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People differ in their optimal time of day to perform a cognitive task: Morning people 
(“larks”) perform better in the morning compared to the evening, and the reversed is true 
for evening people (“owls”). This synchrony effect has been observed for executive 
functions, such as inhibitory control. For example, participants performing the Sustained 
Attention to Response Task (SART) make more commission errors at their non-optimal 
time of day. Because mind-wandering (MW) has been related to the executive system, we 
here investigated a synchrony effect in the frequency of MW. After determining the 
participants’ chronotype (n = 130), they completed an online version of the SART twice, 
once in the morning and once in the evening. MW was subjectively measured using a 
probe-caught method. Results showed that “larks” mind-wandered more often in the 
evening than the morning session. In contrast, “owls” showed the opposite profile. 
Objective markers for MW (i.e., accuracy and reaction time coefficient of variance) 
confirmed these results. Furthermore, in line with earlier suggestions, the frequency of 
MW was also directly related to the number of hours slept the night before the 
experiment, and an overall higher frequency of MW was observed for evening 
chronotypes. The results of this study provide clear evidence for the relation between 
sleep-related factors and MW, and raises the importance of accounting for chronotype 
differences when scheduling work and academic activities. 

Introduction  

Remaining focused on a task is critical in many situa-
tions. Having thoughts that are unrelated to the task at 
hand is an intrusive phenomenon regardless of the type of 
task being performed (Killingsworth & Gilbert, 2010; Seli 
et al., 2018). Task-unrelated thoughts, often referred to as 
mind-wandering (MW; Smallwood & Schooler, 2006), are 
known to widely impact behavior. For example, MW has 
been shown to negatively affect performance in daily-life 
activities (McVay et al., 2009) such as real-world driving 
performance (Galera et al., 2012), or learning and retaining 
of new information in educational settings (Risko et al., 
2012; Szpunar et al., 2013). In contrast, MW is less disrup-
tive for behavioral performance in less demanding settings 
or when the task is highly automatized, and has functional 
benefits depending on the context (Smallwood & Andrews-
Hanna, 2013). It has been shown that MW facilitates cre-
ative problem solving (e.g., Baird et al., 2012), and recent 

suggestions related MW to offline learning episodes (Ju-
bera-Garcia et al., 2021; Wamsley, 2022). 

Why MW episodes occur remains unclear but different 
studies suggested that sleep-related factors influence their 
frequency (for a review, see Jubera-Garcia et al., 2021). Sur-
vey studies have shown a relation between sleep quality and 
MW (Carciofo et al., 2014), with the number of sleep dis-
turbances being predictive of the number of MW episodes 
on the following day (Marcusson-Clavertz et al., 2019). In 
one controlled experiment, sleep-deprived participants re-
ported more MW episodes compared to well-rested partici-
pants in a difficult visual search task (Poh et al., 2016). In-
terestingly, Poh and colleagues (2016) not only probed the 
content of the participants’ thoughts (i.e., where attention 
was focused; on- or off-task) but added another probe to 
question their awareness of their thoughts (i.e., whether 
participants were aware of the focus of their attention). 
Their results revealed that sleep-deprived participants re-
ported more MW but they also showed less meta-aware-
ness of their task-unrelated thoughts. Together, these re-
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sults suggest that sleep pressure (i.e., the homeostatic need 
for sleep, or the pressure for sleep that builds up as the time 
awake increases) not only changes the focus of attention 
away from the task at hand but also that this change goes 
by unnoticed. 

Sleep, however, is not only regulated by sleep pressure 
but also by an individual’s circadian pacemaker (Borbély 
et al., 2016). This pacemaker regulates different biological 
functions (e.g., the core body temperature, the endogenous 
melatonin secretion) and is highly related to an individual’s 
diurnal preference or chronotype. Morning chronotypes 
(“larks”) show a marked preference for waking up early and 
find it hard staying awake past their usual bedtime. In con-
trast, evening chronotypes (“owls”) have difficulties getting 
up in the early morning and prefer staying awake late at 
night. Intermediate chronotypes fall in between these two 
extremes and do well at normal office hours but can also 
maintain a social life in the evenings. It is well-known that 
an individual’s cognitive performance depends on the indi-
vidual’s chronotype (for a review, see Schmidt et al., 2007). 
More specifically, better performance is observed when 
tasks are performed at optimal times of day, i.e. in the 
morning for morning chronotypes and in the late afternoon 
or evening for evening chronotypes. This so-called syn-
chrony effect (May et al., 1993) has, for example, been 
shown to be present for executive control, such as the abil-
ity to inhibit a response. When participants perform a sus-
tained attention to response task (SART; Robertson et al., 
1997) in which they need to respond to a centrally pre-
sented digit (ranging from 1 to 9; go trials) but they need 
to refrain from responding when the digit is the number 
3 (no-go trials), morning people make more commission 
errors (i.e., failures to inhibit a response to a no-go trial) 
when they perform the SART in the evening compared to 
the morning, and vice versa for evening people (Lara et 
al., 2014). A synchrony effect on inhibitory efficiency was 
also found in a word problem task with irrelevant distractor 
words having larger effects at the non-optimal time of day 
(May, 1999), and other tasks that tax the executive system, 
such as the Stroop task ((Schmidt et al., 2012) or the Wis-
consin Card Sorting task (Bennett et al., 2008; but only for 
morning chronotypes). 

Because the executive system is also central in different 
theories of MW (e.g., McVay & Kane, 2010; Thomson et al., 
2015), it could thus be expected that MW is not only re-
lated to an increase in sleep pressure, but that MW is also 
sensitive to the circadian pacemaker. In other words, a syn-
chrony effect should also be present for MW with more MW 
episodes in the evening for morning chronotypes, and more 
MW episodes in the morning for evening chronotypes. Al-
though one survey study reported an association between 
MW frequency and evening chronotypes and MW, whether 
MW is subject to the synchrony effect has not been exper-

imentally investigated. The main aim of the present study 
is thus to investigate if the frequency of MW depends on 
an individual’s chronotype and the time of day at which 
a task is performed. Furthermore, because prior work has 
shown that homeostatic sleep pressure increases unaware 
episodes of MW (Poh et al., 2016), we also expect to specif-
ically observe a synchrony effect in unaware MW episodes 
here. 

Methods  
Sample size   

We used the R package SIMR (Green & MacLeod, 2016) 
to perform an a priori power analysis for a generalized lin-
ear mixed model (GLMM). Data from a pilot study (n = 80) 
was used to perform an GLMM (i.e., with a Poisson distri-
bution and log link function) on the frequency of MW with 
a random intercept across participants. The fixed effects 
were the Chronotype, the Time of Day when the task was 
performed, their interaction, and the hours of sleep prior 
to each session. The effect size of the main effect of in-
terest (Chronotype * Time of Day) is the estimate of the 
effect (i.e., the interaction between Morning and Evening 
Chronotypes and Time of Day) in the model. It is the un-
standardized difference in the slopes of the contrast speci-
fied in the model and was equal to -0.25. The power calcula-
tions suggested that the pilot sample size has 97.44% power 
to detect a significant interaction. Increasing the sample 
size to 150 participants (i.e., 50 participants per chrono-
type) would lead to 100% power to detect a significant in-
teraction. Although it could be argued that setting the sam-
ple size this large is overpowering the study, calculating the 
required sample size based on a pilot study with a small 
sample size might bias the estimate of the effect size and 
hence lead to underpowered main studies (Albers & Lakens, 
2018). 

Participants  

All participants were students at the University of Ams-
terdam that participated for course credits. Of the 168 par-
ticipants that completely filled out the MEQ1, 18 partici-
pants declined to further participate in the study. Of the 
remaining 150 participants, 20 participants failed to com-
plete the two sessions because of an unstable internet con-
nection. The final sample thus consisted of 130 participants 
(mean age: 20.65, range: 18-38; 96 females, 33 males and 
one non-binary), of which 52 were classified as Evening 
types, 56 as Intermediate types, and 22 as Morning types 
(Table 1). The study was approved by the local ethical com-
mittee and all participants gave their informed consent 
prior to the experiment. 

Another 52 participants filled out the MEQ but because they were all intermediate or evening chronotypes, they were excluded to further 
participate in the experiment. We failed to find additional morning types among our participant population (i.e., students at the Univer-
sity of Amsterdam). 

1 
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Table 1. Descriptives for different chronotype groups      

Chronotype 

Morning Intermediate Evening 

N 22 56 52 

Mean Age (Stdev) 22.3 (4.94) 20.4 (2.12) 20.3 (1.79) 

Minimum/Maximum Age 18/38 18/28 18/26 

Male/Female/Non-binary 
MEQ scores (Stdev) 
Sleep duration (Stdev) 

5/17/0 
64 (3.95) 
7.59 (1.03) 

12/43/1 
49.64 (5.11) 
7.30 (1.13) 

16/36/0 
35.6 (4.25) 
6.68 (1.35) 

Stimuli and apparatus    

Morningness-Eveningness Questionnaire (MEQ). The 
MEQ (Horne & Östberg, 1976) consists of 19 multiple 
choice questions, with each answer option being assigned 
a value between 1 and 4 or 5. Values add up to a score 
ranging from 16-86, with lower values indicating evening-
ness. Based on their score, participants can be divided into 
five chronotypes: Definitely evening (16-30), Moderately 
evening (31-41), Intermediate (42-58), Moderately morning 
(59-69), Definitely morning (70-86). Similar to previous re-
search using the MEQ (Carciofo et al., 2014), we will merge 
the two evening and morning types, resulting in three cate-
gories: Evening, Intermediate, and Morning type. The MEQ 
has been shown to be highly reliable across countries (Di 
Milia et al., 2013) and its validity has been demonstrated 
using different subjective and objective indicators (Bailey & 
Heitkemper, 2001). 

In addition to the MEQ, we also asked how many hours 
participants slept the night before performing the experi-
mental session. 

Sustained Attention to Response Task (SART). Partici-
pants performed two sessions of the SART (Robertson et 
al., 1997), each session on a different day (see Procedure). 
During the SART, digits ranging from one to nine were pre-
sented at the center of the screen for 700 ms, followed by a 
fixation cross that was presented for 2000 ms. Participants 
were asked to press the space bar as fast as possible when 
a stimulus was presented (go-trials), but to refrain from re-
sponding when the stimulus was the number 3 (no-go tri-
als). A session of the SART contained 600 trials. A short 
exercise block of 12 trials preceded the first experimental 
session during which participants received feedback about 
their accuracy. Throughout the SART, 40 thought probes 
were presented at pseudorandom timepoints (every 11-18 
trials, which corresponds to a probe every 30 to 49s, sim-
ilar to e.g., Jubera-García et al., 2020; Unsworth & Ro-
bison, 2018) with the goal of determining what the at-
tentional state of the participant was. Participants were 
asked the following question: “Where was your attention 
focused before the presentation of this question?”. Three 
response options were available: (1) On-task, (2) Aware Off-
task, and (3) Unaware Off-task. A detailed explanation of 
the different response options was given to the participants 
prior to the experiment (see Appendix 1). All the stimuli 
and text were presented in black on a white background. 
One experimental session lasted about 45 minutes. The ex-

periment was programmed in Neurotask (Neurotask BV; 
https://www.neurotask.com). 

Procedure  

After registering for the experiment via the university 
lab website, participants would receive a digital version of 
the MEQ. Based on the scores of the MEQ, participants were 
categorized as morning, intermediate or evening types. 
Participants were asked to perform two sessions of the 
SART, one in the morning (at 8 AM) and one in the evening 
(at 8.30 PM). The time between the two session ranged from 
five to 10 days. On the date of the experiment, participants 
were invited to a Zoom session in which they received ver-
bal instructions and could ask additional questions. They 
were then assigned to individual break-out rooms to per-
form the SART. Before the start of the experiment, partic-
ipants answered the question about how many hours they 
slept the previous night and again received written instruc-
tions. The time of day (i.e., morning or evening) at which 
the experiment was performed was counterbalanced within 
every chronotype group. 

After the last experimental session, participants were 
asked about their awareness of the experimental manipula-
tion to be able to control for demand characteristics. Partic-
ipants had to respond to two questions: “What do you think 
the goal of this study is?”, and “What are the exact expecta-
tions?”. Participants were left entirely free to formulate and 
write down a response. 

Results  

To test whether the chronotype and time of day are re-
lated to the propensity to MW, a generalized linear mixed 
model (GLMM; with Poisson distribution and log link func-
tion) analysis was performed on the responses to the 
thought probes. The model’s fixed effects included Chrono-
type (Morning, Intermediate, and Evening), Time of Day 
(Morning or Evening), the interaction between Chronotype 
and Time of Day, and the number of hours slept prior to the 
experiment. The subject was added as a random factor. The 
dependent variable was the frequency of MW episodes (i.e., 
the number of Off-task responses out of the total num-
ber of thought probes). Frequentists analyses were com-
plemented with Bayesian generalized linear mixed-effect 
models (BGLMM) with uninformative priors, both con-
ducted in JASP (JASP Team, 2022). Estimated contrast para-
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meters with 95% highest posterior density interval (HPDI) 
that did not contain 0 are considered to support the pres-
ence of an effect because the probability that the parame-
ters contribute to the statistical model is 95%. The analy-
ses revealed a main effect of number of hours slept, χ2(1) 
= 13.50, p < .001, β = -0.06 (βSleep = -0.06, HPDI = [-0.10, 
-0.3]), indicating that participants reported more MW 
episodes when they slept less the night before the experi-
ment. The main effect of Chronotype was also significant, 
χ2(2) = 7.10, p = .029. Planned contrasts (p-values adjusted 
using Holm adjustment) showed that both the difference 
between Morning and Evening chronotypes, and between 
Intermediate and Evening chronotypes were close to signif-
icance for the frequentist analysis (z = -2.21, pHolm = .067, 
and z = -2.29, pHolm = .067). Bayesian analysis showed that 
these differences were reliable: βEvening-Morning = 9.22, HPDI 
= [0.65, 17.58] , and βEvening-Intermediate = 7.65, HPDI = [1.31, 
14.77] (the Estimated Marginal Means for the MW ratio are 
21.39, 17.63 and 16.64 for the Evening, Intermediate, and 
Morning chronotypes; Figure 1A). Most importantly, the 
critical interaction between Chronotype and ToD was sig-
nificant, χ2(2) = 32.65, p < .001, and is presented in Figure 
1B. Planned comparisons indicated that the MW count was 
significantly higher in the evening compared to the morn-
ing session for Morning chronotypes, z = 4.32, pHolm < .001, 
β = 5.65 (β Morning Chronotype (Evening session – Morning session) 
= 5.62, HPDI = [3.06, 8.36]). For the Evening chronotypes, a 
significant difference in the opposite direction was found, 
z = -3.13, pHolm = .007, β = -3.12 (β Evening Chronotype (Evening 
session – Morning session) = -3.11, HPDI = [-5.16, -1.32]), with a 
higher MW count in the morning compared to the evening 
session. No difference between the morning and evening 
session was observed for the Intermediate chronotypes, z = 
-0.57, pHolm = .566 (β Intermediate Chronotype (Evening session – 
Morning session) = -0.46, HPDI = [-1.98, 1.22]) (Figure 1B). 

Because prior work suggested that sleep-related factors 
are more related to unaware MW episodes rather than 
aware MW episodes, the main GLMM was performed again 
but on the count of unaware MW (i.e., the number of Un-
aware Off-task responses out of the total number of 
thought probes). This analysis again revealed a main effect 
of Chronotype, χ2(2) = 7.01, p = .030, and an interaction 
between Chronotype and Time of Day, χ2(2) = 40.40, p < 
.001 p < .001, with a similar pattern of results: Morning 
chronotypes showed significantly less unaware MW during 
the morning session compared to the evening session, z = 
3.34, pHolm = .003, β = 2.92 (β Morning Chronotype (Evening session 
– Morning session) = 2.86, HPDI = [1.28, 4.74]), and Evening 
chronotypes showed significantly more unaware MW dur-
ing the morning session compared to the evening session, 
z = -4.15, pHolm < .001, β = -2.62 (β Evening Chronotype (Evening 
session – Morning session) = -2.55, HPDI = [-3.87, -1.39]) . No 
difference was observed for the Intermediate chronotypes, 
z = -0.61, pHolm = .95 (β Intermediate Chronotype (Evening session 
– Morning session) = -0.20, HPDI = [-0.92, 0.50]). The inter-
action between Chronotype and Time of Day was also ob-
served when the same analysis was performed on the count 
of aware MW (i.e., the number of aware Off-task responses 
out of the total number of thought probes), χ2(2) =6.14, p 

= .046. However, the difference between the morning and 
evening session was only close to significance for the Morn-
ing chronotypes, z = 2.48, pHolm = .066, β = 2.31 (but reli-
ably different in the Bayesian analysis: β Morning Chronotype 
(Evening session – Morning session) = 2.27, HPDI = [0.48, 4.22]). 
No difference was observed for the Evening chronotypes 
(z = -0.22, pHolm = 1; β Evening Chronotype (Evening session – 
Morning session) = -0.13, HPDI = [-1.39, 1.20]), and Intermedi-
ate chronotypes (z = -0.21, pHolm = 1; β Intermediate Chronotype 
(Evening session – Morning session) = -0.12, HPDI = [-1.34, 1.13]). 

Participants had to fill out the MEQ prior to participating 
in the experiment which might have caused partial aware-
ness about the research question. To rule out the potential 
influence of demand characteristics, we performed three 
additional control analysis. In the first two analysis, we 
validated the subjective response to the thought probes 
by looking at their relation to objective markers of MW. 
First, we looked at the reaction time coefficient of variance 
(RTCV) that has been consistently shown to be related to 
MW (Bastian & Sackur, 2013; Cheyne et al., 2009; Groot 
et al., 2021; Jubera-García et al., 2020). The RTCV was cal-
culated by taking the standard deviation of eight trials be-
fore a thought probe (excluding error trials and no-go tri-
als), divided by their mean. In line with previous work, an 
linear mixed model (LMM) on the RTCV with the response 
to the thought probe (i.e., On-task or Off-task) as a fixed 
factor and participant as a random factor showed a signifi-
cant effect of mind-wandering on the RTCV, F(1, 133.55) = 
6.00, p = .016, ηp

2 = .04 (β Off-task – On-task = -0.-16, HPDI 
= [-0.02, -0.01]), with a higher RTCV when subjects report 
having task-unrelated tasks (.204 and .220 for On-task and 
MW episodes, respectively). Second, A similar analysis on 
the accuracy of the trial preceding a thought probe revealed 
that more failures to inhibit a response were made when 
participants reported task-unrelated thoughts (7.3 %) com-
pared to On-task thoughts (3.6 %), F(1, 128.9) = 36.75, p < 
.001, ηp

2 = .22 (β Off-task – On-task = 0.04, HPDI = [0.03, 0.05]) 
(Groot et al., 2021; McVay & Kane, 2010). In a final control 
analysis, participants were categorized as aware or unaware 
participants based on their response to the awareness ques-
tion at the end of the final experimental session (see Ap-
pendix 2 for the categorization criteria) by two raters (V.A. 
and S.S.). One participant did not respond to the awareness 
questions and was removed from this analysis. Cohen’s κ 
coefficient was calculated to measure the inter-rater reli-
ability and was found to be almost perfect (κ = 91.73%). 
The main GLMM analysis was performed again twice, once 
for each rater, with the factor Awareness added as a fixed 
factor. Results showed no interaction between Awareness 
and the critical interaction between Chronotype and Time 
of Day (all p’s > .214) indicating that awareness of the re-
search question was not critical to obtain our main result. 

Discussion  

The results of this experiment show a clear synchrony 
effect on the frequency of MW: Morning chronotypes report 
more MW episodes in the evening compared to the morning 
and vice versa for the evening chronotypes. No difference 
in time of day was observed for the intermediate chrono-
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Figure 1. (A) Evening chronotypes mind-wander more compared to Morning and Intermediate chronotypes. (B)             
The interaction between the chronotype and the time of day at which the SART was performed showed that                   
participants mind-wander less at their optimal time of day. The MW count was significantly smaller in the                  
morning compared to the evening for morning chronotypes. For evening chronotypes, a significant reversed               
result was found. For intermediate chronotypes, no difference in mind-wandering is found between the morning                
and evening session. Error bars denote 95% confidence intervals. ** =            p  < .01, *** =     p  < .001   

types. Importantly, behavioral results from the SART (i.e., 
RTCV and accuracy) and post-experimental queries ruled 
out a potential influence of demand characteristics. Our re-
sults furthermore showed that evening chronotypes tend to 
MW more compared to other chronotypes and that there is 
a direct effect of the hours slept the night before the exper-
iment on the frequency of MW. 

The synchrony effect in MW observed here resonates 
with earlier results showing a synchrony effect in response 
inhibition in the SART (Lara et al., 2014). Lara and col-
leagues showed that more commission errors were made 
when there was a mismatch between the time of day and 
the individual’s chronotype, indicating circadian influences 
on inhibitory control. Our results replicate these findings 
by showing that commission errors are related to MW and 
that MW is sensitive to an individual’s circadian rhythm. 
According to an inhibitory framework of circadian effects 
on behavioral performance (Hasher et al., 1999), the in-
crease in MW episodes at non-optimal times of day could 
directly be related to an increased failure to inhibit irrel-
evant information from internal sources. This view would 
be in line with theoretical proposals that relate the initia-
tion of MW episodes to failures in executive control (McVay 
& Kane, 2010; Smallwood, 2013), and with recent empiri-
cal work showing a relation between sleep-like activity (i.e., 
slow-wave activity in the theta range) over the frontal areas 
of the brain, response inhibition, and MW (Andrillon et al., 
2021). When an individual performs a task at a non-optimal 
time of day, the sleep-promoting signals from the circadian 
pacemaker might be evoking more local sleep-like activity 
in the executive system and hence induce more MW and 
commission errors. Following previous work showing that 
sleep-deprivation decreases awareness of MW episodes 

(Poh et al., 2016), it was expected that a synchrony effect 
would be more pronounced for unaware MW. Contrary to 
our expectations, however, a synchrony effect was observed 
for both unaware and aware MW although planned compar-
isons showed a difference for Morning and Evening chrono-
types only for unaware MW; only the Morning chronotypes 
showed an effect of Time of Day for aware MW. The predic-
tion that sleep pressure is mostly related to unaware MW 
also follows from a recent suggestion relating local resource 
depletion to MW (Jubera-García et al., 2021, 2021). Accord-
ing to that suggestion, the local depletion of resources will 
increase local sleep pressure and hence increase the proba-
bility for MW to occur (Andrillon et al., 2021). Because local 
resource depletion is an inevitable biological consequence 
of neural activity, this suggestion would mainly concern the 
type of MW that is beyond the individual’s control, inten-
tion, or awareness. Future work is needed to further clarify 
how an increase in sleep pressure relates to different types 
of MW, and how MW might serve a restorative function. 

Because this experiment was performed online, with 
participants participating from home, it could be argued 
that the results might be caused by environmental dif-
ferences between morning and evening sessions across 
groups. It should be noted, however, that data collection 
took place in the Netherlands in the months of April and 
May, meaning that the morning session were performed af-
ter sunrise and the evening sessions before sunset. Par-
ticipants performed the experiment while being monitored 
in individual break-out rooms in Zoom. This means that 
we could monitor their behavior (i.e., phones on airplane 
mode, being in a room alone, etc.), but also that we could 
not fully control the environment and location participants 
were in. However, because participants were performing the 
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SART sessions in their own environment, it is unlikely that 
there would be consistent environmental differences be-
tween the morning and evening session across the group of 
participants. In fact, we would argue that the random vari-
ation in the participants’ environment makes the presence 
of a synchrony effect even more impressive: random noise 
that could have been introduced by changes in the environ-
ment between morning and evening sessions did not ob-
scure the modulation of MW frequency with time of day. 

Similar to a survey study on Chinese volunteers (Car-
ciofo et al., 2014), our results also showed that evening 
chronotypes MW more compared to other chronotypes. 
Earlier results showing a synchrony effect for response in-
hibition also showed overall worse performance for the 
evening types (Lara et al., 2014). Because of the supposed 
relation between the executive system and MW, together 
these results suggest that the executive system is particu-
larly prone to temporary failures in evening chronotypes. 
Whether this difference in executive system functioning 
between chronotypes is caused by differences in personality 
traits (Finomore et al., 2009), sleep efficiency (Lehnkering 
& Siegmund, 2007; Taillard et al., 1999), or the availability 
of cognitive resources (Jubera-García et al., 2021; Nowack 
& Van Der Meer, 2018) cannot be answered by this study. 

Our results furthermore showed that the frequency of 
MW is directly related to the number of hours slept the 
night before the experiment. Irrespective of the chronotype 
or the time of day at which the experiment was performed, 
the smaller the number of hours slept, the more MW during 
the SART. This result is also analogous to earlier results 
showing that subjects with more nightly sleep disturbances 
(Marcusson-Clavertz et al., 2019), or sleep-deprived sub-
jects (Poh et al., 2016), show more MW episodes. The re-
sults of this study therefore not only evidence a relation 
between the circadian rhythm and MW, but also between 
homeostatic sleep pressure and MW. 

Although the main effect of number of hours slept on 
the frequency of MW is in line with previous work, one of 
the limitations of the present study is that this analysis is 
based on subjective reports only. Participants were asked to 
follow their usual sleep habits throughout the study and to 
report the number of hours slept the night before the ex-
periment, but we lack an objective control or measurement. 
A second limitation concerns the unequal distribution be-
tween the different chronotype groups. Although the post-
hoc power analysis indicates that the sample size was suf-
ficiently large in all groups, we did not manage to reach 
the required number of morning chronotypes and the fi-
nal sample of this group is rather small. This is most likely 
due to the fact that all participants were young adults at 
an age at which evening chronotypes are much more dom-

inant than morning chronotypes (e.g., Randler et al., 2017; 
Roenneberg et al., 2004). Interestingly, our failure to find 
the a priori defined number of morning chronotypes high-
lights the importance of the main results of this study. 
Only 22 out of the 230 students who filled out the MEQ 
for this study were morning chronotypes but all of them 
undergo social obligations because of their academic cur-
riculum. Given that MW tendency is associated with poor 
cognitive performance (e.g., Smallwood & Schooler, 2006) 
and that the morning chronotype is under-represented in 
(under)graduate population, the planning of academic ac-
tivities, especially those that have a substantial impact on 
students’ future possibilities (e.g., exams), should be con-
sidered very carefully. Obviously, this practical implication 
resulting from this study does not only apply in academic 
settings, but also in other work-related and everyday situa-
tions where optimal cognitive functioning is critical. 

Author Contributions   

F.V.O. developed the study concept. All authors con-
tributed to the study design. V.A. and S.S. collected the 
data. V.A. and S.S. performed the data analysis and in-
terpretation under the supervision of F.V.O. All authors 
drafted the manuscript and approved the final version of 
the manuscript for submission. 

Acknowledgments  

We thank Mohsen Gorashi, Caroline Loher, Urte Mickute, 
Cas Oosterveld, Alli Patynen, and Elin van den Bergh for 
collecting the pilot data. F.V.O is a CIFAR Azrieli Global 
Scholar in the Brain, Mind & Consciousness Program, to 
which he is grateful. 

Competing Interests   

The authors declare that there are no conflicts of inter-
est. 

Data Accessibility Statement    

The study design, data-analyses and expected results 
were publicly preregistered at https://osf.io/7gh6j. All data, 
analysis scripts and results can be found can be found at 
https://osf.io/nbm8g/. 

Submitted: October 25, 2021 PST, Accepted: November 18, 

2022 PST 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-

mons.org/licenses/by/4.0/legalcode for more information. 

Mind-wandering in Larks and Owls: The Effects of Chronotype and Time of Day on the Frequency of Task-unrelated Thoughts

Collabra: Psychology 6

D
ow

nloaded from
 http://online.ucpress.edu/collabra/article-pdf/8/1/57536/767465/collabra_2022_8_1_57536.pdf by U

niversity of Am
sterdam

 user on 11 January 2023

https://osf.io/7gh6j
https://osf.io/nbm8g/


References  

Albers, C., & Lakens, D. (2018). When power analyses 
based on pilot data are biased: Inaccurate effect size 
estimators and follow-up bias. Journal of Experimental 
Social Psychology, 74, 187–195. https://doi.org/10.101
6/j.jesp.2017.09.004 

Andrillon, T., Burns, A., Mackay, T., Windt, J., & 
Tsuchiya, N. (2021). Predicting lapses of attention 
with sleep-like slow waves. Nature Communications, 
12(1). https://doi.org/10.1038/s41467-021-23890-7 

Bailey, S. L., & Heitkemper, M. M. (2001). Circadian 
rhythmicity of cortisol and body temperature: 
Morningness-Eveningness effects. Chronobiology 
International, 18(2), 249–261. https://doi.org/10.108
1/CBI-100103189 

Baird, B., Smallwood, J., Mrazek, M. D., Kam, J. W. Y., 
Franklin, M. S., & Schooler, J. W. (2012). Inspired by 
Distraction: Mind Wandering Facilitates Creative 
Incubation. Psychological Science, 23(10), 1117–1122. 
https://doi.org/10.1177/0956797612446024 

Bastian, M., & Sackur, J. (2013). Mind wandering at the 
fingertips: Automatic parsing of subjective states 
based on response time variability. Frontiers in 
Psychology, 4. https://doi.org/10.3389/fpsyg.2013.005
73 

Bennett, C. L., Petros, T. V., Johnson, M., & Ferraro, F. 
R. (2008). Individual differences in the influence of 
time of day on executive functions. American Journal 
of Psychology, 121(3), 349. https://doi.org/10.2307/204
45471 

Borbély, A. A., Daan, S., Wirz-Justice, A., & Deboer, T. 
(2016). The two-process model of sleep regulation: A 
reappraisal. Journal of Sleep Research, 25(2), 131–143. 
https://doi.org/10.1111/jsr.12371 

Carciofo, R., Du, F., Song, N., & Zhang, K. (2014). Mind 
Wandering, Sleep Quality, Affect and Chronotype: An 
Exploratory Study. PLoS ONE, 9(3), e91285. https://do
i.org/10.1371/journal.pone.0091285 

Cheyne, J. A., Solman, G. J. F., Carriere, J. S. A., & 
Smilek, D. (2009). Anatomy of an error: A 
bidirectional state model of task engagement/
disengagement and attention-related errors. 
Cognition, 111(1), 98–113. https://doi.org/10.1016/j.c
ognition.2008.12.009 

Di Milia, L., Adan, A., Natale, V., & Randler, C. (2013). 
Reviewing the Psychometric Properties of 
Contemporary Circadian Typology Measures. 
Chronobiology International, 30(10), 1261–1271. http
s://doi.org/10.3109/07420528.2013.817415 

Finomore, V., Matthews, G., Shaw, T., & Warm, J. 
(2009). Predicting vigilance: A fresh look at an old 
problem. Ergonomics, 52(7), 791–808. https://doi.org/
10.1080/00140130802641627 

Galera, C., Orriols, L., M’Bailara, K., Laborey, M., 
Contrand, B., Ribereau-Gayon, R., Masson, F., Bakiri, 
S., Gabaude, C., Fort, A., Maury, B., Lemercier, C., 
Cours, M., Bouvard, M.-P., & Lagarde, E. (2012). Mind 
wandering and driving: Responsibility case-control 
study. BMJ, 345(dec13 8), e8105–e8105. https://doi.or
g/10.1136/bmj.e8105 

Green, P., & MacLeod, C. J. (2016). SIMR: an R package 
for power analysis of generalized linear mixed models 
by simulation. Methods in Ecology and Evolution, 7(4), 
493–498. https://doi.org/10.1111/2041-210x.12504 

Groot, J. M., Boayue, N. M., Csifcsák, G., Boekel, W., 
Huster, R., Forstmann, B. U., & Mittner, M. (2021). 
Probing the neural signature of mind wandering with 
simultaneous fMRI-EEG and pupillometry. 
NeuroImage, 224, 117412. https://doi.org/10.1016/j.ne
uroimage.2020.117412 

Hasher, L., Zacks, R. T., & May, C. P. (1999). Inhibitory 
control, circadian arousal, and age. In Attention and 
performance XVII: Cognitive regulation of performance: 
Interaction of theory and application (pp. 653–675). 
MIT Press. 

Horne, J. A., & Östberg, O. (1976). A self-assessment 
questionnaire to determine morningness-
eveningness in human circadian rhythms. 
International Journal of Chronobiology, 4, 97–110. 

JASP Team. (2022). JASP (Version 0.16.3). Computer 
software. 

Jubera-García, E., Gevers, W., & Van Opstal, F. (2020). 
Influence of content and intensity of thought on 
behavioral and pupil changes during active mind-
wandering, off-focus, and on-task states. Attention, 
Perception, & Psychophysics, 82(3), 1125–1135. http
s://doi.org/10.3758/s13414-019-01865-7 

Jubera-Garcia, E., Gevers, W., & Van Opstal, F. (2021). 
Local build-up of sleep pressure could trigger mind 
wandering: Evidence from sleep, circadian and mind 
wandering research. Biochemical Pharmacology, 191, 
114478. https://doi.org/10.1016/j.bcp.2021.114478 

Jubera-García, E., Vermeylen, L., Peigneux, P., Gevers, 
W., & Van Opstal, F. (2021). Local use-dependent 
activity triggers mind wandering: Resource depletion 
or executive dysfunction? Journal of Experimental 
Psychology: Human Perception and Performance, 
47(12), 1575–1582. https://doi.org/10.1037/xhp00009
59 

Killingsworth, M. A., & Gilbert, D. T. (2010). A 
Wandering Mind Is an Unhappy Mind. Science, 
330(6006), 932–932. https://doi.org/10.1126/scienc
e.1192439 

Lara, T., Madrid, J. A., & Correa, Á. (2014). The 
Vigilance Decrement in Executive Function Is 
Attenuated When Individual Chronotypes Perform at 
Their Optimal Time of Day. PLoS ONE, 9(2), e88820. 
https://doi.org/10.1371/journal.pone.0088820 

Lehnkering, H., & Siegmund, R. (2007). Influence of 
Chronotype, Season, and Sex of Subject on Sleep 
Behavior of Young Adults. Chronobiology 
International, 24(5), 875–888. https://doi.org/10.108
0/07420520701648259 

Marcusson-Clavertz, D., West, M., Kjell, O. N. E., & 
Somer, E. (2019). A daily diary study on maladaptive 
daydreaming, mind wandering, and sleep 
disturbances: Examining within-person and between-
persons relations. PLOS ONE, 14(11), e0225529. http
s://doi.org/10.1371/journal.pone.0225529 

Mind-wandering in Larks and Owls: The Effects of Chronotype and Time of Day on the Frequency of Task-unrelated Thoughts

Collabra: Psychology 7

D
ow

nloaded from
 http://online.ucpress.edu/collabra/article-pdf/8/1/57536/767465/collabra_2022_8_1_57536.pdf by U

niversity of Am
sterdam

 user on 11 January 2023

https://doi.org/10.1016/j.jesp.2017.09.004
https://doi.org/10.1016/j.jesp.2017.09.004
https://doi.org/10.1038/s41467-021-23890-7
https://doi.org/10.1081/CBI-100103189
https://doi.org/10.1081/CBI-100103189
https://doi.org/10.1177/0956797612446024
https://doi.org/10.3389/fpsyg.2013.00573
https://doi.org/10.3389/fpsyg.2013.00573
https://doi.org/10.2307/20445471
https://doi.org/10.2307/20445471
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1371/journal.pone.0091285
https://doi.org/10.1371/journal.pone.0091285
https://doi.org/10.1016/j.cognition.2008.12.009
https://doi.org/10.1016/j.cognition.2008.12.009
https://doi.org/10.3109/07420528.2013.817415
https://doi.org/10.3109/07420528.2013.817415
https://doi.org/10.1080/00140130802641627
https://doi.org/10.1080/00140130802641627
https://doi.org/10.1136/bmj.e8105
https://doi.org/10.1136/bmj.e8105
https://doi.org/10.1111/2041-210x.12504
https://doi.org/10.1016/j.neuroimage.2020.117412
https://doi.org/10.1016/j.neuroimage.2020.117412
https://doi.org/10.3758/s13414-019-01865-7
https://doi.org/10.3758/s13414-019-01865-7
https://doi.org/10.1016/j.bcp.2021.114478
https://doi.org/10.1037/xhp0000959
https://doi.org/10.1037/xhp0000959
https://doi.org/10.1126/science.1192439
https://doi.org/10.1126/science.1192439
https://doi.org/10.1371/journal.pone.0088820
https://doi.org/10.1080/07420520701648259
https://doi.org/10.1080/07420520701648259
https://doi.org/10.1371/journal.pone.0225529
https://doi.org/10.1371/journal.pone.0225529


May, C. P. (1999). Synchrony effects in cognition: The 
costs and a benefit. Psychonomic Bulletin & Review, 
6(1), 142–147. https://doi.org/10.3758/bf03210822 

May, C. P., Hasher, L., & Stoltzfus, E. R. (1993). Optimal 
Time of Day and the Magnitude of Age Differences in 
Memory. Psychological Science, 4(5), 326–330. http
s://doi.org/10.1111/j.1467-9280.1993.tb00573.x 

McVay, J. C., & Kane, M. J. (2010). Does mind 
wandering reflect executive function or executive 
failure? Comment on Smallwood and Schooler (2006) 
and Watkins (2008). Psychological Bulletin, 136(2), 
188–197. https://doi.org/10.1037/a0018298 

McVay, J. C., Kane, M. J., & Kwapil, T. R. (2009). 
Tracking the train of thought from the laboratory 
into everyday life: An experience-sampling study of 
mind wandering across controlled and ecological 
contexts. Psychonomic Bulletin & Review, 16(5), 
857–863. https://doi.org/10.3758/pbr.16.5.857 

Nowack, K., & Van Der Meer, E. (2018). The synchrony 
effect revisited: Chronotype, time of day and 
cognitive performance in a semantic analogy task. 
Chronobiology International, 35(12), 1647–1662. http
s://doi.org/10.1080/07420528.2018.1500477 

Poh, J.-H., Chong, P. L. H., & Chee, M. W. L. (2016). 
Sleepless night, restless mind: Effects of sleep 
deprivation on mind wandering. Journal of 
Experimental Psychology: General, 145(10), 
1312–1318. https://doi.org/10.1037/xge0000207 

Randler, C., Faßl, C., & Kalb, N. (2017). From Lark to 
Owl: Developmental changes in morningness-
eveningness from new-borns to early adulthood. 
Scientific Reports, 7(1). https://doi.org/10.1038/srep45
874 

Risko, E. F., Anderson, N., Sarwal, A., Engelhardt, M., & 
Kingstone, A. (2012). Everyday Attention: Variation 
in Mind Wandering and Memory in a Lecture. Applied 
Cognitive Psychology, 26(2), 234–242. https://doi.org/1
0.1002/acp.1814 

Robertson, I. H., Manly, T., Andrade, J., Baddeley, B. T., 
& Yiend, J. (1997). `Oops!’: Performance correlates of 
everyday attentional failures in traumatic brain 
injured and normal subjects. Neuropsychologia, 35(6), 
747–758. https://doi.org/10.1016/s0028-3932(97)0001
5-8 

Roenneberg, T., Kuehnle, T., Pramstaller, P. P., Ricken, 
J., Havel, M., Guth, A., & Merrow, M. (2004). A 
marker for the end of adolescence. Current Biology, 
14(24), R1038–R1039. https://doi.org/10.1016/j.cub.2
004.11.039 

Schmidt, C., Collette, F., Cajochen, C., & Peigneux, P. 
(2007). A time to think: Circadian rhythms in human 
cognition. Cognitive Neuropsychology, 24(7), 755–789. 
https://doi.org/10.1080/02643290701754158 

Schmidt, C., Peigneux, P., Cajochen, C., & Collette, F. 
(2012). Adapting Test Timing to the Sleep-Wake 
Schedule: Effects on Diurnal Neurobehavioral 
Performance Changes in Young Evening and Older 
Morning Chronotypes. Chronobiology International, 
29(4), 482–490. https://doi.org/10.3109/07420528.201
2.658984 

Seli, P., Beaty, R. E., Cheyne, J. A., Smilek, D., Oakman, 
J., & Schacter, D. L. (2018). How pervasive is mind 
wandering, really?,. Consciousness and Cognition, 66, 
74–78. https://doi.org/10.1016/j.concog.2018.10.002 

Smallwood, J. (2013). Distinguishing how from why the 
mind wanders: A process–occurrence framework for 
self-generated mental activity. Psychological Bulletin, 
139(3), 519–535. https://doi.org/10.1037/a0030010 

Smallwood, J., & Andrews-Hanna, J. (2013). Not all 
minds that wander are lost: The importance of a 
balanced perspective on the mind-wandering state. 
Frontiers in Psychology, 4. https://doi.org/10.3389/fpsy
g.2013.00441 

Smallwood, J., & Schooler, J. W. (2006). The restless 
mind. Psychological Bulletin, 132(6), 946–958. http
s://doi.org/10.1037/0033-2909.132.6.946 

Szpunar, K. K., Khan, N. Y., & Schacter, D. L. (2013). 
Interpolated memory tests reduce mind wandering 
and improve learning of online lectures. Proceedings 
of the National Academy of Sciences, 110(16), 
6313–6317. https://doi.org/10.1073/pnas.1221764110 

Taillard, J., Philip, P., & Bioulac, B. (1999). 
Morningness/eveningness and the need for sleep: 
Morningness/eveningness and the need for sleep. 
Journal of Sleep Research, 8(4), 291–295. https://doi.or
g/10.1046/j.1365-2869.1999.00176.x 

Thomson, D. R., Besner, D., & Smilek, D. (2015). A 
Resource-Control Account of Sustained Attention: 
Evidence From Mind-Wandering and Vigilance 
Paradigms. Perspectives on Psychological Science, 
10(1), 82–96. https://doi.org/10.1177/1745691614556
681 

Unsworth, N., & Robison, M. K. (2018). Tracking arousal 
state and mind wandering with pupillometry. 
Cognitive, Affective, & Behavioral Neuroscience, 18(4), 
638–664. https://doi.org/10.3758/s13415-018-0594-4 

Wamsley, E. J. (2022). Offline memory consolidation 
during waking rest. Nature Reviews Psychology, 1(8), 
441–453. https://doi.org/10.1038/s44159-022-0007
2-w 

Mind-wandering in Larks and Owls: The Effects of Chronotype and Time of Day on the Frequency of Task-unrelated Thoughts

Collabra: Psychology 8

D
ow

nloaded from
 http://online.ucpress.edu/collabra/article-pdf/8/1/57536/767465/collabra_2022_8_1_57536.pdf by U

niversity of Am
sterdam

 user on 11 January 2023

https://doi.org/10.3758/bf03210822
https://doi.org/10.1111/j.1467-9280.1993.tb00573.x
https://doi.org/10.1111/j.1467-9280.1993.tb00573.x
https://doi.org/10.1037/a0018298
https://doi.org/10.3758/pbr.16.5.857
https://doi.org/10.1080/07420528.2018.1500477
https://doi.org/10.1080/07420528.2018.1500477
https://doi.org/10.1037/xge0000207
https://doi.org/10.1038/srep45874
https://doi.org/10.1038/srep45874
https://doi.org/10.1002/acp.1814
https://doi.org/10.1002/acp.1814
https://doi.org/10.1016/s0028-3932(97)00015-8
https://doi.org/10.1016/s0028-3932(97)00015-8
https://doi.org/10.1016/j.cub.2004.11.039
https://doi.org/10.1016/j.cub.2004.11.039
https://doi.org/10.1080/02643290701754158
https://doi.org/10.3109/07420528.2012.658984
https://doi.org/10.3109/07420528.2012.658984
https://doi.org/10.1016/j.concog.2018.10.002
https://doi.org/10.1037/a0030010
https://doi.org/10.3389/fpsyg.2013.00441
https://doi.org/10.3389/fpsyg.2013.00441
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1073/pnas.1221764110
https://doi.org/10.1046/j.1365-2869.1999.00176.x
https://doi.org/10.1046/j.1365-2869.1999.00176.x
https://doi.org/10.1177/1745691614556681
https://doi.org/10.1177/1745691614556681
https://doi.org/10.3758/s13415-018-0594-4
https://doi.org/10.1038/s44159-022-00072-w
https://doi.org/10.1038/s44159-022-00072-w


Appendices  

Appendix 1: Detailed Instructions to Participants       
about Their Responses to the Thought Probes        

While you are completing this task, you may find your-
self thinking about things other than the task. These 
thoughts are referred to as ‘mind-wandering’. Mind-wan-
dering is perfectly normal, especially when one must do the 
same thing for a long period of time. We would like to de-
termine how frequently you were thinking about the task 
versus how frequently you were thinking about something 
unrelated to the task (mind-wandering). To do this, every 
once in a while, the task will temporarily stop, and you will 
be presented with a thought-sampling screen that will ask 
you to indicate where your thoughts were. 

The thought-probes will present the following question: 
Where was your attention focused just before the probe? 
You will be given three response options (On-Task, Aware 
Off-Task, Unaware Off-Task). 

Appendix 2: Awareness about the Experimental       
Manipulation  

“What do you think the goal of this study is? What are 
the exact expectations?” Aware participants were classified 
if the answers to the question included: 

Unaware participants were classified if the answers to 
the question included: 

1. Choose the first option (On-Task) when you were 
fully attending to the task right before the question 
was presented. 

2. Choose the second option (Aware Off-Task) when you 
are thinking about something else than the task be-
fore the question was presented. Here, you are aware 
that your mind has drifted from the task, but for some 
reasons you still continue to attend to the task. This 
is what we refer as “aware off-task thoughts” – i.e., 
when your mind wanders, and you know it all along. 

3. Choose the third option (Unaware Off-Task) when 
you are thinking about something else than the task 
before the question was presented. Here, you don’t 
realize that your thoughts have drifted away from the 
task until you catch yourself. This is what we refer to 
as “unaware off-task thoughts”—i.e., when your mind 
wanders, but you don’t realize this until you catch it. 

• As IV: the interaction effect (Time of Day & Chrono-
type), or synonyms such as: preferred the of the day, 
optimal time of the day; • As DV: MW, attention lev-
els, on-task/ off-task. 

• As IV: the interaction effect (Time of Day & Chrono-
type), or synonyms such as: preferred the of the day, 
optimal time of the day; • As DV: Performance, Reac-
tion Times. 

• As IV: either the Time of Day or the Chronotype, but 
no interaction effect. • As DV: MW, attention levels, 
on-task/ off-task, Performance, Reaction Times. 

• Those participants who do not fulfil any of the above-
mentioned criteria. 
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