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REVIEW ARTICLE

Daily variation in performance measures related to anaerobic power and 
capacity: A systematic review
Aishwarya Ravindrakumar a, Tulasiram Bommasamudram a, David Tod b, Ben J. Edwards b, 
Hamdi Chtourou c,d, and Samuel A. Pullinger e

aDepartment of Exercise and Sports Science, Manipal College of Health Professions, Manipal Academy of Higher Education, Manipal, Karnataka, 
India; bResearch Institute for Sport and Exercise Sciences, Liverpool John Moores University, Liverpool, UK; cActivité Physique, Sport et Santé, 
UR18JS01, Observatoire National du Sport, Tunis, Tunisia; dInstitut Supérieur Du Sport Et De l’Education Physique De Sfax, Université De Sfax, 
Sfax Tunisie; eSports Science Department, Aspire Academy, Doha, Qatar

ABSTRACT
Numerous functional measures related to anaerobic performance display daily variation. The 
diversity of tests and protocols used to assess anaerobic performance related to diurnal effects 
and the lack of a standardized approach have hindered agreement in the literature. Therefore, the 
aim of the present study was to investigate and systematically review the evidence relating to time- 
of-day differences in anaerobic performance measures. The entire content of PubMed (MEDLINE), 
Scopus, SPORTDiscus® (via EBSCOhost) and Web of Science and multiple electronic libraries were 
searched. Only experimental research studies conducted in male adult participants aged ≥ 18 yrs 
before May 2021 were included. Studies assessing tests related to anaerobic capacity or anaerobic 
power between a minimum of two time-points during the day (morning vs evening) were deemed 
eligible. The primary search revealed that a total of 55 out of 145 articles were considered eligible 
and subsequently included. Thirty-nine studies assessed anaerobic power and twenty-five anaero-
bic capacity using different modes of exercise and test protocols. Forty-eight studies found several 
of their performance variables to display time-of-day effects, with higher values in the evening than 
the morning, while seven studies did not find any time-of-day significance in any variables which 
were assessed. The magnitude of difference is dependent on the modality and the exercise protocol 
used. Performance measures for anaerobic power found jump tests displayed 2.7 to 12.3% differ-
ences, force velocity tests ~8% differences, sprint tests 2.7 to 11.3% differences and 5-m multiple 
shuttle run tests 3.7 to 13.1% differences in favour of the evening. Performance measures for 
anaerobic capacity found Wingate test to display 1.8 to 11.7% differences and repeated sprint tests 
to display 3.4 to 10.2% differences. The only test not to display time-of-day differences was the 
running based anaerobic sprint test (RAST). Time-of-day variations in anaerobic performance has 
previously been partially explained by higher core-body and/or muscle temperature and better 
muscle contractile properties in the afternoon, although recent findings suggest that differences in 
methodology, motivation/arousal, habitual training times and chronotypes could provide addi-
tional explanations. There is a clear demand for a rigorous, standardised approach to be adopted by 
future investigations which control factors that specifically relate to investigations of time-of-day.
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Introduction

A large body of research has shown that physical and 
physiological variables display a diurnal variation in 
a temperate environment (around 17–22°C) in males 
(Atkinson and Reilly 1996; Drust et al. 2005). In the 
absence of external cues, cortisol levels, melatonin levels 
and core/muscle temperature levels are believed to play 
a role in the circadian regulation through signals direc-
ted by the suprachiasmatic nucleus (Reilly and 
Waterhouse 2009a, b). It has long been established that 
both cortisol levels (Reilly and Waterhouse 2009b) and 

body temperature (Atkinson and Reilly 1996, Pullinger 
et al. 2019) are higher in the mid-afternoon/evening, 
while levels of melatonin display higher values during 
the nocturnal period (Edwards et al. 2000). Muscle force 
production and power output also display an evening 
superiority, regardless of the muscle group measured 
(Atkinson and Reilly 1996; Drust et al. 2005). 
Anaerobic performance, such as anaerobic power in 
activities lasting less than 6 seconds (short-term, max-
imal power output) have previously shown to peak 
between 17:00 to 19:00 h (Bernard et al. 1998; Racinais 
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et al. 2004). Similarly, anaerobic capacity, further 
defined as activities lasting between 30-s to 2-min in 
duration show a parallel peak in performance with 
greater values detected during evening hours between 
16:00 to 19:00 h (Chtourou et al. 2012b; Souissi et al. 
2013 c). The diurnal variation in peak power has pre-
viously shown to have an amplitude of ~7% and an 
acrophase around 17:00 h, while average power has 
displayed a higher amplitude of ~11% with an acrophase 
occurring slightly later at 18:00 h (Dergaa et al. 2019).

Time-of-day differences in anaerobic performance have 
previously been investigated using an array of tests and 
equipment (Aloui et al. 2013; Kin-Isler 2006; Melhim 1993; 
Souissi et al. 2010, 2002). Research concerning diurnal 
variation in anaerobic power has involved using sprint 
tests on a cycle ergometer (Souissi et al. 2010, 2004), 
swimming (Zarrouk et al. 2012b) or overground running 
(Chtourou et al. 2018), jump tests (Bernard et al. 1998; 
Heishman et al. 2017), force-velocity tests (Falgairette et al. 
2003). In order to assess anaerobic capacity, many tests 
ranging from the Wingate test (Hill and Chtourou 2020), 
repeated sprint performance/ability (Chtourou et al. 2018; 
Pullinger et al. 2018a, 2018b), running based anaerobic 
sprint test (RAST; Dergaa et al. 2019) have previously 
been used in the literature to assess time-of-day variation. 
Classical Wingate tests have shown differences in mean 
and peak power by 11% and 14% during evening time 
(Drust et al. 2005). Variables related to repeated sprint 
performance have shown to peak between 17:00 h and 
19:00 h with differences ranging from 3.4% to 10.2%. 
Ranges observed in daily variation of performance are 
dependent on numerous characteristics related to the per-
formance variable measured, the mode of exercise (run-
ning vs. cycling) and the protocol used (duration of sprint, 
duration of recovery, the number of sprints), the fitness 
level of the athlete and the motivation of the subject 
(Giacomoni et al. 2006; Pullinger et al. 2014). Although 
most variables related to anaerobic performance have been 
thoroughly investigated, with diurnal variation evident; 
a diurnal variation in the variable “fatigue index” is not 
always reported in the literature and this inconsistency is 
attributed to the mode of exercise used and the type of 
protocol. Bishop et al. (2011), found that fatigue index was 
a valid measure of performance, however, fatigue index did 
not display time-of-day differences in repeated sprint per-
formance (Pullinger et al. 2018a, 2018b).

The observation of notable changes in diurnal variation 
are still unknown but involve several potential contributing 
factors (Edwards et al. 2013; Pullinger et al. 2018a, 2018b). 
The evening superiority in muscle force production and 
power output has been attributed to a causal link between 
core body/muscle temperatures and performance and has 
previously at least partially been linked to diurnal changes 

in core and muscle temperatures (Robinson et al. 2013), 
although the exact mechanism(s) between performance 
and central temperature require additional research. 
Further, peripheral or muscle-related variables (contract-
ibility, metabolism, and morphology of muscle fibres) 
influenced by hormonal and ionic muscle process varia-
tions (Reilly and Waterhouse 2009; Tamm et al. 2009), 
central/neurological factors (central nervous system com-
mand, alertness, motivation, and mood: Castaingts et al. 
2004; Giacomoni et al. 2005; Racinais 2010; Racinais et al. 
2005a) and/or greater phosphorylation of M-band- 
associated proteins (Ab Malik et al., 2020) have also been 
put forward as potential explanations that affect diurnal 
variation in muscle performance. Finally, aspects related to 
research design deemed specifically important for studies 
of a chronobiological (time-of-day) nature can influence 
potential findings. The lack of standardisation of these 
methods and adherence to these aspects hinder agreement 
on time-of-day effects and performance. Therefore, con-
sidering the large differences between findings and meth-
odologies currently used to assess time-of-day and 
anaerobic performance measures, providing a clear and 
comprehensive review on this topic will help identify the 
current research gaps in our understanding within the area. 
In addition, highlighting the methodological concerns and 
other findings will help improve future studies related to 
anaerobic performance measures and time-of-day.

Given the amount of research and the equivocal evi-
dence presented in the literature, the aim of the present 
paper was to examine the following research question: 
“In healthy adolescent males, what is the magnitude of 
time-of-day differences in performance variables related 
to anaerobic power and capacity?” In addition, informa-
tion will be provided in relation to aspects related to 
research design deemed specifically important for stu-
dies of a chronobiological (time-of-day) nature.

Methods

Reporting standard

This systematic review conforms to the Preferred 
Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) guidelines (Page et al. 2021). The 
PRISMA checklist is presented in Appendix 1, indicat-
ing the page numbers where items of information are 
present in the current manuscript.

Eligibility criteria

The inclusion criteria were based on the Cochrane 
guidelines for conducting systematic reviews (Higgins 
et al. 2021). The criteria for inclusion and exclusion were 
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set and agreed by all six authors. Following the initial 
selection process of studies, three authors (AR, SP & TB) 
independently completed the eligibility assessment in 
a blinded standardized way by screening the titles and 
abstracts. To be considered eligible, the manuscript had 
to meet the following inclusion criteria:

(1) Population – healthy males and adult participants 
(18+ years of age) only. Females were excluded 
due to the impact of hormonal fluctuations on 
performance parameters thereby rendering it dif-
ficult to interpret findings. Female sex hormones 
have displayed substantial physiological effects 
related to altering fluid regulation, and modifica-
tions in thermoregulatory, muscular and meta-
bolic responses all of which have been shown to 
affect anaerobic performance (Meignié et al. 2021).

(2) Time-of-day – compared the effects of morning 
versus evening in performance variables related 
to anaerobic power and/or anaerobic capacity (a 
minimum of two time-points).

(3) Anaerobic power – force-velocity test, crictical 
power test, jump tests (e.g. squat jump, counter 
movement jump test), Margaria Kalamen test, 
sprint test (cycling, running or swimming) and 
multiple shuttle run test

and/or

Anaerobic capacity – Repeated sprint testing, 
Running Based Anaerobic Sprint Test (RAST), 60 to 
800-meter run, Cunningham Faulkner test and 
Wingate test

(1) Design – Randomised and/or counterbalanced 
trials

Literature search strategy and information sources

A computerised English-language literature search of 
the grey literature (TB & SP): Liverpool John Moores 
University electronic library, Manipal Academy of 
Higher Education electronic library, Qatar National 
Library; and electronic databases: PubMed 
(MEDLINE), Scopus, SPORTDiscus® (via EBSCOhost) 
and Web of Science were conducted (October 2020 – 
April 2021). A search for relevant content related to 
anaerobic power and/or anaerobic capacity and time-of- 
day variation using the following search syntax using 
Boolean operators in titles, abstracts, and keywords of 
indexed documents: (“circadian variation” OR “diurnal 
variation” OR “time-of-day” OR “circadian fluctuation”) 
AND (“anaerobic capacity” OR “anaerobic power” OR 
“short-term power output” OR “anaerobic perfor-
mance”) was conducted (Appendix 2). Additional 
advanced search techniques using wildcards, truncation 
and proximity searching were incorporated. Secondary 

Figure 1. PRISMA 2020 flow diagram (Page et al. 2021) of the study selection process.
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searches consisting of the reference lists of all papers 
included were screened manually for additional relevant 
papers, as part of the secondary search (AR & TB). In 
addition, forward reference searching was conducted to 
explore potential follow-up studies through citations 
and authors. One author (SP) independently carried 
out the searches for study selection to minimise poten-
tial selection bias. Figure 1 presents the flow of papers 
through the study selection process using the PRISMA 
2020 flow diagram (Page et al. 2021).

Study selection

Where both male and female participants took part in 
a research study, the article was included if the data from 
male participants could be independently identified. In 
instances where the title and abstract did not contain 
enough detail to indicate whether an article was relevant 
to the review, the complete article was obtained and 
read. This enabled the authors to determine whether 
the paper met the primary inclusion criteria. In 
instances where the primary purpose of the article was 
not an investigation looking at the effects of time-of-day, 
meaning a minimum of two time-points were not 
assessed (morning and evening), the papers were 
excluded from the review. Letters to the editor, confer-
ence abstracts and literature reviews were excluded as 
these studies were not found to be methodologically- 
quality-assessable and/or critically appraisable.

Data extraction

Data extraction was performed by two authors (AR & 
TB) independently and a data check performed by 
a third author (SP) with the following data extracted 
from the included studies: (1) the study authors and 
date; (2) the number of participants and participant’s 
characteristics (e.g. age, body mass, stature); (3) the 
circadian chronotype questionnaire used to assess the 
participants (and their scores); (4) the time-of-day test-
ing sessions took place (e.g. morning, afternoon, eve-
ning); (5) anaerobic power or anaerobic capacity test 
used; (6) equipment used (e.g. cycle ergometer, non- 
motorised treadmill, Ergojump); (7) performance vari-
ables assessed (e.g. jump height, peak power, fatigue 
index, time); (8) the significance established with 
P values; and (9) % difference between testing time- 
points (if results were provided) and information as to 
whether diurnal variation was established. In addition, 
analysis regarding aspects relating to research design 
and factors deemed specifically important in investiga-
tions of chronobiological nature were quantified; rando-
misation, counterbalancing, record of light intensity, 

control of meals, control of room temperature, control 
of sleep and fitness of participants, as previously used by 
Pullinger et al. (2019). In most instances, a simple ‘yes’ 
or ‘no’ was recorded against each of the included studies, 
other than ‘fitness’ (when the studies were classified as 
having ‘trained’ or ‘untrained’ participants). All articles 
that made no specific reference to any of these primary 
areas were considered to indicate a negative response 
and ‘no’ was marked against the area in question.

Quality assessment

A modified 26-item methodological quality assessment 
checklist on each included article using the Downs and 
Black scale (Downs and Black 1998). was conducted. 
The checklist consisted of 26 “yes”-or- “no” questions 
which were scored totalling up to a possible 27 points. 
The questions were categorized under 4 sections: 
Reporting (10 items; 1–10), External validity (3 items; 
11–13), Internal validity study bias (7 items; 14–20) and 
internal validity confounding selection bias (7 items; 21– 
26). The quality assessment of the articles was conducted 
by two reviewers (AR and TB) independently with dis-
agreement on 5 manuscripts (9.1%). The observed dif-
ferences were resolved by a third reviewer (SP).

Results

Search results

The literature search ended on April 2021 and the pri-
mary database search revealed 1232 articles and 2296 
articles via other methods. Figure 1 presents the number 
of articles found in each electronic database and 
a detailed flow chart of the literature search, including 
all the steps performed. Once duplicates were removed, 
859 titles remained in the reference manager (Mendeley, 
Elsevier, Amsterdam, The Netherlands). Following the 
examination of titles, abstracts and keywords of all these 
manuscripts, 145 academic studies were deemed eligible 
and retained for full text-analysis. After additional full- 
text analysis, 55 studies were deemed eligible and 
included in the systematic review. Reasons for exclusion 
can be found in Figure 1. Upon further inspection of all 
articles in their bibliographical references, none of these 
studies met the inclusion criteria and hence were 
deemed ineligible.

Study characteristics

The detailed participant characteristics are shown in 
Tables 1, 2, 3. A total of 813 participants were included 
across the 55 studies (average number of participants per 
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study = 15), ranging from a total of 8 to 31 participants. 
Forty-three studies (78%) assessed circadian chronotype 
of participants using the morningness-eveningness 
questionnaire (Horne and Ostberg 1976). The majority 
of participants belonged to the intermediate chronotype 
(73.0%), 12.8% to the moderately morning chronotype 
and 3.1% to the moderately evening chronotype. 
A further 6.4% of participants belonged to either the 
“extreme” morning (5.4%) or “extreme” evening 
(0.6%) chronotype. Two studies did not provide detailed 
information in regard to circadian chronotype of its 
participants, stating that they belonged to either moder-
ately morning or intermediate chronotypes (5.1%; see 
Tables 1, 2, 3). A total of twelve studies failed to report 
any information related to chronotype for their 
participants.

The time-of-day during which morning sessions took 
place ranged from 05:30 to 11:00 h and evening sessions 
between 16:00 and 19:30 h, in 51 studies. A total of 2 
studies used different time-points to assess diurnal varia-
tion (Heishman et al. 2017; Hill and Smith 1991). In 
addition, 9 studies used additional time-points to assess 
diurnal variation; Aziz et al. (2012) (21:00 h); Bernard 
et al. (1998) (14:00 h); Falgairette et al. (2003) (14:00 h); 
Heishman et al. (2017) (13:45 h); Hill and Smith (1991) 
(03:00 h and 21:00 h); Kin-Isler (2006) (13:00 h); Souissi 
et al. (2003) (02:00 h; 14:00 h and 22:00 h); Souissi et al. 
(2019b) (13:00 h; 15:00 h), Unver and Atan (2015) 
(14:00 h).

The total number of studies which performed an anae-
robic capacity test was 39, while 25 performed an anaero-
bic power test. From these, 9 (16.4%) had a combination 
of both an anaerobic capacity and anaerobic power test, 
with 16 (29.1%) only conducting anaerobic power tests 
and 30 (54.5%) only anaerobic capacity tests. The mode of 
exercise varied across studies, with 37 studies using 
cycling, 14 using jumping, 10 using running and 2 using 
swimming. From these, 9 studies a combination of testing 
modes, such as: cycling, running and jumping (Aloui et al. 
2017; Bernard et al. 1998); cycling and jumping 
(Chtourou et al. 2012a; Chtourou et al. 2012 c; Racinais 
et al. 2004; Souissi et al. 2013b; Souissi et al. 2019a); and 
running and jumping (López-Samanes et al. 2017; 
Pavlović et al. 2018). The type of anaerobic tests varied 
from Wingate tests, force velocity tests, sprint tests, 
repeated sprint tests, and multiple shuttle run tests using 
cycling, running or swimming as the mode of exercise. 
Different jump tests were also used ranging from squat 
jump, countermovement jump, static jump, continuous 
jump and long jump (Tables 1, 2, 3).

Forty-eight studies found several of their perfor-
mance variables to display time-of-day effects, with 
higher values in the evening than the morning, while 

seven studies (Aziz et al. 2012; Chtourou et al. 2018; 
Falgairette et al. 2003; Gholamhasan et al. 2013; 
Giacomoni et al. 2006; Nikolaidis et al. 2018; Unver 
and Atan 2015) did not find any time-of-day significance 
in any variables which were assessed. A further 18 stu-
dies also found at least one of their variables not dis-
playing time-of-day variation (excluding the studies 
mentioned above). Variables assessed during the 
Wingate test (n = 28), found all measures of peak 
power (maximal power) and mean power to always be 
significantly in favour of evening performance com-
pared to the morning with ranges from 3.4 to 7.5% and 
1.6 to 11.7%, respectively. Only one study used a RAST 
protocol and found all variables to be significantly better 
in the evening compared to the morning session. 
Repeated sprint performance found 8 of the 10 studies 
to report time-of-day significance, with higher values in 
the evening, with ranges from 3.5 to 9.0% dependant on 
the mode of exercise, the protocol used, and the variable 
assessed (see Pullinger et al. 2019b). A total of 6 studies 
performed a force velocity test and found significant 
differences to be present in measures of maximal 
power (7.8%), cycling power, absolute power cycling, 
and peak velocity in favour of the evening. However, 
one study (Souissi et al. 2008) showed no significant 
difference in peak velocity, while one other study 
(Falgairette et al. 2003) showed no significant difference 
in peak power and total work. Most studies found mea-
sures of jump height or distance to be significantly 
higher in the evening compared to the morning in the 
squat jump (3.3 to 9.6%), counter movement jump (2.7 
to 12.3%), Sargeant jump, static jump, long jump (3.6%), 
Abalakov jump test (6.9%), and 30-s continuous jump 
(11.4%). Singular sprints also showed a tendency for 
significant better performance in the afternoon com-
pared to the morning, with overground running sprint 
times decreasing by 10.9% for 5-m sprint, 2.7 to 11.3% 
for a 10-m sprint, and 10.8% for a 20-m sprint. The 50-m 
sprint did not show any significance. Cycling sprint 
performance was also significantly higher for power 
output at half-pedal (3.7%) for a 5 to 6-s maximal sprint, 
and maximal power (4.5%) and maximal force (3.8%) 
for a 7-s maximal sprint. A 10-s sprint showed no sig-
nificant difference for maximal sprint power, while vari-
ables of power output full pedal and maximal velocity 
showed no significant differences for a 5 to 6-s, and 
a 7-s sprint respectively. Swim times over 10-m and 
25-m showed significantly better times in the evening 
up to 1.5% in two studies. The multiple shuttle run test 
found performance variables to be significantly different 
in both studies, with total distance (3.7 to 4.4%), and 
highest distance (4.4 to 13.1%) better in the afternoon. 
Fatigue index was assessed in a total of 21 studies, with 
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the majority of studies displaying no significant differ-
ence. However, 7 of these studies did display a signifi-
cant difference between morning and evening, with 
ranges from 2.2 to 62.2%, using multiple shuttle run 
test, repeated sprint ability test or Wingate test as their 
testing protocol. The majority of studies which used 
multiple time-points found majority of majority of mea-
sures in the late afternoon or evening (15:00–22:00 h) to 
be significantly higher than measures in the early morn-
ing (02:00–03:00 h), morning (07:00–10:00 h), or mid- 
afternoon (13:00–14:00 h).

The substantial differences in methodological and 
clinical heterogeneity among studies meant we were 
unable to conduct a meta-analysis and pool the observed 
data-sets to evaluate the evidence related to findings in 
anaerobic performance and therefore provided in-depth 
information related to unweighted results. Missing data 
information, differences in populations, metrics, out-
comes and designs were the main reasons for a meta- 
analysis not to be pursued. Conducting a meta-analysis 
will simply compound the errors and produce an inap-
propriate set of results and summary.

Quality of work

Table 5 provides detailed information related to rando-
misation, counterbalancing, record of light intensity, 
control of meals, control of room temperature, control 
of sleep and fitness, to quantify for the control of aspects 
relating to research design deemed specifically impor-
tant in investigations of a chronobiological nature. None 
of the studies met all 7 criteria required for an investiga-
tion of chronobiological nature. Only one study failed to 
provide any information related to fitness of partici-
pants. A total of 27 counterbalanced the order of admin-
istration to minimise learning effects and 39 studies 
performed the time-of-day session in a randomised 
order. From these, 17 used counterbalancing and ran-
domisation within their protocol. The majority of stu-
dies controlled for meals (n = 39) and sleep (n = 48) of 
their participants and controlled for room temperature 
(n = 32), but very few recorded light intensity (n = 7). 
Only 4 studies quantified all four of the 4 aforemen-
tioned criteria (Bougard and Davenne 2012; Pullinger 
et al. 2014, 2018a, 2018b).

Methodological quality control and publication 
bias

Based on a modified 26-item Downs and Black (1998) 
checklist, the results of the methodological quality 
assessment of the included studies ranged from 19 to 
26. Reporting (10 items; items 1–10) showed 6 items to 

be fully met by all studies (Items 1–4, 6 and 9), with 10 
studies meeting full criteria for reporting. External valid-
ity (3 items; items 11–13) displayed all three items to be 
met by only 28 studies. Internal validity study bias (7 
items; items 14–20) reported 5 items out of 7 items 
(items 16–20) to be fully met, with one study fully meet-
ing all criteria for internal validity study bias (Souissi 
et al. 2019b). Confounding selection bias (6 items; items 
21–26) reported 2 studies to meet all criteria (Chtourou 
et al. 2012a, 2012 c), with item 21 met by all studies. 
Detailed methodological quality assessment scores can 
be found in Table 5.

Discussion

The present study analysed data from studies that com-
pared the effects of diurnal variation on anaerobic per-
formance measures and determined the quality of 
evidence that reports a “peak” time for performance. 
The main finding of this review was that most research 
papers (n = 49; 89.1%) established time-of-day differ-
ences related to anaerobic performances, with signifi-
cantly greater values observed in the afternoon (16:00 to 
19:30 h) compared to the morning (05:30 to 11:00 h) 
dependent on the variable assessed.

Anaerobic power

Twenty-five papers were found to have investigated 
time-of-day effects on a measure of anaerobic power 
(Tables 1, 3). The majority of studies established found 
a diurnal variation in anaerobic power performance 
measures, consistently peaking in the afternoon or 
early evening (16:00 h – 19:30 h) compared to the 
morning (06:00 h – 10:00 h), in agreement with pre-
viously established research related to human perfor-
mance. Only three studies (Falgairette et al. 2003; 
Nikolaidis et al. 2018; Unver and Atan 2015) failed to 
establish time-of-day variation (12%) in any of their 
measures.

Time-of-day differences in jump tests ranged from 
2.7 to 12.3%, with the magnitude of difference highly 
dependent on the jump test used and performance vari-
able measured. All seven different jump tests used to 
assess anaerobic power in the literature; counter move-
ment jump, squat jump, static jump, Abalakov jump, 
long jump, 30-s continuous jump and the Sargent jump 
found jump height and/or flight time and/or distance 
and/or power to be significantly higher in the afternoon. 
The only measures which failed to establish any diurnal 
variation were fatigue index in a 30-s continuous jump 
test. It has been suggested that jump performance is 
closely related to peripheral mechanisms of muscular 
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contraction (Castaingts et al. 2004). Findings suggest 
that the higher core temperature present in the after-
noon ameliorates the peripheral mechanisms of the 
muscular contraction thus increasing short term max-
imal performance (Belkhir et al. 2020). The increase in 
body temperature could enhance the extensibility of 
connective tissue as well as the viscosity and conduction 
velocity of connective tissue (Racinais and Oksa 2010). 
Previous studies have also reported, a significant diurnal 
change in tendon stiffness (Pearson and Onambele 
2005) and muscle architecture (pennation angle: fibre 
arrangement relative to the force generation axis; 
Pearson et al. 2004). The authors reported higher tendon 
stiffness and pennation angle in the morning compared 
to the afternoon. Onambele-Pearson and Pearson (2007) 
reported that the tendon stiffness increased by 20% in 
the morning when compared to the afternoon and this 
suggest that the tendon is more compliant in the after-
noon. Further, it has been suggested that increased body 
temperatures reduce muscle viscosity and increase the 
extensibility of connective tissues (Waterhouse et al. 
2005), thus facilitating both neuromuscular and meta-
bolic systems (Racinais and Oksa 2010), ultimately 
increasing jump performance.

Performance variables related to the force velocity 
test displayed contradictory findings. Mean power dis-
played time-of-day variation with values of maximal 
power showing an increase of ~ 8% in the evening 
compared to the morning. Falgairette et al. (2003) how-
ever, failed to establish any diurnal variation in peak 
power. Peak velocity established time-of-day difference 
in one of the three studies which assessed this variable, 
while total force and total work found no significance 
between morning and evening measures (Tables 1, 3). 
Several factors have been put forward to explain the 
diurnal variation observed in maximal power in the 
force velocity test. As power is the product of force 
multiplied by velocity, fluctuations in power is depen-
dent on diurnal fluctuations in force or velocity (Souissi 
et al. 2007b; Souissi et al. 2008). As velocity fails to 
establish time-of-day variation as opposed to (maximal) 
force, it has been suggested that force, which has pre-
viously shown to have a significant correlation with 
maximal isometric voluntary force and peak torques in 
isokinetic knee extensions (Driss et al. 2002), plays 
a significant role in time-of-day variation observations 
in maximal power. Diurnal fluctuations in maximal 
force have been attributed to variations in muscle con-
tractile properties (Davenne and Gauthier 1997; 
Racinais et al. 2005a), which are affected by the intracel-
lular variation present within the muscle (Martin et al. 
1999), and to the circadian rhythm in central tempera-
ture (Racinais et al. 2005a).

Sprint tests also showed significant time-of-day dif-
ferences between morning and evening, with faster 
sprint times in 5-m to 20-m overground running dis-
tance (range: 2.7–11.3%), in 25-m swim distance and for 
mean power output (half pedal) during a 5-s to 
6-s cycling sprint (3.7%), and maximal power and max-
imal force during a 7-s cycling sprint (3.8–4.5%) 
observed in the evening condition. Overground sprints 
of 50-m only found a trend for significance, while 
a longer duration cycling sprint of 10-s found no differ-
ences in mean power between morning and evening. 
One study also established no differences in 25-m 
swim sprint between conditions. It has been suggested 
that both neuromuscular changes and fluctuations in 
core temperature present from morning to evening 
result in observed differences in overground running 
performance (Pavlović et al. 2018). The authors also 
mention that physical attributes, such as leg muscle 
qualities play a role in elucidating sprint performance 
(Young et al. 2015), and that sleeping patterns play a role 
in the presence of short-term maximal performance 
(Drust et al. 2005). The significant findings related to 
swim performance minimise the observation of diurnal 
variation solely related to fluctuations in core tempera-
ture and suggest that observed differences are due to 
a combination of both central and peripheral factors 
(Zarrouk et al. 2012b). Nikolaidis et al. (2018) suggested 
that the lack of diurnal variation in 25-m swim perfor-
mance was due to the use of a different exercise protocol 
and methodology compared to other studies. The 
observed differences in power output during cycling 
sprints is thought to be due to the simultaneous 
increases in local temperature, as opposed to solely 
core temperature, which has previously been suggested 
(Racinais et al. 2004). In addition, the diurnal rhythm of 
muscle contractile processes was responsible for the 
diurnal variation in muscular short-term cycling perfor-
mance (Racinais et al. 2005a, 2004).

Both studies which performed a 5-m multiple shuttle 
run test found peak distance and total distance to display 
time-of-day variations, with higher values observed in 
the afternoon for total distance and peak distance 
(range: 3.7 to 13.1%). However, only one study found 
fatigue index to differ significantly. Belkhir et al. (2019) 
hypothesised that the total duration of the 5-m shuttle 
run test is about 6 min and this duration needs a high 
contribution of the aerobic pathway to maintain the 
maximal performance. Thus, it is possible that the better 
total distance during the 5-m shuttle run test observed in 
the afternoon was related to better energy production 
from the aerobic pathway. However, Souissi et al. 
(2019b) suggested that the observed differences were 
due a possible link between the diurnal fluctuation of 
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Table 4. Detailed information related to randomization, counterbalancing, record of light intensity, control of meals, control of room 
temperature, control of sleep and fitness for articles related to chronobiology (time-of-day).

Date Author Randomization Counterbalancing
Record of 

light intensity
Control of 

meals
Control of room 

temperature
Control 
of sleep Fitness

2013 Abedelmalek et al. Yes No No Yes No Yes Football Players
2013 Aloui et al. No No No Yes No Yes Amateur Soccer
2017 Aloui et al. No No No Yes Yes Yes Healthy Physically Active
2012 Aziz et al. No Yes No Yes No Yes Trained Athletes
2019 Belkhir et al. Yes No No Yes No Yes Soccer players
2020 Belkhir et al. Yes No No No No Yes Highly Trained Physical 

Education Students
1998 Bernard et al. No Yes No Yes No No Physical Education Students
2012 Bougard and 

Davenne
No Yes Yes Yes Yes Yes Healthy Motorcyclists

2017 Bousetta et al. No No No Yes Yes Yes Physically Active Individuals
2014a Chaari et al. Yes Yes No No Yes No Handball Players
2014b Chaari et al. Yes No No No Yes Yes Physical Education Students
2015 Chaari et al. Yes Yes No Yes Yes Yes Physical Education Students
2011 Chtourou et al. Yes No No Yes Yes Yes Physical Education Students
2012a Chtourou et al. Yes No No Yes Yes Yes Physical Education Students
2012b Chtourou et al. Yes No No Yes No Yes Physical Education Students
2012c Chtourou et al. Yes No No Yes Yes Yes Physical Education Students
2013 Chtourou et al. Yes No No Yes No Yes Soccer players
2018 Chtourou et al. Yes Yes No Yes No Yes Judokas
2019 Dergaa et al. No No Yes No Yes Yes Healthy Active
2003 Falgairette et al. Yes No No No Yes No Sport Science Students
2015 Frikha et al. Yes Yes No No No Yes Trained and Untrained 

Physical Education Students
2013 Gholamhasan et al. No No No Yes No Yes Students
2006 Giacomoni et al. No Yes No No No Yes Active Individuals
2017 Heishman et al. No No No Yes No Yes Elite Level Basketball Players
1991 Hill and Smith Yes Yes No No No No Healthy Individuals
2006 Kin-Isler Yes Yes No Yes No Yes Sport Science Students
2017 López- 

Samanes et al.
Yes Yes Yes Yes Yes No Tennis Players

2019 Lopes-Silva et al. Yes No No Yes No No Physically Active
2009 Lericollais et al. No Yes No Yes Yes Yes Competitive Cyclists
2011 Lericollais et al. No Yes No Yes Yes Yes Active Individual
2018 Nikolaidis et al. Yes No No Yes Yes Yes Healthy Swimmers
2018 Otani et al. Yes Yes No Yes Yes Yes Healthy Individuals
2018 Pavlović et al. No Yes No No No Yes Elite Handball Players
2014 Pullinger et al. No Yes Yes Yes Yes Yes Well Trained Field-Based 

Team-Sports
2018a Pullinger et al. No Yes Yes Yes Yes Yes Well Trained Field-Based 

Team-Sports
2018b Pullinger et al. No Yes Yes Yes Yes Yes Well Trained Field-Based 

Team-Sports
2004 Racinais et al. Yes No No No Yes Yes Physical Education Students
2005a Racinais et al. Yes No No No Yes Yes Physical Education Students
2005b Racinais et al. Yes Yes No No Yes Yes Physically Education Students
2010 Racinais et al. Yes Yes No No No Yes Active Individuals
2002 Souissi et al. Yes Yes No Yes Yes Yes Physical Education Students
2003 Souissi et al. Yes Yes No Yes Yes Yes Healthy Physical Education 

Students
2004 Souissi et al. Yes Yes No No Yes Yes Healthy Physical Education 

Students
2007a Souissi et al. Yes No No No Yes Yes Physical Education Students
2007b Souissi et al. Yes Yes No Yes No Yes Healthy Physical Education 

Students
2008 Souissi et al. Yes No Yes Yes No Yes Physical Education Students
2010 Souissi et al. Yes Yes No Yes Yes Yes Active Individuals
2013a Souissi et al. Yes No No Yes Yes Yes Elite Judoists
2013b Souissi et al. Yes Yes No Yes No Yes Physical Education Students
2013c Souissi et al. Yes No No Yes No Yes Judokas
2019a Souissi et al. Yes No No Yes Yes Yes Healthy Physical Education 

Students
2019b Souissi et al. Yes Yes No Yes Yes Yes Physical Education Students
2015 Unver and Atan Yes Yes No No No No Students
2012a Zarrouk et al. Yes No No Yes Yes Yes Physical Education Students
2012b Zarrouk et al. Yes No No No No Yes Swimmers and Physical 

Education Students
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short-term maximal performance and the daily variation 
of core temperature, and daily fluctuations of attention 
and motivation (Reilly and Edwards 2007).

Anaerobic capacity

Thirty-nine papers were found to have investigated time- 
of-day effects on a measure of anaerobic capacity (Tables 
2, 3). Similarly, to anaerobic power, measures of anaerobic 
capacity also consistently peaked in the afternoon or early 
evening (17:00 h – 19:00 h), when compared to the 
morning (06:00 h – 10:00 h). Four studies (Aziz et al. 
2012; Chtourou et al. 2018; Gholamhasan et al. 2013; 
Giacomoni et al. 2006) did not find time-of-day variation 
in measures related to anaerobic capacity (10.3%)

All twenty-two studies conducting a 30-s Wingate test 
found both values for peak power (range: 2.4–9.5%) and 
mean power (1.8–11.7%) to display significantly better 
values in the afternoon compared to the morning. Only 
3 out of 12 studies which assessed fatigue index during 
a 30-s Wingate test, found a significant difference between 
morning and evening measures (4.1%). A 60-s Wingate 
test also found significant differences in favour of evening 
performance for peak power (8.2%) and mean power over 
30-s and 60-s (7.8%). The modified Wingate test found 
both peak power and measures of anaerobic capacity to be 
significantly higher in the afternoon. Only one study 
observed no differences between morning and evening 
values for anaerobic power during the Wingate test. Using 
an electromyographic activity registration, Chtourou et al. 
(2011) showed a significant increase in muscle power and 
neuromuscular efficiency in the late afternoon compared 
to the morning during the first 20-s of a 30-s Wingate test. 
These findings could indicate that the diurnal variation in 
muscle power depends on peripheral mechanisms of 
muscular contraction. Further, the authors indicated 
a possible intervention of central mechanisms (e.g., cen-
tral nervous system command, motivation) of the mus-
cular contraction during last 10-s of the Wingate test. 
Lericollais et al. (2011) reported that the range of motion 
of the ankle angle decreased in the afternoon compared to 
the morning indicating a possible relationship between 
the afternoon increase in muscle power during a 60-s 
Wingate test and the cycling kinematic parameters. The 
authors reported two phases of power evolution during 
a 60-s Wingate test: (i) rapid power decrease while value 
are higher in the afternoon compared to the morning 
during the first 20-s) and (ii) slower power reduction 
with no-significant time of day effect during the last 40-s 
of the exercise. In addition, Souissi et al. (2007) reported 
higher aerobic contribution to the energy production in 
the afternoon compared to the morning. This aerobic 
contribution was important for maintaining the muscle 

power over the 30-s maximal cycling and, thus, the 
authors reported higher fatigue index in the morning 
compared to the afternoon.

One study performed a RAST test and found peak 
power, average power and minimal power to be sig-
nificantly higher in the afternoon compared to the 
morning (Dergaa et al. 2019). The authors suggest 
that the increase in temperature in the afternoon 
compared to the morning could explain the diurnal 
variation of RAST performance and could also be 
related to sleep, although findings in the literature 
related to sleep are inconsistent.

Rhythms in repeated-sprint performance also dis-
play diurnal variation, with the majority of repeated- 
sprint performance variables consistently peaking 
between 17:00 and 19:00 h with lowest values observed 
between 06:00 and 10:00 h (range: 3.4 to 10.2%). It was 
found the magnitude of difference is highly dependent 
on aspects such as the performance variable measured, 
the mode of exercise, the sprint duration, the type of 
recovery, the number of sprint repetitions and the 
training status of subjects. Only one study out of the 
ten found no significant differences between morning 
and evening performance. The authors suggest that the 
occurrence of fatigue and recovery patterns from all- 
out intermittent exercise may be differentially affected 
by time-of-day and that non-significant findings were 
due to methodological differences with similar studies. 
Nevertheless, it has been suggested that superiority in 
repeated-sprint performance can be attributed to 
a causal link between performance and both core 
body and and local muscle temperatures. However, 
recent findings suggest this causal link is not as simple 
as has previously been suggested (Pullinger et al. 2014). 
As a result, other factors have been proposed and are 
determined by both endogenous (outputs from the 
body clock) and exogenous (environmental) compo-
nents (Edwards et al. 2013; Zhang et al. 2009). These 
components are related to motivational aspects, sub-
jective arousal, sleepiness, ionic changes and hormonal 
fluctuations (cortisol ratio, thyroid secretion and tes-
tosterone ratio) (Zhang et al. 2009). More recently, 
a study performed by Ab Malik et al. (2020) reported 
a post-translational state of human muscle proteins 
after exercise in the morning (08:00 h) and the evening 
(18:00 h), with significant differences in the phosphor-
ylation of proteins within or close to the muscle 
M-band that could relate the well-established morning 
versus evening differences in performance. The phos-
phorylation of these proteins may alter the M-band 
structure and disrupt force transmission, thus poten-
tially explaining the lower force outputs observed in the 
morning compared to evening.
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Table 5. Results of the detailed methodological quality assessment scores based on a modified 26-item Downs and Black (1998) 
checklist.

Internal validity

Reporting (Items 1–10)

External 
validity 

(Items 11– 
13) Study bias (Items 14–20)

Confounding selection 
bias (Items 21–26)

Date Study Author 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Total 
Score Rating

2013 Abedelmalek et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 1 1 24 89
2013 Aloui et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2017 Aloui et al. 1 1 1 1 2 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 0 1 1 22 81
2012 Aziz et al. 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 21 78
2019 Belkhir et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 21 78
2020 Belkhir et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
1998 Bernad et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 21 78
2012 Bougard et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 24 89
2017 Bousetta et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 1 1 22 81
2014a Chaari et al. 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 20 74
2014b Chaari et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2015 Chaari et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1 23 85
2011 Chtourou et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2012a Chtourou et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 26 96
2012b Chtourou et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2012 c Chtourou et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 25 93
2013 Chtourou et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2018 Chrourou et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 1 1 24 89
2019 Degra et al. 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 1 1 19 70
2003 Falgairette et al. 1 1 1 1 2 1 1 0 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 1 0 19 70
2015 Frika et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 24 89
2013 Gholamhasan et al. 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 20 74
2006 Giacomoni et al. 1 1 1 1 1 1 1 1 1 0 0 0 1 0 0 1 1 1 1 1 1 1 0 0 1 1 19 70
2017 Heishman et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
1991 Hill and Smith 1 1 1 1 0 1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 0 1 1 21 78
2017 Lopez et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2019 Lopes-Silva et al. 1 1 1 1 1 1 0 0 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 0 1 1 20 74
2006 Kin-Isler et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2009 Leircollais et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2011 Leircollais et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2018 Nikoladis et al. 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2018 Otani et al. 1 1 1 1 2 1 1 0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2018 Pavlovic et al. 1 1 1 1 2 1 1 0 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 23 85
2014 Pullinger et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 23 85
2018a Pullinger et al. 1 1 1 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 24 89
2018b Pullinger et al. 1 1 1 1 2 1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2004 Racinais et al. 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 0 1 20 74
2005a Racinais et al. 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 22 81
2005b Racinais et al. 1 1 1 1 2 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 0 0 0 1 1 21 78
2010 Racinais et al. 1 1 1 1 1 1 0 1 1 0 0 0 1 0 0 1 1 1 1 1 1 1 1 0 1 1 19 70
2002 Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1 23 85
2003 Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2004 Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 21 78
2007a Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2007b Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1 23 85
2008 Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 1 21 78
2010 Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2013a Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2013b Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2019a Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 0 1 1 22 81
2019b Souissi et al. 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 24 89
2015 Unver and Atan 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 21 78
2012a Zarrouk et al. 1 1 1 1 2 1 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 1 1 23 85
2012b Zarrouk et al. 1 1 1 1 2 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 1 1 21 78

Total 54 54 54 54 67 54 50 46 54 48 47 47 33 25 1 54 54 54 54 54 54 51 18 5 50 53
Maximum 54 54 54 54 108 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54
% of lost points 0 0 0 0 38 0 7 15 0 11 13 13 39 54 98 0 0 0 0 0 0 6 67 91 7 2

1 = criteria was met; 0 = criteria was not met.
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Methodological quality and control

With reference to methodological quality, the 
included studies all reached a quality assessment 
score of ≥70%, of which two reached values > 90% 
(Table 5; Chtourou et al. 2012a, 2012 c). As far as we 
are aware only one review has looked into the chron-
obiological study design perspectives (Pullinger et al., 
2019), and in agreement with their findings, we also 
established an apparent lack of control for important 
factors which specifically relate to investigations of 
chronobiological nature. It has long been established 
that the periodicity of the body clock in human 
beings is affected by external environmental rhythmic 
cues which affect the continual adjustment of the 
body clock (zeitgebers). Rhythmic cues such as the 
light-dark cycle (recording of light intensity), the 
feeding-fasting cycle (control of meals) and the activ-
ity-inactivity cycle (Aschoff 1965; Aschoff and Wever 
1980; Dunlap et al. 2004) are primary factors that 
require control in studies related to time-of-day. 
Only seven studies (12.7%) reported information for 
the consideration of light or dark exposure by 
recording light intensity (Table 4). However, thirty- 
eight studies (69.1%) did control for meals, either 
through calorific intake and/or timing of meals, 
a factor previously stressed to play a vital role in 
chronobiology studies (Table 4; Bougard et al. 
2009). Further, forty-three studies (78%) used, the 
Horne and Ostberg (1976) morningness-eveningness 
questionnaire as the chronotype questionnaire to 
assess their participant’s chronotype scores. Three 
studies reported participants to belong to either the 
“extreme” morning (5.4%) or “extreme” evening 
(0.6%) chronotype. It has previously been established 
that extreme chronotype influences RPE, fatigue and 
submaximal performance in the morning (Vitale and 
Weydahl 2017). In addition, evening-types have 
shown to reach higher _VO2 max values, increased cor-
tical and spinal excitability levels and were able to 
generate more torque in the evening compared with 
the morning (Roden et al. 2017). Therefore, more 
research is required to gain a better understanding 
on the diurnal effects of anaerobic performance and 
extreme chronotypes.

The evening superiority in muscle force produc-
tion and power output has long been attributed and 
associated to the causal link present between core 
body/local muscle temperatures and performance 
(Zhang et al. 2009). The higher evening core body 
temperatures (~0.6 to 0.8°C in rectal and gut sites; 
Edwards et al. 2013, 2002) and local muscle 

temperature (~0.30°C in vastus lateralis; Edwards 
et al. 2013; Robinson et al. 2013) have shown to 
increase both neural function (Martin et al. 1999) 
and force-generating capacities of the muscles 
(Bernard et al. 1998; Coldwells et al. 1994; 
Giacomoni et al. 2005; Melhim 1993). Evidence in 
the literature has found muscle force development to 
increase by ~ 5% with every 1°C increase in resting 
core temperature (Bergh and Ekblom 1979) and 
through passive warming of the musculature 
(Asmussen and Bøje 1945; Ball et al. 1999), with 
recent findings suggesting that the diurnal variation 
in performance can be partially attributed to core 
and/or local muscle temperatures (Pullinger et al. 
2018b; Robinson et al. 2013). However, the causal 
link between temperature and performance is com-
plex with recent findings suggesting that different 
physiological mechanisms are involved when core 
body and local muscle temperatures are decreased 
or increased, respectively (Pullinger et al. 2018b). 
Nevertheless, changes in core body and/or local mus-
cle temperatures potentially negate some of the diur-
nal variation present within anaerobic performance, 
further highlighting the importance for controlling 
room temperatures. In our cohort of studies, only 
slightly more than half of the studies (56.4%) 
reported on factors related to temperature, which is 
in agreement with Pullinger et al. (2019), would seem 
to be more of an oversight rather than through 
choice.

The majority of studies (87.3%) within this sys-
tematic review controlled for factors related to sleep 
“control,” such as rising and waking times, keeping 
similar sleeping habits to “normal life,” not staying 
up late and no prevalence of insomnia or sleep 
deprivation. Sleep is not only essential for the brain 
and body to function, but a lack of sleep has pre-
viously shown to be closely associated with impair-
ment in human performance (Walsh et al. 2020), 
with measures of anaerobic power and anaerobic 
capacity severely impaired (Souissi et al. 2003). 
A large body of research has previously investigated 
the effect of sleep and sleep deprivation on perfor-
mance measures and central fatigue (Edwards and 
Waterhouse 2009; Kirschen et al. 2020; Waterhouse 
et al. 2011) and found performance to be negatively 
associated with disturbed sleeping patterns and lack 
of sleep. Considering increased levels of fatigue asso-
ciated with time-since-last-sleep and the known 
restorative influences of sleep, measures of cognitive 
performance and central arousal are suggested to 
decline as time-awake increases (Ball et al. 1999). 
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Given most studies provided some detail related to 
control of sleep, such as timings of retiring/waking 
times and the amount of rest allowed during testing 
days, this would suggest that sleep loss did not affect 
findings in the majority of studies.

All studies reported information related to background 
(e.g. students, cyclists, team-sport players) and/or fitness 
levels (e.g. active, trained, healthy) of their participants, 
thus unlikely to represent issues with the interpretation of 
findings (Guette et al. 2005; Häkkinen 1989). 
Nevertheless, training status has previously shown to 
affect cycling performance (Hopker et al. 2013), Wingate 
performance (de Salles Painelli et al. 2014) and measures 
of peak power (Bishop and Spencer 2004) when compar-
ing elite, trained and untrained individuals. In addition, it 
is of great importance that participants taking part in 
time-of-day studies are fully familiarised with the proce-
dures and that protocols used within each study, and that 
the mode of exercise used is specific to the sport/back-
ground of the individuals. It has previously been proposed 
that the observation of diurnal variation in performance 
are closely related to subject familiarisation, training sta-
tus and mode of exercise specificity (Bambaeichi et al. 
2005; Giacomoni et al. 2006; Reilly et al. 1997). A lack of 
control related to the number and timing of familiarisa-
tion sessions impacts subsequent experimental findings as 
a result of neuromuscular adaptations still taking place 
within the experimental time-of-day sessions. Very few 
studies provide detailed information related to the num-
ber of familiarisation sessions participants undertook or 
used statistics to show systematic and random bias. 
Therefore, it is of paramount importance to utilise an 
objective method to assess whether the cohort of partici-
pants are fully familiarised is (Pullinger et al. 2019). In 
addition, counterbalancing of sessions, to guarantee inter-
nal validity by controlling the potential confounds created 
by sequence and order effects, and randomisation, to 
eliminate selection bias and balance known and unknown 
confounding factors are equally imperative. In this sys-
tematic review, it was established that only half the studies 
(50.9%) randomised sessions, while approximately two- 
thirds (70.9%) used counterbalancing within their 
research. These findings suggest that a number of studies 
have potential biased results due to learning effects and 
time-of-day observations could in part be due to acute 
neuromuscular adaptations associated with a lack of 
familiarisation, randomisation, and counterbalancing 
through the initial learning of motor recruitment path-
ways as opposed to any endogenously driven diurnal 
rhythm. It must be noted that randomisation of sessions 
is highly dependent on the aims of the study, with studies 
merely looking at differences between morning and eve-
ning without the need of a control group, not requiring 

randomisation within the methodological set-up. 
Interestingly, only four studies (7.2%; Bougard and 
Davenne 2012; Pullinger et al. 2014, 2018a, 2018b) quan-
tified all aspects relating to research design and factors 
deemed specifically important in investigations of chron-
obiological nature (Table 4), not taking into consideration 
randomisation due to the nature of the studies.

Finally, it must be highlighted that there is a clear 
diurnal type bias in the majority of studies where partici-
pants where free to live a normal life, and diurnal mea-
sures were taking in the morning (05:30 to 11:00 h) and 
evening (16:00 to 19:30 h), respectively. Nine studies 
(16.4%) performed a more circadian type study, ranging 
from 3 to 6 “equally” spaced time-points across a 24 h day 
period, although no cosinor analysis was undertaken. 
Timings of sessions are affected by factors such as opening 
times of the laboratory and the willingness of participants 
to take part in sessions scheduled early morning, thus 
finding large ranges in morning testing sessions. In addi-
tion, training habits of individuals potentially play a role 
in the range of established diurnal variation in values, due 
to habitual previous training times and preferences. 
Further, few authors align testing time-points in accor-
dance to previously established findings related to the 
lows and highs of the rhythms of core body/local muscle 
temperatures, and anaerobic performance variables.

Strength and weaknesses

The primary limitation of the present review is asso-
ciated to several methodological limitations. 
Considerable differences in methodological and clin-
ical heterogeneity among the 55 studies meant we 
were unable to conduct a meta-analysis and pool 
the observed data-sets to evaluate the evidence 
related to findings in anaerobic power and anaerobic 
capacity performance (Borenstein et al. 2009). Our 
findings with reference to chronobiological study 
design perspectives of studies encountered consider-
able inconsistencies in the methods and scientific 
rigor of the past research, in addition to the relation-
ship between time-of-day and anaerobic perfor-
mance. Future studies ought to consider stricter 
protocols which take into account these factors to 
reduce external influences on anaerobic performance.

The primary strength of the present systematic review 
is that it was performed using a structured analysis 
according to the PRISMA guidelines (Page et al. 2021) 
and is the first to provide an in-depth overview of all the 
literature considering time-of-day and anaerobic perfor-
mance. As far as we are aware, this is only the second 
review providing in-depth analysis relating chronobio-
logical factors and how these factors may influence 
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anaerobic performance. Another strength of this sys-
tematic review is the diversity of databases used within 
the search strategy and the strong method created to 
incorporate search terms that are specific and important. 
Importantly, the current review focused solely on the 
anaerobic performance paradigm and only included 
studies designed to assess diurnal variation.

Conclusion

The present systematic review confirms that most stu-
dies demonstrated that both anaerobic power (2.7 to 
13.1%) and anaerobic capacity (1.8–11.7%) are time 
of day dependent with higher afternoon (16:00 and 
19:30 h) values compared to the morning (05:30 to 
11:00 h). These diurnal variations in performance are 
principally explained by higher core body and/or muscle 
temperature and better muscle contractile properties in 
the afternoon, although the recent literature would sug-
gest it is more complex than this. Differences in meth-
odology, motivation/arousal, habitual training times and 
chronotypes could provide an explanation as to why 
some studies/variables did not display time-of-day var-
iation. Therefore, there is a strong requirement for more 
rigorous research to be conducted that control factors 
that specifically relate to investigations related to chron-
obiology (time-of-day), such as appropriate familiariza-
tion of participants with the performance test, 
randomization, counterbalancing, record of light inten-
sity, control of meals, control of room temperature, 
control of sleep and fitness level. It is of paramount 
importance that future studies utilise appropriate testing 
times, as close to the time-points of the core body 
temperature minimum and maximum values as possi-
ble, whilst taking into account effects of sleep inertia and 
restriction.
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