self-report measures of fatigue and may not 
have captured the influence of time of day on pilot performance for 
the early starts because their measures were collected at the end 
of the flight, which would occur during a time of circadian alertness 
for flights starting in the early morning (i.e., the measures assessing 
early starts were collected in the late morning or early afternoon; 
Bermudez et al., 2016). As early start flights often begin before typi-
cal wake times (e.g., 05:00–07:00), it would be expected that the in-
fluence of the circadian system might cause pilots to feel sleepy and 
perform poorly at the beginning of their shift . In addition, early start 
times reduce the amount of sleep that pilots obtain the night before 
a flight (Åkerstedt et al., 2021; Flynn-Evans et al., 2018; Roach et al., 
2012). For instance, Roach et al. (2012) found that for every hour of 
duty start before 9:00 am, pilots lose approximately 15 min of sleep.

Chronic sleep loss causes a decline in psychomotor vigilance, 
working memory, and cognitive throughput performance (Van 
Dongen et al., 2003). Even relatively moderate sleep restriction—if 
sustained night after night—can seriously impair waking neurobe-
havioural functions in healthy adults. Thus, the objective of this 
study was to examine the effects of time of day on fatigue and pilot 
performance among short-haul airline pilots. Furthermore, we ex-
panded on the investigation of the effects of time awake on pilot 
fatigue as described in Vejvoda et al. (2014) by using a large data 
set and investigating performance as measured by the psychomotor 
vigilance task (PVT) in addition to self-report ratings.

2  |  METHODS

Ninety-five pilots (86 male, 9 female) from a short-haul airline vol-
unteered to participate in the study during normal airline opera-
tions over 36 consecutive days (including days off). One pilot was 
removed from analyses due to incomplete data.

The study was reviewed and approved by the NASA Ames 
Research Center (ARC) Institutional Review Board (IRB)(HRI-312; 
HRI-319). Participation in the study was voluntary. Pilots were 
contacted via their company email address and through flyers. 
Volunteers were invited for a training session where they provided 
informed consent and were trained on the study procedures. Each 
participant was provided with an iPod (5th generation, iOS 6.8.53, 
Apple, Cupertino, CA) for completing the tests during the study 
period. Using a custom-built mobile application that was admin-
istered on an iPod, they filled in a demographic questionnaire, a 
Morningness-Eveningness Questionnaire (MEQ; Horne & Östberg, 
1976), and the Epworth Sleepiness Scale (ESS; Johns, 1991). In ad-
dition, they completed a practice data collection session under the 
supervision of a study researcher to ensure that they understood 
the study procedures and tests. All pilots flew a pre-designed 
schedule of four duty blocks separated by 3  days off and an at-
tempt was made to have all pilots fly the same type of schedule. 
Each duty block contained five duty days and each duty day had 
either two or four flight sectors. The same type of duty (early, mid-
day [morning-afternoon], late) was scheduled for all five days in a 
duty block, but operational constraints yielded some modest vari-
ations from this schedule. All pilots were scheduled for blocks of 
all types of flights. Each duty block was separated by 3–4 days off. 
All pilots flew during the day and their duty start time varied from 
early morning (e.g., ~05:00) to late afternoon, while end duty time 
varied from late morning to late night (e.g., ending ~00:00). Each 
pilot returned to their home base at the end of the FDP on each 
day of the study. The duty schedules were obtained from the air-
line at the end of the study to confirm the actual time of the flights. 
In order to maintain consistency with the analyses conducted by 
Vejvoda et al. (2014), we classified early duties as starting between 
05:00 and 6:59, mid-morning duties as starting between 07:00 and 
10:59, afternoon duties as starting between 13:00 and 16:59, and 
evening duties as starting between 17:00 and 20:59. Furthermore, 
as with Vejvoda et al. (2014), we compared early starts beginning 
from 05:00 and 06:59 to late finishes ending between 00:00 and 
01:59.

Participants completed a sleep diary twice per day (upon bedtime 
and wakeup) throughout the study where they entered information 
about bedtime, wakeup time, and sleep quality and rated their fatigue 
level using a Samn-Perelli (SP) fatigue scale (Samn & Perelli, 1982). The 
SP fatigue scale is a 7-point Likert type scale ranging from “1 = fully 
alert, wide awake” to “7 = completely exhausted, unable to function ef-
fectively”. On duty days, participants also completed a SP fatigue scale 
and a 5-minute PVT (Arsintescu et al., 2017) on the top-of-descent 
(TOD) of each flight, and at the end of the duty period. In addition, 52 
pilots completed the SP and PVT before duty (in the briefing room).

2.1  |  Data analysis

All statistical analyses were performed using RStudio (Version 
1.3.1056) and IBM SPSS Statistics (Version 25). In cases where tests 
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were taken within 30 min of each other, we excluded the second SP 
or PVT. For all sleep analyses, we evaluated the prior night's sleep 
in relation to duty day. In order to estimate sleep on the night prior 
to duty we excluded the naps from main sleep analyses. Naps were 
taken 0.08% of times across all duty days and were usually taken 
after early starts. Touch events from the iPod included a latency of 
68.53 ms relative to traditional PVT boxes (Arsintescu et al., 2017). 
This was subtracted from each PVT raw trial before PVT analyses to 
accurately assess lapses (i.e., reaction times > 500 ms) and response 
times. The following metrics were assessed in our PVT analyses: (1) re-
sponse speed–the reciprocal response time (mean (1/RT) × 1000), and 
(2) lapses–the reaction times exceeding 500 ms. A PVT response was 
considered valid if the reaction time (RT) was >100 ms. Responses 
with an RT ≤ 100 ms were considered false starts and were removed 
from analyses.

Prior to data analyses, we removed outliers from our data-
set using a cutoff criterion of three standard deviations above or 
below the mean for each of our measures (i.e., response speed, 
lapses, and SP fatigue scores). The relationships between sub-
jective fatigue reported via the SP fatigue scale and outcomes 
of the PVT (i.e., response speed and lapses) were analysed 
using repeated-measures correlations. To investigate the im-
pact of the duty start time on pilots' subjective fatigue and PVT 
performance, a series of mixed-effects models (using data col-
lected during the entire duty period) were evaluated. The rmcorr 
(Bakdash & Marusich, 2017), lme4 (Bates et al., 2019), lmerTest 
(Kuznetsova, Brockhoff, & Christensen, 2019), and multcomp 
packages (Hothorn et al., 2019) for R were utilised for these tests. 
A linear model was assumed for response speed, while a negative 
binomial distribution was specified for lapses due to overdisper-
sion. To examine the heightened risk of subjective fatigue, scores 
on the SP were dichotomised using a cut-off criterion ≥5 (IATA, 
ICAO, & IFALPA, 2015; Samn & Perelli, 1982). Further analysis on 
this binary indicator of subjective fatigue was performed to com-
pare early-starts and late-finishes using a mixed-effects logistic 
regression controlling for prior sleep. Additional mixed-effects 
models were also conducted on SP fatigue, PVT response speed, 
and lapses to evaluate performance change as a function of time 
of day. All p-values for group comparisons were adjusted using 
the Bonferroni correction.

3  |  RESULTS

3.1  |  Participants

The pilots were 33 (±8) years old (range 21–54) and reported 7.76 
(±0.75) h of sleep need per night to feel fully alert. Sixty-five per-
cent of the pilots had <4000 h of total flight experience, 23% had 
between 4000–9500 h, and 12% had more than 10,000 h of total 
flight experience. Demographic characteristics for the 94 pilots who 
provided complete data sets are shown in Table 1.

Detailed information about sleep, including bedtimes, wake 
times, and sleep duration prior to duty by duty start times, is pro-
vided in Table 2. Participants reported obtaining less sleep than their 
average sleep need when duty started early (Table 2).

3.2  |  Flight duty periods

Data were collected during 1476 FDPs (M = 7.40 ± 1.91 h) that com-
prised 2738  flights among study participants. FDP information by 
duty start time is provided in Table 3.

3.3  |  Effects of duty start time on SP fatigue and 
PVT performance

The repeated-measures correlations demonstrated that the SP fatigue 
scores were negatively and weakly correlated with response speed 
(r(4470) = −0.26, p < 0.001, 95% CI: [−0.29, −0.23]), and positively and 
weakly correlated with lapses (r(4470) = 0.14, p < 0.001, 95% CI: [0.11, 
0.17]). The results from the linear mixed-effects models revealed 
main effects of duty start time on SP scores (F[3, 2987.50] = 28.38, 
p < 0.001, R2

Marginal = 0.02, R2
Conditional = 0.29), response speed, (F[3, 

TA B L E  1 Demographic characteristics of participating pilots 
(n = 94)

M (SD) Range

Age 32.9 (8.03) 21–54

Weight (kg) 77.23 (11.61) 45.5–100.5

Height (m) 1.79 (0.07) 1.60–1.93

BMI (kg/m²) 23.99 (2.93) 16.20–32.70

Sleep need (h) 7.76 (0.75) 5–10

MEQ score 51.5 (5.91) 36–64

ESS score 5.37 (3.72) 0–19

Abbreviation: BMI, body mass index; ESS, Epworth sleepiness scale; 
M, mean; MEQ, Morningness-eveningness questionnaire; SD, standard 
deviation.

TA B L E  2 Sleep characteristics prior to duty by duty start time

Start of duty
Waketime
(hh:mm)

Bedtime
(hh:mm)

Sleep 
duration (h)

05:00–06:59 
(early)

04:19 (01:14) 21:15 (02:01) 6.90 (1.30)

07:00–10:59 
(mid-morning)

06:30 (01:22) 22:29 (01:27) 7.54 (1.57)

13:00–16:59 
(afternoon)

09:16 (01:19) 01:05 (01:21) 8.39 (1.47)

17:00–20:59 
(evening)

09:27 (01:37) 02:09 (01:31) 8.26 (1.73)

Sleep characteristics are reported as mean (standard deviation).
Abbreviation: hh:mm, hours and minutes.
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2952.10] = 26.61, p < 0.001, R2
Marginal = 0.01, R2

Conditional = 0.74), and 
lapses, (χ2[3] = 17.93, p < 0.001, R2

Marginal =0.01, R2
Conditional = 0.57). 

Pilots reported significantly higher fatigue on the SP (Figure 1, top 
panel) when their FDP started in the early-morning, afternoon, and 

evening compared with mid-morning (p < 0.001). These results were 
nearly identical for response speed and lapses (Figure 1, middle panel 
and bottom panel). The response speed decreased when the FDP 
started in the early-morning, afternoon, and evening compared with 

TA B L E  3 Flight duty period information by duty start time

Start of duty Flights Sectors Flight duration (h)
Flight duty period 
duration (h)

05:00–06:59 848 2.19 (0.58) 2.18 (0.70) 6.60 (1.67)

07:00–10:59 296 2.17 (0.56) 2.51 (0.66) 7.30 (1.63)

13:00–16:59 834 2.41 (0.82) 2.48 (1.01) 8.02 (1.99)

17:00–20:59 117 1.99 (0.12) 2.35 (0.50) 6.42 (1.22)

Flights are provided as frequencies. Sectors and durations are reported as mean (standard deviation).

F I G U R E  1 Estimated marginal mean 
Samn-Perelli fatigue across duty (grey 
bars + 95% CI; top panel), response 
speed (grey bars + 95% CI; middle panel), 
and lapses (grey bars + 95% CI; bottom 
panel) plotted as a function of duty start 
time (05:00–06:59 h [early morning]; 
07:00–10:59 h [mid-morning]; 13:00–
16:59 h [afternoon]; 17:00–20:59 h 
[evening]). Estimated marginal means 
are reported to adjust for other model 
terms. Top panel secondary vertical axis 
(right): Sleep period time (sleep duration) 
in the previous night = open squares; 
Time awake at duty start = open circles; 
ms, milliseconds; h, hours; *p < 0.05, 
***p < 0.001
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mid-morning (p  <  0.001). Pilots were also significantly slower dur-
ing FDPs that began in the afternoon as opposed to the early morn-
ing (p = 0.03). Pilots had significantly more lapses (Figure 1, bottom 
panel) in the early morning, afternoon, and evening compared with 
mid-morning starts (p < 0.001). In addition, total time awake at duty 
start was related to decreased response speed (F[1, 2495.50] = 8.08, 
p = 0.005, R2

Marginal = 0.001, R2
Conditional = 0.73), while the prior main 

sleep duration was not associated with statistically clear changes in 
response speed (p > 0.05). Ultimately, prior sleep duration and total 
time awake at duty start did not meaningfully affect subjective fatigue 
or lapses across the duty periods (p > 0.05).

3.4  |  Early start vs. late finish duties effects on SP 
fatigue and PVT performance

In order to replicate Vejvoda et al. (2014), we conducted a series of 
comparisons between early-starting (05:00–06:59  clock h) and late-
finishing (00:00–01:59 clock h) FDPs to examine differences on SP sub-
jective fatigue. To extend the findings of Vejvoda et al., we conducted 
the same analyses to assess changes in PVT performance (Figure 2). 
The results from these analyses indicated that pilots reported that their 
fatigue was significantly higher (z = 2.90, p = 0.004) for late-finishing 
duties (EMM = 3.92, SE = 0.09) compared with early starts (EMM = 3.74, 

F I G U R E  2 Estimated marginal mean 
Samn-Perelli fatigue across duty (grey 
bars + 95% CI; top panel), Response 
speed (grey bars + 95% CI; middle panel), 
and lapses (grey bars + 95% CI; bottom 
panel) for early-start and late-finishing 
FDPs. Top panel secondary vertical axis 
(right): Sleep period time (sleep duration) 
in the previous night = open squares; 
Time awake at duty start = open circles; 
ms, milliseconds; h, hours; **p < 0.01, 
***p < 0.001
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SE = 0.08; Figure 2, top panel). The response speed was significantly 
worse (z  =  −3.64, p  <  0.001) for late-finishing duties (EMM  =  4.27, 
SE = 0.08) compared with early-starting FDPs (EMM = 4.37, SE = 0.08; 
Figure 2, middle panel). There were no significant differences in the 
number of lapses between the two duty types (p > 0.05; Figure 2, bot-
tom panel). For late finishes (EMM = 8.47, SE = 0.14), prior sleep pe-
riods were significantly longer (z = 11.21, p < 0.001) compared with 
early-starting duties (EMM  =  6.94, SE  =  0.10). In addition, the FDP 
duration for late finishes (EMM  =  9.78, SE  =  0.14) was significantly 
longer (z = 17.35, p < 0.001) than early starts (EMM = 7.12, SE = 0.08). 
However, pilots completing late-finishing duties (EMM  =  6.05, 
SE = 0.11) were awake for significantly longer periods of time prior to 
their FDP start time (z = 39.85, p < 0.001) compared with those with 
early starts (EMM = 1.55, SE = 0.07).

The mixed-effects logistic regression showed a significant effect 
of duty type on high subjective fatigue, χ2(1) = 16.50, p < 0.001, 
R2

Marginal = 0.02, R2
Conditional = 0.20. Specifically, pilots with late-

finishing duties (p̂  = 0.42, SE = 0.07) were more likely (z = 2.32, p = 
0.02; OR = 02.11, SE = 00.15) to report high subjective fatigue than 
those with early-starting duties (p̂  = 0.26, SE = 0.03).

Given that pre-duty data were only collected among 52 par-
ticipants, specificity analyses using identical mixed-effects models 
with Bonferroni-corrected post-hoc tests on SP scores, response 
speed, and lapses were performed. We sought to compare dif-
ferences among pre-duty, in-flight, and post-duty responses for 
early-starting and late-finishing duties. Results from these analy-
ses indicated that pre-duty scores on the SP were higher (z = 4.18, 
p  <  0.001; Figure 3, top panel) for early starts (EMM  =  3.45, 
SE = 0.12) than for late finishes (EMM = 2.74, SE = 0.19). However, 
post-duty SP scores were higher (z  =  4.02, p  <  0.001) for late 
finishes (EMM  =  4.74, SE  =  0.19) compared with early starts 
(EMM = 4.05, SE = 0.12). Pre-duty response speed was lower for 
pilots (z  =  3.05, p  =  0.03; Figure 3, middle panel) during early-
starting duties (EMM  =  4.19, SE  =  0.11) than late-finishing ones 
(EMM  =  4.42, SE  =  0.13). There were no meaningful differences 
among pre-duty, in-flight, and post-duty lapses for early starts and 
late finishes (p > 0.05; Figure 3, bottom panel).

3.5  |  Effects of time of day on SP fatigue and PVT 
performance

Additional mixed-effects models showed that SP fatigue scores fol-
lowed a significant quadratic pattern by time of day, with pilots ex-
periencing less fatigue during daytime hours and more fatigue during 
night hours (i.e., early morning or late night; F[2, 4177]  =  188.11, 
p < 0.001, R2

Marginal = 0.06, R2
Conditional = 0.25; Figure 4, top panel). 

PVT response speed also followed a significant quadratic trend, 
with better performance occurring during the day and poorer 
performance occurring during early morning and night hours (F[2, 
4187]  =  15.67, p  <  0.001, R2

Marginal  =  0.03, R2
Conditional  =  0.56; 

Figure 4, middle panel). Lapses followed a similar pattern and were 
elevated during the early morning, decreased during the day, and 

increased again during the night (F[2, 4187]  =  6.55, p  =  0.001, 
R2

Marginal = 0.02, R2
Conditional = 0.40; Figure 4, bottom panel).

4  |  DISCUSSION

We found that fatigue ratings and performance varied by time of 
day among short-haul pilots flying during the day. We also detected 
similar outcomes when examining the SP fatigue ratings and PVT 
performance (response speed and lapses) by the start time of duty. 
Pilots were more fatigued and showed slower PVT response speed 
and an increased number of lapses when the duty started in the 
early-morning, afternoon, and evening compared with mid-morning 
start times. Although sleep duration was significantly shorter before 
early starts, prior night's sleep duration did not affect any of the 
outcome variables. Collectively, our findings suggest that encroach-
ment on the biological night is associated with worse fatigue and 
performance. It is likely that sleep deficiency, combined with time 
awake and time of day interact, which would explain why the worst 
fatigue and performance occurred at the end of late finishes (Cohen 
et al., 2010).

Our findings confirm that fatigue follows a time of day pattern 
among short-haul pilots (Powell et al., 2007), and extends prior 
research (Vejvoda et al., 2014) by providing objective measures of 
performance from the PVT. A large study by Powell et al. showed 
that SP fatigue ratings followed a similar time of day pattern, with 
higher fatigue ratings in the early morning, the lowest fatigue rat-
ings in the late morning, and the highest fatigue ratings for duties 
ending around midnight (Powell et al., 2007). We found that fa-
tigue ratings followed a similar pattern and demonstrate that ob-
jective performance also varies in the same manner. Notably, the 
performance impairment that we observed was not extreme in the 
morning or after late finishes (i.e., <4  lapses), likely because the 
pilots had days off that allowed for recovery sleep and access to 
countermeasures such as caffeine. However, the relatively worse 
performance that we observed likely reflects increasing “state in-
stability,” suggesting that early starts and late finishes reduce pi-
lots' capacity to sustain attention (Doran, Van Dongen, & Dinges, 
2001). Consistent with previous research (Powell et al., 2007; 
Sallinen et al., 2021; Vejvoda et al., 2014), we found that fatigue 
and performance were worse at the end of the late finishes com-
pared with at the end of the early starts. Importantly though, while 
the Vejvoda study only included data from the end of duty, we 
collected pre-duty data from a subset of our participants. In these 
analyses, we found that pre-duty fatigue and performance were 
worse during early starts compared with late finishes. Our find-
ings are also consistent with Sallinen et al., who found that pilots 
experienced reduced alertness on both early and late FDPs with 
an increase level of fatigue across flights on late FDPs (Sallinen 
et al., 2017). Collectively, these findings suggest that both early 
starts and late finishes should be considered targets for fatigue 
risk management, but that these duties each require unique fa-
tigue management strategies.
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    |  7 of 10ARSINTESCU et al.

Others have also demonstrated that fatigue ratings are higher 
during early starts compared with later morning starts (Åkerstedt 
et al., 2021; Bourgeois-Bougrine et al., 2003; Flynn-Evans et al., 
2018; Roach et al., 2012; Sallinen et al., 2017). This likely relates to 

later starts affording a longer sleep opportunity and to the circa-
dian drive for alertness promoting waking during the biological day 
(Roach et al., 2012). That is, when the pilots completed preflight as-
sessments of fatigue and sleepiness prior to early starts, they were 

F I G U R E  3 Estimated marginal mean 
Samn-Perelli fatigue by pre-duty, in-
flight, and post-duty (95% CI; top panel), 
Response speed (95% CI; middle panel), 
and lapses (95% CI; bottom panel) for 
early-start and late-finishing FDPs. ms, 
milliseconds; *p < 0.05, ***p < 0.001
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awake at a time when they would typically be asleep. In contrast, later 
morning starts would have involved providing fatigue assessments 
at times that were likely during habitual wake periods. Åkerstedt 
et al. (2021) found that sleep was the strongest predictor of fatigue 
over a 24-period followed by duty type (including both early and 
late duties) and duty time. Although we did not find a statistically 
significant association between prior night's sleep duration and sub-
sequent fatigue or performance, the amount of sleep that the pilots 
reported prior to early starts was 6.90 h, which is considered insuf-
ficient relative to consensus recommendations (Hirshkowitz et al., 

2015; Watson et al., 2015). Given that sleep information in our study 
was assessed via a sleep diary, it is possible that the participants mis-
estimated the sleep they obtained. It is also possible that the pilots' 
use of caffeine and other countermeasures dampened our ability to 
observe an effect of prior nights' sleep duration. Prior studies have 
demonstrated that sleep has an immediate restorative effect on per-
formance, but sleep-deprived individuals experience faster deterio-
ration of performance relative to those who are rested (Cohen et al., 
2010). This may explain why participants in our study experienced 
worsening performance over time awake on early starts despite the 

F I G U R E  4 Mean Samn-Perelli by time 
of day (open circles + 95% CI; top panel), 
Response speed (open diamonds + 95% 
CI; middle panel), and lapses (open 
squares + 95% CI; bottom panel). ms, 
milliseconds; h, hours; ***p < 0.001
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onset of the circadian alerting signal. These findings suggest that 
strategies to minimise sleep loss and to increase pilot sleep duration 
prior to early starts should be evaluated.

Duty time limitations vary by time of day in both Europe (EU 
No83/, 2014) and the US (Federal Aviation Administration & 
Department of Transportation, 2009), with longer work hours al-
lowed when work starts earlier in the day relative to later in the day. 
Our findings provide support for restricting duty periods by time of 
day. We found that fatigue is lowest and performance is best during 
flights that start between 07:00 and 10:59. Flights that started ear-
lier or later than that range of time were associated with elevated 
levels of fatigue and poorer performance. Such duty periods have 
the potential to encroach on a pilot's biological drive for sleep, likely 
accounting for the elevated fatigue and reduced performance that 
we observed among early starts and late finishes. Notably, the av-
erage FDP in our study was much shorter than the allowable maxi-
mum duty periods allowed in both Europe and the US. Our finding 
that fatigue and performance were poorest during late finishes sug-
gests that both time of day and time awake effects interact.

In our study, the average duty duration was around 7  h. This 
means that a pilot who began duty at 15:29 would have finished 
the duty at around 22:30 in our study, but the maximal allowable 
limit when starting duty at 15:29 is 12 hours in both Europe and the 
US. Given the influence of the circadian rhythm, coupled with pre-
sumably elevated sleep pressure due to the additional time awake, 
it is likely that such a scenario would be associated with even worse 
performance at the end of the duty relative to what we observed. 
Others have demonstrated that the length of duty impacts fatigue 
ratings at the TOD, with longer duties resulting in higher fatigue 
ratings (Powell et al., 2007). Further research is needed to better 
understand how the duration of a duty period affects alertness and 
performance at different times of day.

Although we conducted a large study to evaluate fatigue and 
performance during daytime short-haul operations, our study is 
not without limitations. In our study, the duty duration for the late-
finishing duties was longer and the number of sectors was higher 
compared with early starts, and this may have had an additional im-
pact on the increased fatigue levels and worse performance during 
these duties as has been shown in other studies (Goffeng et al., 
2019; Honn et al., 2016; Powell et al., 2007; Sallinen et al., 2021). In 
addition, the FDPs that we studied were much shorter than the max-
imal allowable limits, and we did not evaluate flights starting or end-
ing between approximately 01:00 and 04:00. For example, Sallinen 
et al. (2021) found that fatigue was strongly predicted by night FDPs 
(between 02:00 and 05:59). Further research is needed to under-
stand how duty periods close to the allowable limit might interact 
with the time-of-day effects that we observed. Finally, participants 
self-reported sleep and, as a result, they may have mis-estimated 
their sleep duration. We conducted additional analyses to investi-
gate the impact of prior sleep on subjective fatigue and PVT per-
formance while controlling for time awake at duty start and found 
that prior sleep was not related to any of the outcome measures (see 
Supplemental material).

Overall, we found that flights that encroach on the biological 
night (the time when the circadian rhythm is not promoting wake-
fulness (e.g., often between 21:00 and 07:00 with large individual 
variations in entrained individuals [Arendt, 2010]) are associated 
with higher self-reported fatigue and poorer performance com-
pared with flights that start in the middle of the day. Early starts 
were associated with higher fatigue and reduced performance at 
the beginning of duty compared with duties that started later in the 
day. However, fatigue and performance were worse at the end of 
late-finishing duties compared with at the end of early starts. Taken 
together, our findings suggest that any flight that encroaches on 
the biological night should be a target for fatigue risk management. 
Future studies should evaluate countermeasure strategies such as 
strategic use of caffeine, light, napping, and sleep hygiene to iden-
tify tools and approaches that may minimise the deficits associated 
with working during times that one would typically be asleep.
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