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ORIGINAL ARTICLE

Circadian modulation of the time course of automatic and controlled semantic 
processing
Lucía B. Palmero , Miriam Tortajada , Víctor Martínez-Pérez , Alejandro Sandoval-Lentisco , 
Guillermo Campoy , and Luis J. Fuentes

Departamento de Psicología Básica y Metodología, Universidad de Murcia, Murcia, Spain

ABSTRACT
We investigated whether chronotype and time-of-day modulate the time course of automatic and 
controlled semantic processing. Participants performed a category semantic priming task at either the 
optimal or non-optimal time of day. We varied the prime-target onset asynchrony (100-, 450-, 650-, and 
850-ms SOAs) and kept the percentage of unrelated targets constant at 80%. Automatic processing was 
expected with the short SOA, and controlled processing with longer SOAs. Intermediate-types 
(Experiment 1) verified that our task was sensitive to capturing both types of processes and served as 
a reference to assess themin extreme chronotypes. Morning-type and evening-type participants 
(Experiment 2) differed in the influence of time of testing on priming effects. Morning-types applied 
control in all conditions, and no performance modulation by time-of-day was observed. In contrast, 
evening-types were most adversely affected by the time of day to shift from automatic-based to 
controlled-based responses. Also, they were considerably affected in successfully implementing con
trolled processing with long intervals, particularly at the non-optimal time of day, with inhibitory priming 
showing only a marginally significant effect at the longest SOA. These results suggest that extreme 
chronotypes may be associated with different styles of cognitive control. Morning-types would be driven 
by a proactive control style, whereas a reactive control style might be applied by evening-types.
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Introduction

Human circadian rhythms are physiologically driven by 
a central pacemaker that is the suprachiasmatic nuclei 
(SCN) (Miller et al. 1996) and connect the organism with 
the 24 hours of a day on Earth. Nevertheless, circadian 
functioning may vary from one individual to another. 
Thus, we refer to the existence of different chronotypes, 
that is, the preferences that individuals develop for per
forming their daily life activities and resting earlier or later 
in the day (Levandovski et al. 2013; Schmidt et al. 2007). 
The assessment of chronotype allows individuals to be 
classified into different circadian profiles that are distribu
ted along a Gaussian curve at the population level. 
Intermediate-types (i.e. those who do not develop any 
specific circadian preference), would be located around 
the centre, while morning-types (i.e. those who prefer to 
engage in their routines in the early morning hours) and 
evening-types (i.e. those with a more later-day profile) 
occupy the extremes of the distribution (Roenneberg 
et al. 2007).

The study of chronotype has become interesting since 
the continuous development of society has forced 

individuals not to rely on a 24-h diurnal cycle. For 
instance, when a doctor must operate at 03:00 h in an 
emergency, a student must plan her or his study schedule 
for exams, or an air traffic controller must stand guard at 
her or his post from 05:00 h, the consideration of chron
otypes and how they operate can predict success. 
Recently, this trait has been linked to aspects of mental 
health (Walsh et al. 2022), effects of shift work (Cheng 
et al. 2021), and school performance (Goldin et al. 2020).

Delving into the cognitive level, the mental pro
cesses that are primarily underpinned by the prefron
tal cortex have proven to be influenced mainly by the 
chronotype and the time of day, usually showing 
a performance enhancement at the time of day that 
matches the individual’s preference (i.e. the optimal 
time). This effect is known as the synchrony effect 
(May and Hasher 1998), and has been reflected in 
a wide variety of cognitive tasks (for a review, see 
Adan et al. 2012). Nevertheless, the synchrony effect 
is often not the same for morning- and evening-types. 
In contrast to evening-types, morning-types have 
demonstrated better adjustment and flexibility at 
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non-optimal times (Lara et al. 2014; Martínez-Pérez 
et al. 2020; Palmero et al. 2022). In this line, it has 
been argued that personality traits such as impulsivity 
(Di Milia et al. 2011) and even hormonal secretions 
during the menstrual cycle in women (Palmero et al.  
2022), may be linked to these chronotype-based differ
ences. Furthermore, morning- and evening-types have 
revealed general differences in brain connectivity pat
terns (Facer-Childs et al. 2019), and in neuro-cognitive 
functioning reflected in alpha and theta oscillations 
recorded via electroencephalography (EEG) (Venkat 
et al. 2020) as well as in fMRI (Orban et al. 2020). 
More specifically, they seem to be unravelling specific 
patterns in the neural networks activated in response 
to certain cognitive demands such as conflict resolu
tion or cognitive control (Schmidt et al. 2012). These 
results, together with findings that have put forward 
the development of specific biological patterns in each 
of the chronotype-traits, such as the delay in the 
secretion of activation and relaxation substances (i.e. 
cortisol and melatonin, Duffy et al. 2001; Oginska 
et al. 2010), or peaks and rhythms in body temperature 
(Kerkhof and Van Dongen 1996; Sarabia et al. 2008), 
have prompted researchers to propose that morning- 
and evening-types are not only the two extremes of 
a continuum, but also they are independent entities 
whose functioning, associated conditions and even 
specific needs, are particular within each group. This 
issue is explicitly reflected in the existence of specific 
research on each of the existent chronotype-traits 
(Facer-Childs et al. 2019; Martínez-Pérez et al. 2022), 
and by the fact that they have matured a strictly dif
ferentiated pattern of cognitive and biological func
tioning (Correa et al. 2014; Martínez-Pérez et al.  
2020; Palmero et al. 2022; Venkat et al. 2020).

Pursuing the matter of the circadian influences on 
high-order cognitive operations, results obtained both 
at the behavioural and physiological levels have led 
researchers to argue that, as a whole, all mental opera
tions that require control are more vulnerable to the 
time of testing than those that are more automatic in 
nature (Lara et al. 2014; Manly 2002; May et al. 2005). 
Automatic and controlled processes refer to the differ
ential modes of processing information in our envir
onment that result in an appropriate response 
(Schneider and Shiffrin 1977). It has commonly been 
stated that controlled processing is the more adaptive 
since it prevents responses that may have important 
negative consequences (Miller and Cohen 2001), 
although the need for automatic processing and the 
importance of not overcontrolling in certain circum
stances have also been highlighted (Bocanegra and 
Hommel 2014).

Concerning people’s preferences for when to per
form daily life activities, it is controlled rather than 
automatic processing that seems to fluctuate throughout 
the day. For instance, Fisk and Schneider (1981) showed 
that the decrease in performance typically observed in 
vigilance tasks occurred specifically when controlled 
processing was necessary, while decrements in vigilance 
performance were not observed when automatic proces
sing was involved. Thus, using the Sustained Attention 
to Response Task (SART), Manly (2002) found differ
ential effects due to the time of testing only in no-go 
trials, which required cognitive control and therefore 
controlled processing. In addition, Lara et al. (2014) 
manipulated two response strategies when participants 
performed the SART: speed (automatic responding set) 
vs. accuracy (controlled responding set). Selective syn
chrony effects were found only when focused on accu
racy. Finally, regarding memory, May et al. (2005) and 
Yang et al. (2007) found a pattern of increased explicit 
recall (controlled retrieval) at the optimal time of day for 
both morning- and evening-types. However, although 
automatic and controlled processes have previously 
been linked to chronotype and time of day, to our 
knowledge, studies that have addressed the emergence 
and time course of both types of processing in relation 
to circadian rhythms in a single task are rather scarce.

In the current study, we approached this issue using 
a paradigm that has commonly dissociated automatic 
and controlled processing: the semantic priming para
digm. In this paradigm, a prime stimulus (e.g. a word) is 
briefly presented and followed by a target stimulus that 
requires a quick response by the participant. The target 
can be a word or a pseudoword if a lexical decision is 
required. The semantic priming effect refers to the 
advantage in responding (shorter reaction times, RTs, 
and better accuracy) in related prime-target trials (e.g. 
DOCTOR – nurse) compared to unrelated prime-target 
trials (e.g. DOCTOR – bread) (Meyer and Schvaneveldt  
1971). Although a discussion of the different models 
that account for the semantic priming effect is beyond 
the scope of the present study, semantic priming has 
been thought to involve the rapid activation of semantic 
information conveyed by the prime, which spreads to 
other associated words among which would be the asso
ciated target (Collins and Loftus 1975). Once the prime 
has been processed, participants may also consciously 
generate expectancies about candidate targets in 
a controlled manner. However, these expectancies 
require time to build up, and therefore they may only 
occur if there is enough time between the prime and the 
target onsets (Becker 1980). Thus, the prime-target 
onset asynchrony (usually referred to as prime-target 
SOA) is crucial for determining whether semantic 
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processing is mainly due to automatic or controlled 
processing (Besner and Humphreys 1991), with the 
former being better captured with short prime-target 
SOAs and the latter with long prime-target SOAs (e.g. 
longer than 200 ms) (Neely et al. 1989). Semantic prim
ing studies usually reveal facilitation in target responses 
when only the prime-target SOA is manipulated to 
engage either automatic or controlled semantic proces
sing. Additionally, concerning prime processing, using 
a mask after its presentation has proven to target either 
automatic or controlled processes in semantic priming 
tasks. As such, the immediate appearance of a mask 
after the prime display would prevent the conscious 
processing of this stimulus, thereby steering the indivi
dual to act based on automatic-driven responses. On the 
other hand, the delayed presentation of the mask allows 
the prime to be consciously processed, given the time 
gap between its appearance and that of the mask, lead
ing most likely to the development and use of controlled 
strategies (Daza et al. 2002; Merikle and Joordens 1997).

However, a more appropriate way of dissociating the 
involvement of automatic and controlled processing in 
a semantic priming task is to find qualitatively different 
patterns of results associated with each type of process 
(Merikle and Joordens 1997). Whereas the use of asso
ciative links between the prime and the target usually 
produces facilitatory priming effects, both facilitatory 
and inhibitory effects can be found with category 
semantic priming tasks when both the relatedness pro
portion and the prime-target SOA are manipulated 
(Besner and Humphreys 1991; McNamara 2005), sig
nalling the emergence of entirely different response 
strategies according to their inner nature. Facilitatory 
priming refers to the advantage in performance with 
related prime-target trials over unrelated prime-target 
trials and the other way around for inhibitory priming. 
In the category semantic priming task, the prime is the 
name of a category (e.g. ANIMAL), and the target can 
be either an exemplar of the prime category (e.g. cat) in 
the related condition or an exemplar of a different cate
gory (e.g. table) in the unrelated condition. Participants 
will create expectations about the forthcoming target 
based on the frequency with which a related target 
follows a prime category and the interval between the 
prime and the target (Neely 1977). With a low rate of 
related targets, expectations based on the prime cate
gory will favor unrelated targets. Thus, the observation 
of shorter RTs with unrelated targets compared with 
related targets (inhibitory priming) will confirm that 
an expectation has been successfully generated. In con
trast, any facilitatory effect, despite the low rate of 
related targets, will confirm that expectations were not 
developed; therefore, facilitatory priming would simply 

reflect the intervention of automatic processing. By 
using this paradigm, Ortells et al. (2003) showed facil
itatory priming effects with 200- and 300-ms prime- 
target SOAs, whereas the effect became inhibitory with 
a 500-ms SOA value. Using a similar design with young 
participants, Langley et al. (2008) found a facilitatory 
priming effect only with a 100-ms SOA and inhibitory 
priming effects with 200–500- and 800-ms SOAs, effects 
being larger as the SOA value increased.

In the current study, we employed a category seman
tic priming task in which the name of a semantic cate
gory served as the prime stimulus and was followed by 
either a related or an unrelated target exemplar. A low 
rate of related targets (20%) was used to promote expec
tancy-based priming effects, and a short prime-target 
SOA and long prime-target SOAs were used in different 
blocks of trials to assess the emergence and, as a novelty, 
the time course of facilitatory (automatic) priming and 
inhibitory (controlled) priming effects, respectively. 
Thus, we were interested in the contrast between auto
matic and controlled processes independently but in the 
light of the interplay between them (see Ghin et al. 2022; 
Wolff et al. 2019). Thus, we aimed to deepen the transi
tion from automatic responses to effective controlled 
processing, targeting the ability of individuals to reverse 
an automatic response trend in a context where control 
had to be recruited to give a correct response.

Experiment 1 involved intermediate chronotype par
ticipants, who have been consistently neglected in chron
otype-related studies (May and Hasher 2017) despite 
representing 60% of the population (Roenneberg et al.  
2007). This experiment allowed us to test the suitability of 
this category semantic priming task to dissociate the two 
types of processes. In Experiment 2, morning- and eve
ning-type participants, who combined represent 40% of 
the population and are referred to as extreme chrono
types, performed the task to assess whether chronotype 
and time of testing are crucial factors that modulate the 
earlier appearance of automatic processing and the later 
emergence of controlled processing. Moreover, given the 
above-mentioned differences between the two chrono
types, our main interest was to observe how this cognitive 
strategy (i.e. the shift from automatic to controlled pro
cessing) may follow a different time course in each 
chronotype. Based on previous results, we hypothesize 
facilitatory priming with the short SOA, involving auto
matic processing. However, the facilitatory effect may 
likely turn into inhibitory at different moments for each 
chronotype. Therefore, and based on the results obtained 
in previous pilot studies with intermediate-types, the 
time course of automatic processing was addressed 
based on the division of a 100-ms SOA block into three 
consecutive subblocks. That division has not been usually 
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done in previous related studies, however, is of special 
relevance here because participants performed the task in 
optimal and non-optimal arousal conditions according to 
their chronotype, which may promote the anticipated use 
of control-based strategies even in the short prime-target 
SOA block. Note that the younger adult group in Langley 
et al.’s (2008) study showed inhibitory effects in the 
rather short 200-ms SOA. On the other hand, to assess 
the effects of time of testing on controlled processing, we 
explored both the emergence and time course of inhibi
tory priming with longer prime-target SOAs (450, 650, 
and 850 ms). In this case, based on the differences 
between the two extreme chronotypes in the ability to 
overcome the negative influences on performance caused 
by non-optimal times of day (Lara et al. 2014; Martínez- 
Pérez et al. 2020; Palmero et al. 2022, 2024), we also 
hypothesized that it is likely that inhibitory priming 
(also facilitatory priming?) may exhibit a different time 
course in each chronotype as a function of time of day. 
Although all participants may be competent to imple
ment control consistently, chronotype and time of day 
may influence the efficiency and timing with which indi
viduals engage in this sort of response strategy, as it has 
been shown by Langley et al. (2008) when the authors 
addressed the time course of both priming effects as 
a function of the participant’s age.

We also tested the existence of synchrony effects in 
each chronotype and expected them to generally affect 
controlled but not automatic processing, but we went 
further and investigated how the time course of such 
effects may change as a function of both chronotype and 
time of testing.

Finally, to ensure the appropriate selection of our 
sample of extreme chronotypes, we used the psychomo
tor vigilance task (PVT). This task has proven to be very 
sensitive to circadian-related performance (Blatter and 
Cajochen 2007) and has been widely used in cognitive 
research, mainly related to vigilance and sustained 
attention (Lara et al. 2014; Martínez-Pérez et al.  
2020,2022; Molina et al. 2019).

Materials and methods

Participants

Sixty-four undergraduates (Mage = 21.14 years; SDage = 5.45) 
completed the experiment for course credit. The sample was 
recruited based on the scores obtained in the reduced ver
sion of the Horne and Östberg’s Morningness-Eveningness 
Questionnaire (rMEQ) standardized by Adan and Almirall 
(1991) for the Spanish population. This brief questionnaire 
classifies individuals, depending on their circadian prefer
ence, into definite morning- or evening-types and neither or 

intermediate-types. In this case, we considered the chrono
type as a continuum, with the morning- and evening-chron
otype groups consisting of moderate and extreme 
individuals, following previous studies (Lara et al. 2014; 
Martínez-Pérez et al. 2020; Palmero et al. 2022; Salehinejad 
et al. 2021). We had three chronotype-based groups. 
Twenty-four students with scores ranging from 12 to 16 
were assigned to the intermediate-type group (M = 13.60; 
SD = 1.66) and participated in Experiment 1. Twenty stu
dents with scores between 17 and 25 (corresponding to 
moderate-to-extreme morning-types) were assigned to the 
morning-type group (M = 18.50; SD = 1.60), and 20 students 
with scores between 4 and 11 (corresponding to moderate- 
to-extreme evening-types) were assigned to the evening-type 
group (M = 9.25; SD = 1.68). An a posteriori sensitivity ana
lysis using G*Power was performed to corroborate the effect 
size our study detected, given that our main interest was in 
testing the synchrony effect. Given two groups (morning 
and evening), and two measures for each (optimal and non- 
optimal times), with an alpha level of .05, a statistical power 
of at least .80, a sample size of n = 40 participants, 
a correlation between repeated measures of r = .5 and 
a non-sphericity correction of 1, the effect size f that our 
design was able to detect was .22. Thus, the sample size that 
comprised our study warranted the detection of small-to- 
medium effect sizes. Both morning- and evening-type parti
cipants participated in Experiment 2. All participants 
reported normal or corrected-to-normal vision and the 
absence of chronic medical conditions. Note that although 
both groups were composed of moderate and extreme par
ticipants, throughout the manuscript, we refer to morning- 
and evening-types as extreme chronotypes to differentiate 
them from intermediate-types.

Tasks and design

Two experimental tasks programmed with E-Prime 3 
(Psychology Software Tools, Pittsburgh, PA 2016; 
Schneider et al. 2012) were used. Stimuli were presented 
on a 22-inch computer screen with a 1920 × 1080 pixels 
resolution. Responses were recorded by using 
a Chronos® device (Psychology Software Tools, 
Pittsburgh, PA 2016).

The PVT assessed the morning-types and evening- 
types arousal-vigilance states by presenting a red circle 
(50 pixels in diameter) in the centre of the screen to 
which the participants had to respond as quickly as 
possible. The red circle was presented in each trial 
after a random interval between 2 and 10 s in which 
the computer screen remained black. The participants 
were instructed to press the central button of the 
response box with the index finger of their dominant 
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hand when the stimulus appeared. Once the trial was 
completed, a new trial began.

On the other hand, the category semantic priming 
task assessed performance under automatic or con
trolled processing. The stimuli were all presented on 
the center of the screen in black against a white back
ground. The categories used as primes were the Spanish 
words ANIMAL (animal) and MUEBLE (furniture) (on 
average: 3.72° in width; 0.71° in height) and were always 
presented in uppercase letters. The prime was displayed 
on the screen in all cases for 50 ms. In addition, the 
target words were familiar exemplars of each of the two 
categories. For animals, burro (donkey), gato (cat), tigre 
(tiger), and foca (seal) were used. For furniture, mesa 
(table), silla (chair), percha (hanger), and cama (bed) 
were used. The stimuli subtended 2.90° width and 0.57° 
height on average. All stimuli were presented in Spanish 
and lowercase letters.

For all participants, in 80% of the trials, the prime 
and the target stimuli were unrelated, so the target (e.g. 
seal) did not belong to the category of the prime (e.g. 
FURNITURE), and in the remaining 20% of trials, the 
prime (e.g. ANIMAL) preceded a target of the same 
category (e.g. cat). The time between the onset of the 
prime stimulus and the onset of the target (i.e. SOA) was 
manipulated to foster the development of automatic and 
controlled processing. Four different SOAs were con
sidered. First, a short 100-ms SOA was chosen to pro
mote automatic processing based on previous studies 
(Langley et al. 2008). To assess control processing and 
the time course of strategy acquisition, we used three 
long SOAs (450, 650, and 850 ms).

For the presentation of the different SOAs, a blocked 
design was used. The short-SOA block had 125 trials, 
from which the first 10 were considered practice. Thus, 
the automatic-processing experimental block consisted of 
115 trials. Subsequently, all long SOAs were randomly 
presented in a block comprising 300 trials. The first 30 
trials were considered practice (approximately 10 trials 
per SOA). Each long SOA was presented in 90 different 
trials, bringing the total number of trials to 270. Finally, 
the task comprised 425 trials, and the design was similar 
to that used in previous studies (Langley et al. 2008; 
Ortells et al. 2003). The order of the blocks was the 
same for all participants: first, they completed the short- 
SOA block (reflecting automatic processing) and then the 
long-SOA block (reflecting controlled processing). The 
rationale for not using a single block with the four SOAs 
randomly presented nor counterbalancing the order of 
the short and long SOA blocks was to avoid applying the 
control elicited by the long SOA trials to the automatic 
processing evaluated through the short SOA, as previous 
studies have shown that the two types of processes can 

interact during a semantic priming experiment (Balota 
et al. 1992; Lerner et al. 2014; Neely et al. 2010).

Moreover, to maximize the development of automatic 
processing and controlled expectancies, a random letter 
stimulus, “XDGTKSN” (4.30 > width; 0.72 > height), was 
used as a mask between the prime and the target. 
Although it was present in all blocks, the delay between 
the presentation of the prime and the mask varied 
depending on the SOA. In the short-SOA block, the 
mask was presented immediately after the prime and 
lasted 50 ms. In the long-SOA block, the mask length 
was also 50 ms but was presented with an adapted delay 
after the prime according to the SOA of each of the trials 
(i.e. 350, 550, and 750 ms, respectively). It is important to 
note that using the mask in the short-prime task is meant 
to promote automatic processing, but by no means does it 
prevent the participants from being aware of the prime 
stimulus, and hence it is not designed to promote uncon
scious priming effects.

The participants were instructed to press two different 
buttons (the leftmost and rightmost) on the response box 
to classify the target words. The order of the buttons was 
counterbalanced between participants. Thus, half of 
them responded by pressing button 1 to the exemplars 
of the category ANIMAL and button 5 to the category 
FURNITURE, and the button assignment was reversed 
for the other half of the participants. The time to respond 
to the target was unlimited, so once it was presented, it 
remained on the screen until the participant’s response. 
Once a response was made, a new trial began. An exam
ple of each type of trial can be seen in Figure 1.

Before the task started, the participants were 
informed of the relatedness of the prime-target propor
tion. That information was given to foster the use of 
expectations based on the prime stimulus from the very 
beginning of the experimental session. Also, to priori
tize an accuracy strategy, we instructed the participants 
to respond correctly rather than quickly.

General procedure

After being selected based on their scores on the rMEQ, 
the participants were invited to complete the experi
mental sessions.

In Experiment 1, the participants completed only one 
experimental session scheduled from 10:00 h to 16:00 h, 
as they did not possess specific preferred daytime slots. 
The experimental session consisted of completing only 
the category semantic priming task, which lasted approxi
mately 40 min.

In Experiment 2, each participant came to the labora
tory twice, with an interval of approximately 7 days 
between sessions. The sessions were scheduled at 08:00 h 
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(morning) and 20:30 h (evening). This procedure is com
monly implemented in studies using the extreme-chron
otypes paradigm (Blatter and Cajochen 2007; Schmidt 
et al. 2007) and allows us to obtain an assessment of the 
participant’s performance at both their optimal and non- 
optimal times of the day according to their chronotype (i.e. 
to study the potential synchrony effects). The order of the 
sessions was counterbalanced across participants within 
each chronotype group so that half of the sample started 
the experiment at 08:00 h and the other half at 20:30 h. All 
sessions had the same structure and duration (~1 h). In all 
cases, the participants in Experiment 2 started the session 
by performing the PVT and subsequently performed the 
category semantic priming task. Instructions were given in 
the same way in all sessions.

Participants were instructed to spend at least five 
hours of sleep the night before the experimental session, 
and once in the lab, they were queried on this question to 
verify they were not sleep-deprived. Also, we monitored 
the consumption of stimulants so that all participants 
were asked not to take any stimulant substances such as 
coffee or tea in the 2 h before the start of the session.

Results

Data were pre-processed with R software (R Core 
Team 2022) and analysed with JASP 0.9.2 (JASP 
Team 2022). Regarding the PVT, the first trial, trials 
with RTs shorter than 150 ms, and trials with RTs 
separated by more than 3.5 semi-interquartile ranges 

from the median value of each participant in each 
session were considered outliers and discarded 
(1.77% of trials). Regarding the category semantic 
priming task, we applied two different filters accord
ing to the graphical distribution of the RT raw data. 
We first established a long-time-interval where most 
of the participants’ responses were concentrated: 100  
ms to 4000 ms. Specifically, only 3 participants made 
some responses above 4000 ms, and no one made 
responses below 100 ms. Second, we considered out
liers all the RTs that were separated by more than 3.5 
semi-interquartile ranges from the median value of 
each participant in each condition. The percentage of 
discarded trials did not exceed 1.10% in any experi
mental condition. Mean RTs were calculated consider
ing only RTs associated with correct responses and 
after discarding practice trials. Then, RTs statistical 
data-analysis only covered trials where participants 
responded correctly. For the accuracy data, the statis
tical analysis was conducted with the proportion of 
correct responses. Accuracy rates and mean RTs from 
all participants in the study are shown in Table S1 in 
the supplementary material (see category_semantic_
priming_data.xlsx).

To facilitate the interpretation of the priming 
effects shown in the graphs, it is important to con
sider that priming effects were always obtained by 
subtracting the performance on unrelated trials from 
the performance on related trials. With RTs, facilita
tory priming produced scores with a positive sign 

Figure 1. Sequence of trials in the category semantic priming task with the short 100-ms SOA (left) and the long 450-, 650- and 850-ms 
SOAs (right).
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(upper part of the figures), and inhibitory priming 
produced scores with a negative sign (lower part of 
the figures). The opposite was true with accuracy 
data, facilitatory priming produced scores with 
a negative sign (lower part of the figures), and inhi
bitory priming produced scores with a positive sign 
(upper part of the figures).

We adopted a statistical significance level of α = .05 
for all statistical analyses. Moreover, we present effect 
size values for each of our contrasts through the partial 
eta squared (ηp

2) for ANOVA and Cohen’s d (d) for 
Student’s t-tests.

Demographic data

The analysis of the scores on the rMEQ used to classify 
individuals according to their chronotype showed a main 
effect of chronotype, F(2, 62) = 157.40; p < 0.001; ηp

2 = .84. 
Post-hoc tests with Bonferroni correction showed signifi
cant differences between the three groups: morning-types 
vs intermediate-types, t(63) = 9.90, p < 0.001, d = 2.99; 
evening-types vs intermediate-types, t(63) = 8.79, 
p < 0.001, d = 2.60; and morning-types vs evening-types, 
t(63) = 17.73, p < 0.001, d = 5.62. The age analysis showed 
no statistically significant differences between the groups 
(p = 0.99). Participants reported sleeping at least five 
hours as instructed so that no one was eliminated due to 
sleep deprivation. Moreover, as instructed, none of the 
participants reported caffeine consumption in the 2 h 
before the experiment.

Experiment 1: intermediate-type chronotype

Category semantic priming task
The analyses were conducted separately for the 100-ms 
SOA and the long SOAs. For the 100-ms SOA, data were 
subjected to 2 × 3 repeated-measures ANOVAs with 
relatedness (related and unrelated) and subblock 
(first, second and third) as within-participants factors. 
For the long SOAs, data were subjected to 2 × 3 
repeated-measures ANOVAs with relatedness (related 

and unrelated) and prime-target SOA (450, 650 and 850  
ms) as within-participants factors.

Accuracy analysis. The results are shown in 
Figure 2(a). For the 100-ms SOA, the main effect of 
relatedness was not significant, F < 1. Also, priming 
effects did not vary across the three subblocks of trials 
(all ps > .24). For the long SOAs, we observed 
a significant main effect of relatedness, F(1, 25) = 6.75, 
p = 0.01, ηp

2 = .21, indicating higher proportion of cor
rect responses in unrelated (M = .94) than in related 
trials (M = .90), that is, an inhibitory priming effect. 
No other effects or interactions were significant (all 
ps > .61).

RTs analysis. The results are shown in Figure 2(b) (short 
SOA) and Figure 2(c) (long SOAs). For the 100-ms SOA, 
the main effect of subblock was significant, F(2, 46) = 3.54, 
p = 0.04, ηp

2 = .07, showing that RTs were longer in the 
first subblock (M = 784 ms) than in the second and third 
subblocks (M = 734 and 746 ms, respectively). However, 
neither the main effect of relatedness nor the relatedness ×  
subblock interaction were significant, (all ps > .15). 
However, an inspection to Figure 1(b) reveals that the 
lack of priming may be due to the facilitatory effect 
observed in the first subblock of trials, which proved 
statistically significant (Mpriming = 53 ms), t(23) = 2.14, p  
= 0.04, d = .44, being counteracted by the lack of effect in 
the second subblock (Mpriming = 2 ms) (p = 0.95), and the 
non-significant trend for an inhibitory effect in the third 
subblock (Mpriming = −7 ms) (p = 0.74). For the long 
SOAs, the main effects of relatedness and SOA were 
significant, F(1, 23) = 10.22, p = 0.004, ηp

2 = .31 and F(2, 
46) = 10.50, p < 0.001, ηp

2 = .31, respectively. The related
ness effect showed that, in general, the participants were 
faster in unrelated (M = 656 ms) than in related trials (M  
= 695 ms) and the effect of SOA reflected that RTs 
decreased as SOA increased (M = 691, 669, and 667 ms, 
for the 450-, 650- and 850-ms SOAs, respectively), In 
addition, a significant relatedness × SOA interaction was 
also found, F(2, 46) = 4.24, p = 0.02, ηp

2 = .16, which 

Figure 2. Intermediate-type chronotype. Performance at the short (100 ms) and the long (450, 650, and 850 ms) SOAs. (a) Accuracy 
priming effects. (b) RTs priming effects at the short 100 ms SOA as a function of subblocks. (c) RTs priming effects at the long SOAs. 
Asterisks indicate statistically significant effects (p < 0.05).

CHRONOBIOLOGY INTERNATIONAL 7



reflected a change in the priming effect across the SOAs. 
Further interaction analyses showed the progressive 
development of an inhibitory priming effect. Thus, with 
the 450-ms SOA, priming effects (M = −9 ms) were not 
yet significant, t(23) =.71, p = 0.48, d = .14, but inhibitory 
priming proved to be statistically significant at 650-ms 
SOA, (M = −35 ms), t(23) = 2.25, p = 0.034, d = .46, and 
850-ms SOA (−75 ms), t(23) = 3.85, p < 0.001, d = .78.

An inspection of Figure 2(b,c) suggests that inter
mediate-type participants showed automatic processing 
at the very beginning of the experimental session, appar
ent only in the first subblock of the short SOA block. 
The lack of priming effects in both the two later sub
blocks of the short SOA block and the 450-ms SOA of 
the long SOA block suggests that automatic processing 
dissipated, and controlled processing did not emerge 
along that interval. With longer prime-target SOAs, 
only controlled processing took place, fostering the 
development of appropriate expectations concerning 
the category of the forthcoming target. This interplay 
between automatic and controlled processing as 
a function of prime-target SOA suggests that the pattern 
of priming effects observed in intermediate-type parti
cipants constitutes an appropriate referent to assess the 
performance of extreme chronotype participants when 
testing occurs at both their optimal and non-optimal 
times of day.

Experiment 2: extreme chronotypes

Psychomotor Vigilance Task (PVT)
Mean RTs were subjected to a mixed ANOVA with 
time-of-day (optimal and non-optimal) as the within- 
participants factor and chronotype (morning-types and 
evening-types) as the between-participants factor. The 
main effect of time-of-day was statistically significant, F 
(1, 38) = 5.61; p = 0.02; ηp

2 = .13, which indicated that, in 
general, performance at the optimal time produced 
shorter RTs (M = 319 ms) than at the non-optimal 
time (M = 341 ms). The difference in performance 
between the optimal and non-optimal time-of-day 
according to the different chronotypes is referred to as 
the synchrony effect, and the current results replicate 
those obtained in other experiments using the same task 
(Correa et al. 2014; Lara et al. 2014; Martínez-Pérez et al.  
2022). Accordingly, the current synchrony effect con
firms the appropriate selection of our sample of extreme 
chronotypes. No other effects or interactions were sig
nificant (all ps > .31).

Category semantic priming task
As with intermediate-types, statistical analyses were con
ducted separately for the 100-ms SOA and the long SOAs. 

For the 100-ms SOA, data were subjected to 2 × 2 × 3 × 2 
mixed ANOVAs with relatedness (related and unrelated), 
time-of-day (optimal and non-optimal), and subblock 
(first, second, and third) as within-participants factors, 
and chronotype (morning- and evening-types) as the 
between-participants factor. For the long SOAs, data 
were subjected to 2 × 2 × 3 × 2 mixed ANOVAs with relat
edness (related and unrelated), time-of-day (optimal and 
non-optimal) and prime-target SOA (450, 650, and 850  
ms) as within-participants factors, and chronotype (morn
ing- and evening-types) as the between-participants factor.

Accuracy analysis. For the 100-ms SOA, only the relat
edness × chronotype interaction reached statistical signif
icance, F(1, 38) = 5.80, p = 0.021, ηp

2 = .13. The 
interaction analysis proved that only evening-types 
showed significant facilitatory priming (M = −.016), F(1, 
19) = 7.23, p = 0.01, ηp

2 = .28, indicating automatic pro
cessing. No other effects were statistically significant in 
either morning- or evening-types. For the long SOAs, the 
main effect of relatedness was significant, F(1, 38) =  
14.78, p < 0.001, ηp

2 = .28, indicating better accuracy in 
unrelated trials (M = .97) than in related trials (M = .92). 
The relatedness × SOA interaction was also significant, F 
(2, 76) = 4.12, p = 0.02, ηp

2 = .10, indicating that inhibi
tory priming effects were significant for each SOA, but it 
was larger for the longest SOA (M = .031, t(43) = 3.07, 
p = 0.004, d = .46; M = .031, t(43) = 3.08, p = 0.004, 
d = .46; and M = .051, t(43) = 3.60, p < 0.001, d = .54, 
for the 450-, 650-, and 850-ms SOAs, respectively). The 
time-of-day × SOA × chronotype interaction was only 
marginally significant, F(2, 76) = 2.78, p = 0.068, ηp

2  

= .07. However, these effects were qualified by the sig
nificant relatedness × time-of-day × SOA × chronotype 
interaction, F(2, 76) = 3.13, p = 0.05, ηp

2 = .08. This four- 
way interaction means that in morning-types the differ
ences in inhibitory priming effects between the optimal 
and non-optimal time of day (i.e. the synchrony effect), 
were only observed with 850-ms SOA (M = .042), t(19)  
= 2.78, p = 0.01, d = .62, while in evening-types, despite 
being the priming effects observed in all SOA values at 
the optimal time (M = .043, .056, and .072, for the 450-, 
650- and 850-ms SOAs, respectively), and at 850-ms SOA 
at the non-optimal time (M = .061), they were not 
affected by the time of day in any case (all ps > .10).

RTs analysis. For the 100-ms SOA, none of the main 
effects nor the interactions were significant (all ps > .05). 
For the long SOAs, we observed a significant main effect 
of relatedness, F(1, 38) = 15.30, p < 0.001, ηp

2 = .29. That 
is, unrelated trials produced shorter RTs (M = 660 ms) 
than related trials (M = 690 ms), showing an inhibitory 
priming effect. Also, the main effect of SOA was found 
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to be statistically significant, F(2, 76) = 22.19, p < 0.001, 
ηp

2 = .37. The RTs became shorter as SOA increased (M  
= 694, 672, and 658 ms, for the 450-, 650- and 850-ms 
SOAs, respectively). The main effects of time-of-day and 
chronotype and the relatedness × time-of-day interac
tion were not significant (all ps > .10). Importantly, we 
observed a significant relatedness × time-of-day × SOA 
interaction, F(2, 76) = 5.62, p = 0.005, ηp

2 = .13. This 
three-way interaction indicated that the priming effects 
were affected by the time of testing (synchrony effect) 
and varied as a function of SOA. However, contrary to 
the accuracy analysis, the interaction involving related
ness, time-of-day, SOA, and chronotype was not signif
icant, F < 1.

The lack of a significant four-way interaction in 
the RTs analysis deserves further comment. 
Regarding priming, the differences between the two 
chronotypes were expected to be subtle rather than 
extreme (i.e. mainly in the time when the effects 
emerge). Importantly, previous studies have shown 
that the differences in performance between the opti
mal and non-optimal times of day are only pro
nounced for evening-types, while a greater 
stabilization of performance throughout the day is 
only found in morning-types (Lara et al. 2014; 
Martínez-Pérez et al. 2020; Palmero et al. 2022). 
Thus, it should be expected differences in the emer
gence and time course of controlled priming effects 
between the two chronotypes to be mainly observed 
at the non-optimal time-of-day. This is further sup
ported by the significant relatedness × SOA × chron
otype interaction when performance was assessed 
only at the non-optimal time-of-day, F(2, 76) =  
3.40, p = 0.039, ηp

2 = .082. Thus, we consider that 
there is a strong case for separate analyses for each 
chronotype to assess both the emergence and time 
course of automatic and controlled processing in 
both accuracy and RT data. Additionally, this non- 

optimal time analysis also revealed two significant 
main effects of SOA, F(2, 76) = 12.68, p < 0.001, ηp

2  

= .25, indicating a significant decrease in RTs as SOA 
increased (MRTs = 714 ms, MRTs = 687 ms, and MRTs  
= 676 ms, for the 450-, 650- and 850-ms SOAs, 
respectively), and relatedness, F(1, 38) = 5.66 p =  
0.02, ηp

2 = .13, showing faster responses in unrelated 
trials (M = 681 ms) than in related trials (M =  
703 ms).

For the 100-ms SOA, given that subblock did not 
show any effect either as a main effect or in the interac
tion with the other factors, that factor was omitted in the 
accuracy and RTs analyses for each chronotype. Thus, 
accuracy and RTs data were subjected to 2 × 2 repeated 
measures ANOVAs with relatedness (related and unre
lated) and time-of-day (optimal and non-optimal) as 
within-participants factors. For the long SOAs, data 
were subjected to 2 × 2 × 3 repeated-measures 
ANOVAs with relatedness (related and unrelated), 
time-of-day (optimal and non-optimal), and SOA 
(450, 650, and 850 ms) as within-participants factors.

Automatic and controlled processes in morning-type 
chronotype
Accuracy analysis. The results are shown in 
Figure 3(a). For the 100-ms SOA, none of the main 
effects nor the interactions reached statistical signifi
cance (all ps > .30). For the long SOAs, we observed 
a significant main effect of relatedness, F(1, 19) = 6.90; p  
= 0.02; ηp

2 = .27. That is, the proportion of correct 
responses was higher in unrelated (M = .98) than in 
related trials (M = .94). Moreover, the relatedness ×  
time-of-day × SOA interaction was statistically signifi
cant, F(2, 38) = 4.67; p = 0.01; ηp

2 = .20. The interaction 
was due to a significant synchrony effect (the difference 
in priming between the optimal and non-optimal time 
of day) only with the 850-ms SOA, t(19) = 2.79, p = 0.01, 
d = .62. At both 450- and 650-ms SOAs, the synchrony 

Figure 3. Morning-type participants. Performance at the short (100 ms) and the long (450, 650, and 850 ms) SOAs during optimal and 
non-optimal times of day. (a) Accuracy priming effects. (b) RTs priming effects. Priming effects did not vary for the three subblocks of 
the 100-ms SOA; consequently, they are not shown. The letter “a” indicates marginally significant effects (p < 0.10), and asterisks 
indicate statistically significant effects (p < 0.05).
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effects proved not to be statistically significant, t(19)  
= .28, p = 0.78, d = .06, and t(19) = 2.12, p = 0.13, d = .35, 
respectively.

RTs analysis. The results are shown in Figure 3(b). For 
the 100-ms SOA, neither the main effects nor the interac
tions reached statistical significance (all ps > 20). For the 
long SOAs, the main effects of relatedness and SOA were 
statistically significant, F(1, 19) = 8.32; p = 0.009; ηp

2 = .30 
and F(2, 38) = 12.38; p < 0.001; ηp

2 = .39, respectively. RTs 
were longer for related (M = 750 ms) than for unrelated 
trials (M = 711 ms), reflecting an inhibitory priming effect. 
Also, RTs reflected a general decrease as SOA increased 
(M = 733, 707, and 694 ms, for the 450-, 650- and 850-ms 
SOAs, respectively). However, the relatedness × time-of- 
day × SOA interaction did not reach statistical significance, 
F(2, 38) = 2.74; p > 0.05; ηp

2 = .13. Thus, we did not find 
any modulation of priming due to time of testing for the 
morning-type participants in the RTs analysis.

Automatic and controlled processes in evening-type 
chronotype
Accuracy analysis. The results are shown in 
Figure 4(a). For the 100-ms SOA, we observed a main 
effect of relatedness, F(1, 19) = 7.23; p = 0.015; ηp

2 = .28, 
indicating a higher proportion of correct responses in 
related (M = .97) than in unrelated trials (M = .95), 
reflecting automatic facilitatory priming. There were 
no other statistically significant main effects nor inter
actions (all ps > .40). For the long SOAs, we also 
observed a main effect of relatedness, F(1, 19) = 7.91; p  
= 0.01; ηp

2 = .29, indicating higher proportion of correct 
responses in unrelated (M = .96) than in related trials 
(M = .91). There were no other statistically significant 
main effects nor interactions (all ps > .14).

RTs analysis. The results are shown in Figure 4(b). For 
the 100-ms SOA, only the relatedness × time-of-day 

interaction was marginally significant, F(1, 19) = 3.89; 
p = 0.06; ηp

2 = .17. The analysis of the interaction 
showed a lack of facilitatory priming effects (M = 16  
ms) at the non-optimal time of day, t(19) = 1.05, p =  
0.31, d = .23, and a trend for inhibitory priming effects 
(M = −29 ms) at the optimal time of day, t(19) = 2.00, p  
= 0.06, d = .45. In order to test the statistical significance 
of this qualitative change in participants’ response trend 
(i.e. from facilitation at non-optimal times to inhibition 
at optimal times), we conducted a t-test contrasting the 
difference between both priming effects, which proved 
statistically significant, t(19) = 1.97, p = 0.03, d = .44.

For the long SOAs, we observed significant main 
effects of relatedness, F(1, 19) = 7.53; p = 0.013; ηp

2 = .28, 
and SOA, F(2, 38) = 9.99; p < 0.001; ηp

2 = .34. RTs were 
larger for related (M = 651 ms) than for unrelated trials 
(M = 628 ms) and decreased as SOA increased (M = 656, 
639, and 623 ms, for the 450–650- and 850-ms SOAs, 
respectively). Importantly, the relatedness × time-of- 
day × SOA interaction reached statistical significance, F 
(2, 38) = 5.46; p = 0.008; ηp

2 = .22. The three-way interac
tion analysis showed that at the optimal time of day, 
significant inhibitory priming was observed at both the 
650-ms SOA, t(19) = 4.74, p < 0.001, d = 1.06, and the 
850-ms SOA, t(19) = 2.01, p = 0.05, d = .45. At the non- 
optimal time of day, no priming was observed at any 
SOA value (ps > .05). However, at the 850-ms SOA it was 
marginally significant (p = 0.08).

Discussion

It is well established that automatic processes occur 
without the need to invest cognitive resources, whereas 
controlled processes require cognitive control. A key 
question is whether both types of processes can be 
modulated by the time of testing in extreme chrono
types, that is, whether the development of attention- 
based strategies can be different by the fact that people 

Figure 4. Evening-type chronotype. Performance at the short (100 ms) and the long (450, 650, and 850 ms) SOAs during optimal and 
non-optimal times of day. (a) Accuracy priming effects. (b) RTs priming effects. Priming effects did not vary for the three subblocks of 
the 100-ms SOA; consequently, they are not shown. The letter “a” indicates marginally significant effects (p < 0.10), and asterisks 
indicate statistically significant effects (p < 0.05).
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perform cognitive tasks at the optimal or non-optimal 
time of day according to their chronotypes. Although 
the influence of chronotype and time of day on auto
matic and controlled processing has been addressed 
separately in most studies, it is important to note that 
both processes coexist in most of our daily activities, 
and the interplay between them gives us the ability to 
deal with relatively complex demands. Thus, in the 
present study, we used a single-category semantic prim
ing task in which a high proportion of unrelated prime- 
target pairs aimed to promote control-based expectan
cies. Moreover, the variation of time intervals (i.e. 
SOAs) between the prime and target respective appear
ances, allowed us to assess with finer detail the chron
otype influence on the emergence and time course of 
automatic and controlled processing.

In Experiment 1, the pattern obtained with inter
mediate-chronotypes, which represent the largest part 
of the population (Roenneberg et al. 2007), allowed us to 
verify that our task was sensitive to capturing both 
automatic and controlled processing. Thus, at short 
SOAs, the prime stimulus activated the semantic net
work automatically, and the participants showed facil
itatory priming. However, an automatic influence was 
apparent only with low experience with the task since 
the facilitatory effect vanished quickly (after the first 
subblock of trials) as the task progressed. A transition 
period occurred after the first subblock of trials in which 
automatic activation dissipated, and the controlled pro
cess was not developed enough to produce inhibitory 
priming effects. The early emergence and dissipation of 
automatic processing may have been promoted by the 
instructions given to the participants at the beginning of 
the experimental session about the low rate of related 
trials and the emphasis on accuracy, which surely fos
tered the development of controlled processes. At longer 
prime-target SOAs, intermediate-type participants 
could progressively apply the controlled expectancy 
about the category of the forthcoming target. 
Accordingly, inhibitory priming effects increased as 
a function of prime-target SOA, indicating effective 
controlled processing. Thus, the results of Experiment 
1 with intermediate-types confirm that our task could 
capture both processing styles, replicating those 
observed in some previous studies (Langley et al. 2008; 
Ortells et al. 2003).

In addition to the potential for dissociating automatic 
and controlled processes, the category semantic priming 
task used here proved to be sensitive to the effects of 
time of day, according to the results obtained with 
extreme-chronotypes, replicating related studies that 
used conflict attentional paradigms such as the Stroop 
task (Schmidt et al. 2012). Based on the important 

differences that distinguish the two chronotypes regard
ing physiological and cognitive measures and how the 
two are differentially affected by the time of testing, we 
discuss the results observed in each group separately.

Concerning morning-type participants, their perfor
mance showed a trend for inhibitory priming even with 
a short prime-target interval (100 ms SOA), suggesting 
that they were adept at quickly disengaging their atten
tion from the prime category to anticipate a target from 
the other semantic category. Moreover, their perfor
mance was not modulated as a function of the time 
of day, proving their ability to reverse automatic activa
tion into controlled expectancies to be robust and unaf
fected by diurnal variations. Regarding the time course 
of controlled processing, we did not find any modula
tion by either the SOA length or the time of testing, as 
morning-type participants showed significant inhibi
tory priming effects in all conditions (although accuracy 
data showed a synchrony effect just at the longest SOA). 
This performance pattern leads us to infer that morn
ing-types are consistent in their performance and mini
mally affected by the time of day. However, we estimate 
that this lack of time-of-day modulation of their perfor
mance deserves further explanation. In this sense, it has 
been suggested that circadian modulation of perfor
mance depends on the difficulty of the task (Lara et al.  
2014; Manly 2002; May et al. 2005; Yang et al. 2007) 
such that synchrony effects usually appear in those tasks 
that demand high levels of cognitive resources. 
Therefore, notwithstanding the evident efficiency in 
controlled processing shown by morning-types it may 
be argued that the category semantic priming task used 
here was not truly challenging for this group of partici
pants, so the implementation of control-based expec
tancies would have been relatively easy and remained 
constant at both the optimal and non-optimal time 
of day. This approach is directly supported by the 
absence of facilitatory priming effects at short SOAs 
and the large inhibitory priming effects observed at 
longer SOAs.

Concerning evening-types, despite the small facilita
tory priming effects usually observed in this type of task, 
a time-of-day modulation of the time course of auto
matic processing occurred in these participants in the 
RTs analysis. Although we must admit that such mod
ulation is based on facilitatory priming that did not 
achieve statistical significance and inhibitory priming 
that was only marginally significant, the difference 
between the two priming effects was significant. 
Therefore, although with some caution, we suggest 
that the time of day influenced the mode of response 
executed by the evening-type participants. This result 
marks a qualitative difference from morning-types, 
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whose performance was always guided by effectively 
applying the controlled strategy. As far as we know, 
this is the first evidence of such modulation by chron
otype and time of day.

Concerning controlled processing, we observed that 
evening-types were considerably affected by the time of 
testing in implementing controlled expectancies. Note 
that at the optimal time of day, inhibitory priming 
effects appeared at 650 ms SOA onwards, whereas at 
the non-optimal time, priming was no longer significant 
(although it was marginally significant at the longer 850  
ms SOA). These results show that these participants, at 
the non-optimal time, could not implement the con
trolled expectancy even with the longest interval 
allowed. However, the fact that the inhibitory priming 
effect was marginally significant at that long interval 
suggests that they might require more time for the 
controlled expectative to be fully implemented. Future 
studies manipulating longer intervals than those in the 
present study may probe the plausibility of such 
a suggestion.

The results obtained in the present study reveal 
a dissociation between the magnitude of the effect 
based on controlled processes (i.e. inhibitory priming 
effects) and the difficulty of the task. Theories on 
which this study was based have pointed out that 
time-of-day modulation occurs most explicitly in 
tasks that require the involvement of controlled pro
cessing. However, we found that the strongest evi
dence of controlled processing (i.e. occurring in 
morning-type individuals throughout almost the 
whole task) was paralleled by the absence of time-of- 
day modulation. Nevertheless, evening-type partici
pants, whose performance reflected less controlled 
processing, were more negatively influenced by the 
time of day in both automatic and controlled proces
sing than morning-type participants. This pattern of 
results suggests that the difficulty of the task varied 
for the two extreme chronotypes, being harder for the 
evening-types than for the morning-types.

In this vein, it is also important to address the 
qualitative differences found in the performance of 
the category semantic priming task between the two 
extreme chronotypes. Our results align with studies 
suggesting better adaptation by morning-types at 
non-optimal times (Lara et al. 2014; Martínez-Pérez 
et al. 2020; Palmero et al. 2022). However, we go 
further by suggesting that it is plausible that their 
cognitive-control styles may be substantially different. 
Thus, following Braver’s (2012) theory on the dual- 
mechanism framework of cognitive control, the proac
tive control style refers to the maintenance of active 
response strategies so that the individual can anticipate 

the occurrence of a conflict or a cognitively demanding 
event and resolve it without producing noticeable 
negative effects. On the other hand, the reactive con
trol mode is related to a “late correction,” which sug
gests that the conflict resolution takes place once it has 
occurred and has been detected. Both styles are vari
able at the intraindividual level, but interestingly, it has 
been suggested that there are differences at the inter
individual level, which places cognitive control as an 
individual trait driving the way different people deal 
with and resolve tasks that demand cognitive control. 
In this sense, the response style observed in the eve
ning-types may be associated to a greater extent with 
the reactive style, while the consistent application of 
attention-based cognitive control from the very begin
ning of the task by the morning-types might constitute 
evidence of a proactive style of response in these indi
viduals. In addition, the development of reactive con
trol strategies has been linked with anxiety traits (Fales 
et al. 2008), to which evening-types are selectively 
associated (Antypa et al. 2016). The study of cognitive 
control styles in morning- and evening-types constitu
tes a line of research that deserves further attention.

Limitations and future directions

The present study has certain limitations that need to 
be mentioned. The main conclusions regarding the 
different pattern of results shown by the two extreme 
chronotypes should be taken with caution, as when 
entering chronotype as a between-participants factor 
in the overall ANOVAs, the four-way interaction was 
statistically significant only with the accuracy data 
but not with the RTs. However, further analysis 
with RTs showed that the interaction was significant 
when performance was assessed only at the non- 
optimal time of day, probably because morning- 
types showed greater performance stabilization 
throughout the day than evening-types.

A second limitation is that our task could not capture 
large automatic semantic priming effects (see Langley 
et al. 2008), which may have made it challenging to 
observe a clearer circadian modulation of automatic 
processing. Instructions about the low rate of related 
trials and the emphasis on accuracy might have pro
moted the activation of controlled processing earlier 
than in previous studies.

A third limitation concerns the split of the 100-ms 
SOA into three subblocks of trials. Although the inter
action between relatedness and subblock was not statis
tically significant, likely due to the small number of trials 
in each subblock, the simple main effect analyses con
firmed that the facilitatory priming effect had already 
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dissipated in the second subblock. Consequently, the 
priming results in these analyses should be taken with 
caution. However, we consider it essential to include this 
analysis so that future studies may address this issue with 
more trials per condition and more appropriate tasks to 
tap automatic processing, as the present results with the 
shortest SOA suggest that the time course of automatic 
processing can differ significantly with time-on-task and 
time of testing in each chronotype.

Finally, more information regarding sleep in our 
sample, such as sleep quality and the total hours of 
sleep the night before the experiment, would have 
allowed for a more detailed explanation of the main 
differences observed between the two chronotypes. In 
this sense, as hours of sleep have previously been con
nected to automatic and controlled processing (for 
some examples, see Harrison and Horne 1999; Horne  
1993), a further leap linking this circadian rhythms 
variable with both automatic and controlled processing 
would be paramount.

Conclusions

The present results are framed within the literature that 
has studied the modulation of cognitive processes by 
chronotype and time of day. Although it has usually 
been considered that only controlled processing is modu
lated by time of day, our study reflects a qualitative dis
tinction between the two extreme chronotypes not only 
in controlled processing but also in automatic processing. 
Thus, while morning-types were able to apply control 
quickly and easily to reverse the automatic process, eve
ning-types were more influenced by the time of day, so 
that they could reverse the automatic process only at the 
optimal time of day. This pattern of results points to the 
need to further study the differences between the extreme 
chronotypes and to consider them as distinct groups, 
given that their cognitive style of functioning seems to 
be different. In addition, we highlight the need to under
stand circadian modulations based on the difficulty 
experienced by individuals in performing the task, 
which directly connects to their unique cognitive traits.
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