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Abstract

Background: The goal-directed decision-making process of effort distribution (i.e. pacing) allows individuals to
efficiently use energy resources as well as to manage the impact of fatigue on performance during exercise. Given the
shared characteristics between pacing behaviour and other skilled behaviour, it was hypothesized that pacing behav-
iour would adhere to the same processes associated with skill acquisition and development.

Methods: PubMed, Web of Science and PsycINFO databases between January 1995 and January 2022 were searched
for articles relating to the pacing behaviour of individuals (1) younger than 18 years of age, or (2) repeatedly perform-
ing the same exercise task, or (3) with different levels of experience.

Results: The search resulted in 64 articles reporting on the effect of age (n = 33), repeated task exposure (n=29) or
differing levels of experience (n=13) on pacing behaviour. Empirical evidence identifies the development of pacing
behaviour starts during childhood (~ 10 years old) and continues throughout adolescence. This development is char-
acterized by an increasingly better fit to the task demands, encompassing the task characteristics (e.g. duration) and
environment factors (e.g. opponents). Gaining task experience leads to an increased capability to attain a predeter-
mined pace and results in pacing behaviour that better fits task demands.

Conclusions: Similar to skilled behaviour, physical maturation and cognitive development likely drive the devel-
opment of pacing behaviour. Pacing behaviour follows established processes of skill acquisition, as repeated task
execution improves the match between stimuli (e.g. task demands and afferent signals) and actions (i.e. continuing,
increasing or decreasing the exerted effort) with the resulting exercise task performance. Furthermore, with increased
task experience attentional capacity is freed for secondary tasks (e.g. incorporating opponents) and the goal selection
is changed from achieving task completion to optimizing task performance. As the development and acquisition of
pacing resemble that of other skills, established concepts in the literature (e.g. intervention-induced variability and
augmented feedback) could enrich pacing research and be the basis for practical applications in physical education,
healthcare, and sports.
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the task demands, resulting in pacing behaviour that
better fits the task demands (i.e. task characteristics
and environmental factors) facilitating increased
exercise task performance.

« Future research should investigate the exciting idea
of applying lessons from the skill acquisition and
development literature to aid individuals’ pacing
behaviour and as a result enhance their exercise per-
formance.

Background

Humans are unable to sustain high-intensity physi-
cal work indefinitely and thus exercise performance has
limitations, of which the causes are diverse depending on
the specific activity [1]. Sustained physical work over a
defined performance duration has been shown to result
in either an involuntary decline in motor skill execution
or requires an increasing effort to maintain performance
level [2]. These phenomena are interlinked with changes
in sensations that regulate the physiological integrity
of the exerciser, such as localized pain, nausea and heat
stress, which collectively represent the concept of fatigue
[2]. To deal with these phenomena in a sports setting,
the exerciser needs to manage the balance of exertion
required to successfully complete the task’s goal, with
an optimal distribution of energy resources adapted to
the duration of the event [1, 3]. This balances the power
losses needed to overcome velocity-related frictional
forces, and power production [4] while avoiding pre-
mature deterioration of motor skill performance due to
overwhelming or catastrophic fatigue [5]. Achieving this
balance is of particular relevance in technical sports such
as speed skating [6]. In order to perform this feat, exer-
cisers engage in a process of decision-making regarding
how and when to exert effort to successfully complete
physical tasks [7, 8]. At a fundamental level, the continu-
ous decision to be made by the exerciser is whether to
increase, decrease or continue exerting the same level
the effort [9]. This decision is influenced by factors such
as the exercise task characteristics (e.g. exercise duration
[10] and biomechanical traits [6]) and the environment
(e.g. presence of opponents [11] or temperature [12]),
in combination with afferent signals from the musculo-
skeletal system [1]. This goal-directed decision-making
process regulating the distribution of effort over a pre-
determined exercise task has been defined as pacing [7,
13]. Given that humans are not entirely rational decision-
makers [14], factors like motivation [15], mood [16], and
self-efficacy [17] impact the decision-making and the
subsequent task performance. It is important to state
that the self-regulatory elements of the pacing process
are thought to be cyclical; the experience that is gained
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with each iteration of the task is used to recalibrate the
informed decision-making for the next task execution
[18].

Pacing fits the description of a skill, as it is task-specific,
goal-directed behaviour that is improved with increased
training and experience [19, 20]. Skills are often investi-
gated at a behavioural level; the study of skilled behaviour
is concerned with quantification of the extent to which a
given behaviour achieved the goal that was intended or
instructed [19]. When considering pacing in this con-
text, the outcome of the goal-directed decision-making
process regarding the distribution of effort could there-
fore be defined as ‘pacing behaviour’ Quantifying pac-
ing behaviour has generally been achieved by plotting an
outcome measure for effort (e.g. power output) over time
[21, 22].

The view of pacing as a skill reflects that it goes through
development and has to be acquired [23, 24]. Skill devel-
opment encompasses the effect of age, specifically in
maturing children and adolescents, on skilled behaviour
[19]. Any real-world exercise task necessarily entails both
cognitive and motor components, which undergo drastic
development during childhood and adolescence [25]. To
illustrate, on average, the adolescent growth spurt starts
at approximately 9 years of age in girls and about 11 years
of age in boys, with a peak height velocity at an average
age of 12 and 14 years old, for girls and boys, respectively
[26, 27]. Physical attributes which play a key role dur-
ing exercise, such as total lung capacity, alveolar surface,
stroke volume and cardiac output of the heart, and mus-
cle mass develop accordingly [28, 29]. Additionally, the
period between 10 and 24 years old is distinguished by a
reorganization of the neural circuitry of the higher brain
centres [30, 31]. The higher brain centre to develop most
during this period is the prefrontal cortex, the area of the
brain associated with abstract thinking, planning and
decision-making [31, 32]. Neurological evidence suggests
that the prefrontal cortex is essential to pacing as it is said
to facilitate the integration of afferent feedback into top-
down control of motor unit recruitment [33]. As pacing
encompasses a complex psychophysiological process [1,
34], it seems more than likely that it develops throughout
childhood and adolescence [1, 18, 35]. Developing the
skill to adequately pace an exercise task is crucial in an
individual’s development as it provides a feeling of com-
petence, motivating children and adolescents to engage
more in exercise, with all the associated health benefits in
later life [1]. Vice versa, inadequate development of pac-
ing behaviour could negatively impact exercise perfor-
mance while also affecting individuals’ long term exercise
practices, health and well-being [35, 36]. A repeated inac-
curacy in the distribution of effort during repeated exer-
cise tasks over a longer period of time could lead to task
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overexertion, which could result in overtraining, injuries,
burn-out and disincentivization to exercise, eventually
causing drop-out from exercise and physical activity [1,
36]. At an acute level, a sub-optimal development of pac-
ing behaviour could also yield problems for populations
who experience difficulty self-regulating effort [37], such
as people with an intellectual impairment [38]. A better
understanding of the pathway and underpinning mecha-
nisms of pacing behaviour development would therefore
be a valuable tool to aid children’s development [18, 35].

Skill acquisition is known to be the relatively perma-
nent change in behaviour as a result of prior experience
[19, 39]. It is thought that skill acquisition goes through
phases [19, 25, 40]. Initially, learners focus mainly on
associating stimuli and actions in order to achieve the
task goal. As acquisition continues, the relationship
between variations in behaviour and task performance
is used as a recalibration of the skill: good strategies are
maintained, and inappropriate ones are discarded. The
late stage of skill acquisition is often evidenced by the
level of automatization; the learner performs the task
using less of their conscious attention, leaving cogni-
tive capacity for the execution of secondary tasks. When
categorizing pacing as a skill, it is logical to assume that
similar processes underlie the process of learning how to
pace an exercise task. This allows for the application of
lessons from the skill acquisition literature in the field of
pacing. Studying pacing in a skill acquisition framework
could therefore not only provide valuable information to
the ongoing discussion regarding the debated workings
of the pacing process [15, 41] but also provide practical
information to coaches and healthcare professionals who
aim to correct or fine-tune an individual’s distribution of
effort by means of practice, to improve physical activity
performance in both sports or healthcare settings [21,
42].

The relation between pacing behaviour and various
physiological [1, 13], biomechanical [43], psychological
[44] and more recently neurological [45] variables has
been extensively studied to gain a deeper understanding
of the symbiotic relation between pacing behaviour and
exercise task performance. However, the development
of pacing behaviour during childhood and adolescence
and the acquisition of the skill through experience have
received limited attention, despite holding the promise
of a wealth of theoretical knowledge and practical appli-
cations. This review, therefore, aims to investigate the
development of pacing behaviour during childhood and
adolescence as well as the acquisition of the skill through
experience. To achieve this aim, the existing literature
will be systematically analysed for the effect of age (up
until 18 years old) and gathering experience on pacing
behaviour. Recognizing the similarities between pacing
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behaviour and skilled behaviour, it is hypothesized that
pacing behaviour would adhere to the same characteris-
tics associated with skill acquisition and development. If
this is indeed the case, lessons learned for skill acquisi-
tion and development could be used to enrich the field
of pacing research with future research goals and form
practical guidelines to improve exercise performance.

Methods

The current systematic review will be restricted to pac-
ing behaviour in a sports and exercise setting, includ-
ing only articles investigating a healthy population (for
more information on pacing behaviour in a healthcare
setting we recommend the review of Abonie et al. [42]).
Although the study of pacing behaviour has a valuable
role in healthcare and rehabilitation settings such as
when reacquiring skills after neurological injury [37, 42],
the majority of literature investigating pacing behaviour
is set in a sports science setting where competition and
maximal effort trials are common. The sports labora-
tory environment is well suited as a basis for experimen-
tal research, as it facilitates a standardized approach to a
physical performance task in a controlled setting, meas-
ured by validated and accurate equipment [46]. PubMed,
Web of Science and PsycINFO databases were searched
for literature pertaining to the development and acquisi-
tion of pacing behaviour. The following search strategy
was used:

(1) Sport [Mesh]
AND
(2) Pacing OR Pacing behaviour OR Pacing strategy
OR Race analysis
AND
(3) Develop OR Learn OR Experience OR Novice OR
Age OR Children OR Adolescence OR Junior OR
Youth OR Boy OR Girl.

Included articles had to be written in English, pub-
lished between January 1995 and January 2022 and
peer-reviewed. The option for human participants was
selected for PubMed and PsycINFO; in Web of Science,
(AND Human*) was added to line 1 of the search strat-
egy. Following the literature on skill learning and devel-
opment [19, 20], the included articles had to report on
one or a combination of the following topics: the pacing
behaviour of individuals younger than 18 years of age
or the pacing behaviour of individuals repeatedly per-
forming the same (or a very similar) exercise task or the
effect of a period of practice on pacing behaviour (e.g.
through a training program) or the comparison of pacing
behaviour between groups with different levels of expe-
rience (i.e. novices vs. experts). To provide an extensive
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overview of the available literature, no selection was
made regarding the type of exercise task (e.g. endurance,
team-sport, resistance). Included articles had to quan-
tify pacing behaviour by expressing a measure of effort
(e.g. energy store depletion, power output, velocity) over
a subset of the full exercise task (e.g. percentage of task
completed). The initial search resulted in 505 articles
(248 PubMed, 189 Web of Science, 68 PsycINFO). After
eliminating duplicates, 447 articles remained. Screening
the titles and abstracts, followed by screening the full
text, led to exclusion of 388 articles, leaving 59 included
articles (Fig. 1). To these included articles, the authors
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added five articles, which did not occur in the literature
search, but instead were found through the reading of the
introduction and discussion sections of included articles
(specifically marked in Table 1). These five articles met
the inclusion criteria and were deemed to yield valuable
information regarding the aim of the current study.

Results

The articles included in this evaluation comprise a broad
selection of exercise tasks and research designs (Table 1).
The majority of the articles investigated tasks related
to endurance sports, encompassing cycling (n=19,

Identification of studies via databases and registers
< 4
Records identified from: Records removed before
3 - Web of Science (n = 189) screening:
= - PubMed (n = 248) Duplicate records removed
o - PsycINFO (n = 68) ) (n=58)
= Records marked as ineligible
s Identified through screening by automation tools (n = 0)
2 references of included records Records removed for other
(n=5) reasons (n = 0)
. \ 4
Records screened Records excluded
—>
(n =452) (n = 356)
\ 4
Reports sought for retrieval Reports not retrieved
—
2 (n = 96) (n=0)
S
@
o
A \ 4
Reports assessed for eligibility
(n =96) ’
Reports excluded: (n = 32)
N’
\4
5 Studies included in review
= (n=64)
= Reports of included studies
2 (n = 64)
Fig. 1 Flow diagram of the literature selection process with included articles (n) after each stage
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distance: 1500 m-20 km), running (n=16, distance:
400 m—42.2 km), rowing (n =6, distance: 1-2 km), swim-
ming (n=7, distance: 50-1500 m), speed skating (n=4,
distance: 1500 m) cross-country skiing (n=3, distance:
4.3-90 km) or another endurance sport (n=4). Team
sports were investigated in two articles. The other stud-
ies investigated individuals performing an exercise cir-
cuit (n=2), a repeated jumping (n=1), sprinting (n=1)
or resistance (n=1) task. In total, 41 studies investi-
gated pacing behaviour in a controlled laboratory or
field setting, whereas 21 articles investigated the pacing
behaviour of athletes during competition. Two studies
combined both study designs.

The Development of Pacing Behaviour in Individuals Under
18 Years of Age

A total of 33 included articles reported on the pacing
behaviour of individuals under the age of 18 years, dis-
tributed between the age ranges of 5-10 (n=1), 10-14
(n=4) and 14-18 (1 =28) years old (Table 1). Six studies
compared the pacing behaviour of children and adoles-
cents of differing ages, four of which used a cross-sec-
tional design [72, 86, 91, 95] and two used a longitudinal
design [93, 96].

When cross-sectionally comparing the pacing behav-
iour of schoolchildren, performing a 3—4 min running
task, the groups with an age averaging 5.6 and 8.7 years
old exhibited an all-out pacing behaviour, character-
ized by a fast start and a gradual decline in speed until
the end of the task [72]. Conversely, groups of older
children (averaging 11.8 and 14.0 years old) exhibited a
parabolic distribution of effort, with a fast start and an
end-spurt finish but a relatively slower middle section.
This parabolic distribution has also been reported by two
other articles studying the pacing behaviour of children
between 10 and 13 years old, performing similar exer-
cise tasks [73, 74]. Four included studies compared the
pacing behaviour of adolescents and adults, perform-
ing middle-distance tasks of running [33, 77], swimming
[91], and cross-country skiing [97], reporting that adoles-
cents exhibited a parabolic distribution of effort, whereas
adults exhibited a more even pace. Indeed, when long-
track speed skaters competing in a 1500-m race were
longitudinally measured at 15, 17 and 19 years of age,
the skaters exhibited a development of pacing behaviour
towards that of adult skaters, characterized by a relatively
slower start and faster middle section [93].

Parallel to development in the distribution of effort
itself, the influence of environmental factors on pac-
ing behaviour seems to develop with age. The presence
of other exercisers was reported to have a detrimen-
tal effect on exercise performance in younger children
(10.3£0.7 years old) [74], no effect in adolescents
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(15.8+1.0 years old) [49] and resulted in an improve-
ment in performance in adults [50]. An alteration of pac-
ing behaviour was reported to be the cause of the change
in exercise performance [50, 74]. Further corroboration
was provided by two studies investigating short-track
speed skating, a head-to-head type of competition featur-
ing a highly interactive environment [95, 96]. Throughout
adolescence, short-track speed skaters seemed to develop
both their positioning during the race as well as their
capability to preserve energy during the initial phase of
the race [95, 96]. These adaptations indicate an improved
integration of environmental factors in the athletes’ pac-
ing behaviour and are linked to a higher velocity during
the critical final laps resulting in improved race perfor-
mance [110].

The Effect of Experience on Pacing Behaviour

The effect of prior experience on pacing behaviour has
been investigated in thirteen included articles (Table 1)
by means of comparing the pacing behaviour of adult
exercisers of differing levels of experience performing a
predetermined exercise task. More experienced exercis-
ers are not only better able to exercise at a prescribed
pace [75], but also exhibit a pacing behaviour more suited
to the needs of the specific exercise task. Generally, this is
expressed as an all-out behaviour during short tasks [71]
(<120 s), or a more even pacing behaviour during longer
exercise tasks [82—84] (> 120 s). Experienced individuals
are also able to successfully incorporate environmental
factors (e.g. terrain) into their pacing behaviour, aiding
their performance [99, 102]. Novice exercisers seem to
prefer information regarding task completion (distance)
and mainly report dissociative, outward monitoring
thoughts [57, 58]. Experienced exercisers, on the other
hand, prefer information concerning task performance
(speed) and primarily report associative, task-focused
thoughts (concerning power and cadence) [57, 58].

A total of seven articles reported on the acquisition
of pacing behaviour through repeatedly exposing adult
novices to the same exercise task. Two of these stud-
ies incorporated a training program between repeated
bouts of exercise [65, 68]. All seven studies involved
exercise tasks with a duration longer than 120 s (mini-
mum: 189.4 s [48], maximum: 2708.35 s [62]), and all
reported a change in pacing behaviour with repeated task
exposure. Within three studies this was expressed by a
decrease in effort during the first section of the task and
an increase in the final section [48, 52, 62]. Four studies
reported an increase in effort during the initial and mid-
dle sections and a decrease during the final section [57,
65, 68, 107]. Two studies reported that the adaptation
of power output distribution during consecutive tasks
was paralleled by the anaerobic energy expenditure and
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blood lactate levels, indicating a change in the manage-
ment of energy reserves over the bout duration [48, 65].
Lastly, the manipulation of the effect of gaining experi-
ence on pacing behaviour by interventions such as with-
holding information on task duration [53], providing
only a half familiarization [62], or withholding duration
feedback or providing false feedback during the trial (5%
improvement compared to actual performance) [61], lead
to a maladaptation of pacing behaviour and a decrease in
exercise performance.

Discussion

This review provides the first consolidated evidence that
pacing behaviour in exercisers up to 18 years old devel-
ops with age. This demonstrates that pacing behaviour
development starts in childhood and continues through
adolescence. All included studies examining the effect
of repeated task exposure on pacing behaviour in adults
(n=7) support the hypothesis that pacing behaviour is
acquired through the gathering of exercise task expe-
rience, similarly to other skilled behaviour. Manipula-
tion of the skill acquisition process by interfering with
the gathering of task experience results in a maladapta-
tion of pacing behaviour (n=3). It is therefore apparent
that pacing is similar to other skills, in so far that it has a
developmental pathway and appears not to reach matu-
rity until adulthood, by which time there is still capacity
to further improve through task experience.

Pacing Behaviour Development
The characteristics of pacing behaviour among young
children (<9 years old) tend to manifest in inconsistent
approaches to the task demands, encompassing both
the task characteristics (e.g. workload) and the environ-
ment (e.g. other competitors). An example is the adop-
tion of an all-out approach of maximal effort until fatigue
in an exercise task lasting over 120 s, in which an even
distribution is known to lead to better performance [111,
112]. However, with age, a development towards a para-
bolic distribution of effort is evident in tasks with simi-
lar demands. This parabolic pacing behaviour includes a
conservation of effort at the start of the exercise, reflect-
ing an increased involvement of goal-directed decision-
making regarding effort distribution. The development of
pacing behaviour continues during adolescence, with the
manifestation of pacing behaviour which increasingly fits
the task demands. As part of this development, exercisers
are not only able to pace their efforts during an isolated
time trial event, but also in complex situations in which
environmental factors (e.g. opponents) need to be taken
into consideration [95, 96].

Given that pacing behaviour is similar to other skilled
behaviour, it is likely that the origin of the development
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of pacing behaviour can be traced to primary features
of childhood and adolescence: physical maturation and
cognitive development. Indeed, various physical matu-
rity milestones, such as the growth spurt and the tra-
jectory of muscle mass development [26-29], seem to
match the roadmap of pacing behaviour development, as
described above. Unfortunately, only four included stud-
ies reported on the pacing behaviour of children within
the age-range of the growth spurt (10-14 years old)
and none of these articles reported on the relationship
between a measure for physical maturation and pacing
behaviour [72-74, 86]. With regard to cognitive develop-
ment, Micklewright et al. [72] reported the same devel-
opment of pacing behaviour could be found based on
children’s ages as based on children’s scores for cognition,
as measured by Piaget’s stages of intellectual develop-
ment. It could therefore be proposed that pacing behav-
iour development is linked not specifically to age, but
rather to the rate of cognitive development. Comparing
the stages of cognitive development proposed by Piaget
to the roadmap of pacing behaviour development during
childhood and adolescence strengthens this hypothesis.
Piaget’s third stage (i.e. concrete operational stage) spans
the ages 7-11. During this stage, children gradually gain
the capability to concentrate on more than one aspect of
a problem simultaneously and mentally represent actions
or events based on previous experience [24]. These men-
tal capabilities could provide children with the aptitude
to recall and appreciate that making decisions regard-
ing effort distribution before and during exercise (i.e. a
conservation of effort during the opening phase of the
exercise), could improve their overall task performance.
However, children at this stage are limited to pondering
situations that are real or based on their own experiences
[24]. This could explain why the presence of opponents
has a detrimental effect on the pacing behaviour of chil-
dren [74], as the presence of opponents likely provides
a stronger stimulant than the abstract notions of hypo-
thetical future performance improvement, afforded by
adopting a slower pace. Piaget’s fourth stage of cognitive
development (i.e. formal operational stage) ranges from
11 to 20 years old [24]. During this stage, individuals gain
the capability of considering ideas that are not based on
reality, observable objects or experience-based thoughts
[24]. Additionally, individuals acquire the aptitude to sys-
tematically generate and consider multiple possible solu-
tions to a problem [24]. These mental capabilities provide
a better grasp on the hypothetical future rewards from
pacing one’s efforts and likely underpin the continua-
tion of the development of pacing behaviour throughout
adolescence. Furthermore, these cognitive capabilities
facilitate the adaptable pacing behaviour needed in com-
plex competitive environments and therefore enable the
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integration of environmental factors (e.g. opponents) into
the development of pacing behaviour, which occurs dur-
ing adolescence.

Acquisition of Skill Pacing
The current study is the first to investigate the available
literature for the effect of experience on pacing behaviour.
From the consolidated literature, it can be concluded that
there is an evident effect of gathering experience on pac-
ing behaviour across exercise types and durations. More
experienced exercisers are not only better at adopting a
prescribed pace but also exhibit a pacing behaviour that
better suits the task demands and competitive envi-
ronment. All included studies featuring repeated tasks
revealed that with experience, novice exercisers adapt
their pacing behaviour. Although the direction of change
seemed to ostensibly differ between studies, collectively
all studies reported a change towards a more even distri-
bution of effort as experience increased (Fig. 2). Within
skill learning literature the behaviour of novices is char-
acterized by large errors and relatively large corrections
for these errors [25]. As the learning process proceeds,
individuals will learn to match the task stimuli and their
actions with a resulting task performance [19, 25]. Simi-
larly, the proposed explanation for the effect of experi-
ence on pacing behaviour is a reduction of the mismatch
between the exerciser’s individualized performance capa-
bilities and the task demands, encompassing both the
task characteristics (e.g. workload) and the environment
(e.g. terrain) [48, 53, 61, 62, 65, 105, 107]. This mismatch
results in the exerciser exerting too much effort (i.e. over-
estimation of the exerciser’s performance capabilities or
underestimation of the task demands) or not enough (i.e.
underestimation of the exerciser’s performance capabili-
ties or overestimation of the task demands). As the pac-
ing process is continuous, repeating mismatches between
stimuli and action can result in an undulating pace over
the course of a task. Unnecessary accelerations and decel-
erations are detrimental to performance, as even minor
fluctuations in velocity result in a greater overall energy
cost [111]. However, as the task is repeated, exercis-
ers learn to associate the stimuli (e.g. task demands and
afferent signals) and actions (i.e. continuing, increasing
or decreasing the exerted effort) with the resulting task
performance. This knowledge results in more informed
decision-making, reducing the occurrence of inefficient
adoptions of overly aggressive or conservative pace.
Within tasks longer than 120 s, this results in a more
even distribution of effort, which is linked to increased
task performance [111, 112].

Furthermore, within skill acquisition literature, it is
stated that as individuals gain more experience with a
task, less attention is needed for the same level of task
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Fig. 2 Example of repeated exercise task exposure affecting the
pacing behaviour of novice adult exercisers. Grey dotted: exercisers
initially exerting not enough effort, grey striped: exercisers initially
exerting too much effort, black bold solid: more even pacing
behaviour. Arrows: change with increased exercise task experience.
The horizontal solid line represents the mean power output/velocity.
This example is based on the collective results of included studies
that reported on the change in pacing behaviour resulting from
repeatedly exposing adult novices to the same exercise task (> 120 s)

performance, allowing for secondary tasks to be per-
formed simultaneously [19, 113]. The possession of
residual attention capacity could explain why more expe-
rienced exercisers are able to process and integrate envi-
ronmental factors, such as the terrain and the behaviour
of opponents. Additionally, the skill acquisition litera-
ture states that the main goal for novices is to achieve a
crude level of success in a task [19, 40]. Indeed, as nov-
ices lack a reference point for the workload required for
a specific exercise task, novice exercisers are thought to
have the primary goal of finishing the exercise without
lasting negative consequences [57, 65]. To reach this goal,
novice exercisers mainly acquire information regarding
task completion (e.g. elapsed distance or time) [57] and
concentrate on dissociating themselves from the affer-
ent signals of fatigue (e.g. pain and discomfort) by means
of outward thought [58]. Although this might help nov-
ice exercisers complete the exercise task, it also hinders
their capability to match their afferent signals to the task
demands [114]. Alternatively, experienced exercises have
the knowledge that they are able to finish the task (with-
out lasting negative consequences), which allows them
to set the goal of realizing the best possible task perfor-
mance. Experienced exercisers therefore direct their
thoughts towards, and gather information about, factors
relating to their task performance (e.g. power, cadence
and speed) [57, 58].

A point should be made, that as each individual’s per-
formance capabilities differ and the task demands remain
constant, optimal pacing behaviour will slightly dif-
fer between individuals [115]. This variation between
individuals is likely the cause of the variation of pacing
behaviour between athletes at the elite level [116, 117].
The acquisition process, as described above, results in
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a better match of an individual’s performance capabili-
ties to the task demands, facilitating a more appropriate
pacing behaviour and improving task performance. It is
through repeating and optimizing this acquisition pro-
cesses that the match between individual performance
capacities and task demand is perfected, and an individu-
al’s pacing behaviour is optimized.

Practical Applications

It is assumed that pacing is evident in almost all non-
reflex physical activity and that it is fundamental to the
successful completion of physical tasks [1]. Given this,
adequate pacing behaviour development could provide
a feeling of competency, allowing for more task enjoy-
ment and inhibition of drop-out from physical activity,
with all the associated health benefits [1, 118]. Although
in the current study, skill development and acquisition
have been treated as separate processes, it is evident
that gathering experience is a key factor in skill develop-
ment [24]. From this stems the notion that children and
adolescents should be provided with the opportunity to
practice exercise tasks to optimally facilitate skill devel-
opment [24]. Four out of five studies included in this
review that investigated children and adolescents during
repeated tasks, reported a change in pacing behaviour
and/or an improvement exercise task performance [49,
70, 74, 87]. When asked to estimate the completion time
of a 2-km cycling time trial before starting the trial, nov-
ice adolescent exercisers reported a significant (p <0.05)
difference between the expected (453.004+249.18 s) and
actual (240.50127.37 s) finish time during the first trial
[49]. However, the gap between the expected finish time
and the actual finishing time decreased by 66.2% after
the first trial, indicating a better matching of perfor-
mance capabilities and task demands, as task experience
increased. These findings emphasize the importance of
providing children and adolescents with the opportunity
to gather exercise experience in order to develop their
pacing behaviour over time. However, it is important to
acknowledge that even with ample practice, variation in
physical maturity and cognitive development will con-
stitute some children to be able to adequately distribute
their efforts at a relatively young age, whereas others
might not exhibit this behaviour until they are much
older. Coaches and parents are therefore advised to moni-
tor the level of pacing behaviour development and gradu-
ally incorporate increasingly challenging pacing exercises
during the course of childhood and adolescence, in order
to support the development of pacing behaviour.

To facilitate and optimize the pacing skill acquisition,
lessons from the skill acquisition literature suggest that
exercisers should start with establishing a stable behav-
iour [119, 120]. It is suggested that in novice adults a
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relatively stable pacing behaviour occurs after three or
four sessions of repeated task exposure [62, 65, 121].
However, this number could increase as variation in
task demands increases (e.g. a highly interactive com-
petition environment). After establishing a stable pac-
ing behaviour, intervention-induced variability could
provide exercisers with opportunities to test variants of
their established pacing behaviour, enlarging their famili-
arity with the association between incoming stimulants,
decisions made and the resulting task performance [25,
122]. This could lead to the discovery of a more fitting
pacing behaviour for the specific exercise task. In addi-
tion, variable practice could lead to a greater generaliza-
tion and flexibility of the exercisers’ pacing behaviour,
allowing them to respond better to novel situations (e.g.
the behaviour of competitors) [119]. Lastly, the provi-
sion of augmented feedback could also be used to adapt
the difficulty of the task in order to provide an adequate
challenge and optimize learning [120]. When practising
the same task, novice exercisers might be helped by pro-
viding frequent and immediate feedback, whereas expe-
rienced exercisers might be challenged by the decrease,
delay, or removal of feedback.

Future Directions

Although the match between milestones in pacing behav-
iour development and the changes in physical maturation
and cognitive development form a logical framework,
more (longitudinal) studies are needed to deepen the
knowledge of the link between age, physical maturation,
cognitive development and pacing behaviour develop-
ment. Considering the relevant links between cognitive
development and pacing behaviour development, a next
step in research could be to dive deeper into which spe-
cific sections of cognitive functioning would underlie the
development of pacing behaviour. Elferink-Gemser and
Hettinga [18] previously proposed a model in which the
pacing process mirrors the self-regulatory process, and
suggested that improvement in meta-cognitive func-
tions could be underpinning the development of pac-
ing behaviour within childhood and adolescence [18].
Indeed, meta-cognition has been shown to be under
development during childhood and adolescence [123,
124], positively related to exercise performance [125,
126] and can be measured by validated instruments [124,
127]. Future experimental research could therefore be
done to find whether the development of meta-cognitive
functioning indeed is part of the underlying mechanism
of pacing behaviour development. It is evident that expe-
rience plays a key part in pacing behaviour development.
Unfortunately, this relationship is often oversimplified
in the literature, as researchers assume a strictly causal
relationship between age and experience. By uncoupling
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experience and age, future research could further unravel
the intricate role of experience within pacing behaviour
development. Furthermore, it has been proposed previ-
ously that acquiring the skill to pace an exercise task is
facilitated by the acquisition of other skills, including
accurately perceiving time [128], inhibiting distract-
ing stimuli [59], as well as planning and evaluating [18,
129]. Investigating the relationship between these other
skills and pacing could provide a better understanding of
what it takes to acquire this complex psychophysiologi-
cal skill. Lastly, in the current review, the acquisition of
pacing is most notably analysed by observing the effect of
providing or manipulating experience on pacing behav-
iour. However, within the literature, definitions of skill
acquisition commonly include the notion that learning
has a relatively permanent effect on behaviour [19, 25].
To test this, experimental designs to test learning include
retention tests. Within the current review, no studies
were found that measured the retention of the skill after
a period without practice. To further explore the effect of
experience on pacing behaviour, future research designs
should consider including retention tests.

Conclusion

The current review aimed to investigate the development
of pacing behaviour during childhood and adolescence
as well as the acquisition of the skill through experi-
ence. This was achieved by assembling and analysing the
(sport) scientific literature discussing the effect of age
(up to 18 years old) and gathered experience on pacing
behaviour. The findings of this study demonstrated the
first consolidated evidence that children display an initial
development of decision-making regarding effort dis-
tribution from around 10 years old, a development that
continues in adolescence. Based on shared milestones, a
case can be made that pacing behaviour development is
underpinned by an interconnected relation of physical
maturation, cognitive development and gathered expe-
rience. The skill to adequately pace exercise tasks could
provide children with an increased sense of competence
and enjoyment in physical activity and exercise, empha-
sizing the importance of monitoring and practising pac-
ing exercise tasks during childhood and adolescence.
Task repetition results in an adaptation of pacing behav-
iour towards the task demands, including task character-
istics (e.g. workload) and the environment (e.g. terrain).
These changes can be explained by knowledge from the
skill acquisition literature: pacing behaviour is acquired
because with experience (1) the match between stimuli,
actions and task results improves, (2) attentional capac-
ity is freed for secondary tasks, (3) the task goal switches
from task completion to improved task performance. The
resemblance between the development and acquisition
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of pacing to the same processes in other skills invites
the practical application of established concepts in skill
acquisition and development literature (e.g. intervention-
induced variability and augmented feedback) to the field
of pacing research. This integration provides the field
with exciting future research questions as well as prac-
tical applications in physical education, healthcare, and
sports.
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