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Dehydration
Cause of Fatigue or Sign of Pacing in Elite Soccer?
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Abstract Numerous studies have suggested that dehydration is a causal factor to
fatigue across a range of sports such as soccer; however, empirical evidence is
equivocal on this point. It is also possible that exercise-induced moderate
dehydration is purely an outcome of significant metabolic activity during a
game. The diverse yet sustained physical activities in soccer undoubtedly
threaten homeostasis, but research suggests that under most environmental
conditions, match-play fluid loss is minimal (~1–2% loss of body mass),
metabolite accumulation remains fairly constant, and core temperatures do
not reach levels considered sufficiently critical to require the immediate ces-
sation of exercise. A complex (central) metabolic control system which
ensures that no one (peripheral) physiological system is maximally utilized
may explain the diversity of research findings concerning the impact of in-
dividual factors such as dehydration on elite soccer performance. In con-
sideration of the existing literature, we propose a new interpretative pacing
model to explain the self-regulation of elite soccer performance and, in which,
players behaviourally modulate efforts according to a subconscious strategy.
This strategy is based on both pre-match (intrinsic and extrinsic factors) and
dynamic considerations during the game (such as skin temperature, thirst,
accumulation of metabolites in the muscles, plasma osmolality and substrate
availability), which enables players to avoid total failure of any single
peripheral physiological system either prematurely or at the conclusion of a
match. In summary, we suggest that dehydration is only an outcome of
complex physiological control (operating a pacing plan) and no single
metabolic factor is causal of fatigue in elite soccer.

Dehydration has often been suggested as a
factor responsible for the development of fatigue
in the later stages of a soccer game.[1,2] This is a
credible observation as even moderate dehydra-
tion is known to be associated with negative
endurance-based exercise responses both in a
controlled laboratory environment[3,4] and also in
more soccer-specific field conditions.[5] It re-

mains, however, unclear whether game-induced
dehydration is a cause of fatigue, or merely a
single characteristic outcome of exercise con-
trolled by a complex metabolic system.[6-9]

Previous laboratory studies have demonstrated
that failure to ingest fluid during prolonged ex-
ercise causes plasma sodium (Na+) concentration,
osmolality and anti-diuretic hormone activity to
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increase.[3] Consequently, there is little doubt that
game-induced dehydration contributes to the
challenge of maintaining homeostasis during a
game. For example, it has been proposed that
these factors may be a mechanism for reductions
in skin blood flow at advanced stages of
dehydration.[10] However, this has rarely been
observed in outdoor conditions where opportu-
nities for convective and evaporative cooling are
enhanced when compared with a laboratory.[4]

Nevertheless, several studies have been conducted
in realistic field conditions that appear to confirm
that physiological performance is impaired when
exercising even in a moderately dehydrated (~2%
loss of body mass) condition.[5,11] However, it is
less clear whether it is water loss per se that leads to
performance decrements, or whether the con-
current negative psychological associations attri-
butable to thirst act as a signalling mechanism to
promote a greater conscious perception of effort
and so invokes a behavioural change to reduce
physical effort.[7,8,12,13]

The overall intensity of exercise performed in
elite (professional) soccer matches broadly corre-
sponds to a sustained oxygen consumption of
~75%[14] of maximum interspersed by varied
physical challenges that change every 4–6 seconds
during a 90-minute match.[15-17] These diverse but
sustained physical activities undoubtedly threaten
homeostasis. However, match-play core tempera-
tures in thermoneutral environments have rarely
been reported to reach levels considered suffi-
ciently critical to require the immediate cessation
of exercise. In addition, fluid loss is usually mini-
mal (~1–2% of body mass),[18-20] which suggests
that in normal circumstances players are able to
pace themselves in order to complete a match in a
reasonable physical condition.

Numerous studies have demonstrated that the
amount of sprinting, high-intensity running and
distances covered drop from the first to the sec-
ond half of a match.[15-17,21] Some of this inter-
half disparity is probably due to tactical changes
towards the end of a game, but there is currently
no evidence to support that conclusion, nor
the extent to which the development of fatigue
influences tactics. Limited data suggest[16,17] that
the majority of the downregulation of physical

activity in the second half of a match is attribu-
table to the effects of fatigue. This suggests that
either players are subject to the effects of accu-
mulative fatigue (towards total physiological
system failure, requiring the immediate cessation
of exercise) or that each player employs a sub-
conscious pacing strategy to ensure they reach the
end of the game. Examination of time-motion
video analysis from international match-play
supports the presence of non-random physical
activity patterns during a game, whereby the
more physically demanding phases are followed
by prolonged periods of minimal activity.[22] As
such, players appear to temporarily experience
symptoms of fatigue during a game,[23] probably
to subconsciously defend homeostasis and as a
consequence of a personalized pacing plan. This
explains the ability of all players to complete the
full duration of a match, regardless of differences
in fitness levels, and remain in a reasonable phy-
sical condition.

This article critically evaluates the existing
research evidence surrounding the influence of
dehydration on elite soccer performance. In addi-
tion, a complex system control mechanism[6,7,9]

and a new multi-level pacing strategy are pro-
posed as contemporary interpretations of a long-
standing issue. These factors may explain how
players regulate effort during match-play, thus
avoiding debilitating fatigue and the requirement
for a premature cessation of exercise prior to the
conclusion of a game.[7,24]

1. Thermoregulatory Responses to
Soccer: Laboratory and Field
Applications

Due to practical difficulties in obtaining re-
producible and sufficiently frequent data during
match-play,[25] the thermoregulatory stresses
associated with soccer have generally been esti-
mated by focusing on the responses to match
simulations in either laboratories or controlled
indoor environments.[26,27] For example, Drust
et al.[26] devised an intermittent laboratory-based
protocol for a motorized treadmill based on
observed movement patterns during soccer.[17]

Nicholas et al.[27,28] developed the Loughborough
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Intermittent Shuttle Test (LIST) to mimic the
demands of soccer match play using a 20-m
shuttle-running model, of similar construction to
the original progressive shuttle-running test de-
vised by Leger and Lambert.[29] In the case of the
LIST, the intensities of repeated efforts are mani-
pulated to reflect the different types of activities
experienced during a game (i.e. high- and low-
intensity running, sprinting and walking). A well
controlled test-retest reliability study[28] con-
firmed that variables such as heart rate are highly
reproducible in the LIST protocol. Conse-
quently, this protocol is now commonly used by
investigators seeking to indirectly examine the
effects of different nutritional intervention stra-
tegies on soccer performance and, to some extent,
as a sports-specific fitness test to identify phy-
siological characteristic differences between
groups of players.[30]

Although several soccer-simulation protocols
such as those briefly discussed here are sensibly
constructed, their direct validity to match play is
obviously limited by factors such as the absence
of a ball, direct competition, straight-line run-
ning, and minimal opportunities to self-regulate
physical effort.[25] It must also be considered that
most studies utilizing these procedures are in-
variably conducted in indoor, windstill condi-
tions[26-28,30,31] imposing a different physical
stress to outdoor match-play. For example, dur-
ing outdoor match-play, soccer players are ex-
posed to environmental conditions that increase
the efficiency of evaporative heat loss and con-
sequently minimize elevations in thermal stress
when compared with indoor situations.

1.1 Sweat Rates and Fluid Intake

Mustafa and Mahmoud[32] reported mean
sweat rates ranging from 0.6 L/h in an outdoor
match in cool conditions to 2.9 L/h in hot, humid
weather. More recently, similar mean sweat rates
have been reported during outdoor soccer train-
ing in cool conditions (1.1 L/h; 5�C; 81% relative
humidity [RH])[33] and also in the heat (1.5 L/h;
32�C; 20% RH).[34] These results are slightly
higher than those we recently reported[5] in res-
ponse to a protocol combining 45 minutes of

indoor cycling exercise (90% at individual venti-
latory threshold) followed by 45 minutes of an
outdoor soccer match (0.8–0.9 L/h). However,
fluid deficits between 1–2% losses of body
mass seem typical in competitive soccer matches
across the majority of environmental conditions.
Such fluid losses are also largely inevitable due
to the restricted opportunities to drink during
a game.[5,18,35,36] Assuming typical sweat rates
during match-play range between 0.8–1.5 L/h
across most environmental conditions, this
would correspond with a maximal sweat loss of
2.3 L/h and a mean of 1.7 L/h over the course of a
full game.[35,36] The similarity of sweat rates
across non-extreme environmental conditions
indicates that sweat production is unlikely to be
crucial to soccer performance, as these remain
well below levels reported in endurance events
such as the marathon (~3L/h).[20,37]

Adequate fluid intake before a match is im-
portant for all players and well considered
guidelines for match-play fluid intake have been
previously reported on this issue.[38] However, it
remains unclear whether relatively modest game-
induced dehydration impairs soccer performance
in thermoneutral conditions. It is plausible that
the moderate water loss liberated by carbohy-
drate utilization is simply a feature of diminishing
glycogen stores and not the debilitating effects of
water loss per se.[39,40] However, diminishing
stores of muscle and liver glycogen probably act
as a signalling mechanism[41] to identify a dimin-
ishing supply of high-energy adenosine tripho-
sphate (ATP) and so may cause a behavioural
change to reduce work intensity, thus saving
stored glycogen to ensure that exercise terminates
without total muscle glycogen depletion.[42]

With an adequate supply of sweat and in the
absence of any impairment to convective cooling,
it seems unlikely that core temperatures in an
outdoor game reach critical levels in well condi-
tioned players. One study[43] reported individual
values above 40�C; however, more recently, mean
core temperatures reported at the end of profes-
sional (38.8�C) and recreational (39.1�C) mat-
ches[18] have been shown to be beneath those
typical of fatigue (~41.5�C).[20,37] As no differ-
ences have been found in core temperatures

Dehydration, Pacing and Fatigue in Elite Soccer 3

ª 2009 Adis Data Information BV. All rights reserved. Sports Med 2009; 39 (1)



between the end of the first and the second halves
of elite match-play,[18,19] it is probable that a
measure of homeostatic control is maintained
over the game among experienced and well
trained players.[5] This seems in contrast to sub-
elite and less well conditioned players who have
been observed to increase core temperature
progressively over the course of a match,[18]

presumably as a consequence of less match
experience, under-developed heat dissipation me-
chanisms, and poorly developed pacing strategies.

1.2 The Impact of Dehydration on Soccer
Performance

The random nature of game play inevitably
means it is difficult to measure the impact of
intervention strategies in competitive soccer
match-play. Consequently, direct performance
implications are usually inferred from either
soccer simulation models such as those discussed
in section 1,[26,27] or from other exercise mod-
alities.[44,45] This indirect evidence has often been
used to suggest that relatively modest fluid losses
incurred during a soccer game cause decrements
in both psychological and physiological factors
of importance to match performance.[1,2,23,31]

However, research evidence does not necessarily
support this observation, or at the very least,
definitively identify water loss as the factor
determining impaired performance.

One research group found that a diuretically
induced 2% loss of body mass significantly
impaired physiological endurance running per-
formance.[44] That study is commonly cited to
support the view that even moderate water loss
impairs physiological performance in a range
of sports. However, it was poorly controlled be-
cause there was no control for the specific effects
of the diuretic itself on exercise performance, in-
dependent of its effects in inducing dehydration.
It is also well known that diuretics induce dehy-
dration through the uncomfortable symptoms of
polyuria and also promote excess electrolyte
loss. It is unlikely that similar proportions of
electrolyte loss would occur in exercise-induced
dehydration during a soccer match. Nevertheless,
several other studies have also demonstrated

that moderate water loss across a range of exer-
cise modalities is associated with impaired exer-
cise performances.[5,11,31,45] One such study[45]

tested heat-acclimatized subjects with fluid losses
corresponding to 1%, 2%, 3%, and 4% of body
mass and reported that deficits of ‡2% were
associated with significant and progressive reduc-
tions in the performance of several visumotor and
psychological tests compared with a euhydrated
condition. In contrast, Serwah and Marino[46]

examined the effects of hydration and exercise
heat stress on choice reaction time following 90
minutes of cycling (~70% of peak power) and
found that performance was not compromised in
the presence of either dehydration or heat stress.

Research evidence on the effects of dehydra-
tion remains equivocal over a range of experi-
mental models. Using the LIST exercise protocol
in a wind-still indoor gymnasium, McGregor
et al.[31] reported that the subsequent performance
of a repeated sprint-dribbling test was compro-
mised in a moderately dehydrated condition
(p < 0.05). However, that study also noted that
post-protocol performance in a mental concen-
tration test was unaffected by fluid losses of 2.4%
of body mass. Additionally, Hoffman et al.[47]

identified that basketball players with fluid losses
of 2% of body mass did not experience post-
match performance impairments in selected tests
for anaerobic power, vertical jumping height or
goal shooting ability.

In soccer-specific circumstances, we replicated
the mental concentration test used by McGregor
et al.[31] following a soccer match and confirmed
that mental concentration was unaffected by
moderate water loss.[5] However, our study also
found that the denial of fluid over 90 minutes
of exercise (45-minute cycling at 90% of ventila-
tory threshold and 45 minutes of outdoor soccer)
significantly impaired the immediate post-match
physiological performance of a sport-specific
fitness test (Yo-Yo intermittent recovery test)
compared with a fluid-intake condition (p < 0.05).
Participants also reported significantly greater
ratings of perceived exertion and elevated
sensations of thirst when access to fluid was
denied throughout the 90-minute exercise pro-
tocol (p < 0.05). This suggests that consciously
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perceived (negative) factors such as thirst may
be responsible for the observed limitations to
performance.

From the limited available evidence, it is rea-
sonable to conclude that performance during a
soccer game is probably compromised by even
modest losses of body water. This effect has been
less evident in indirect and simple psychological
tests, although it may occur where task complex-
ity increases, thus requiring greater attention or
effort. For example, the soccer skill test utilized by
McGregor et al.[31] required the performance of
repeated sprint dribbling and so the performance
limitation in that case is likely to have been related
to a physical cause. In those circumstances, effort
was probably reduced through less muscle re-
cruitment as a precautionary action to defend
homeostasis in the presence of intracellular dis-
turbances.[6,24,48] Therefore, in terms of soccer
performance, increased perceptions of effort and
greater sensations of thirst in a dehydrated con-
dition may invoke behavioural changes[48] such as
reduction in maximal effort,[5] or the frequency of
high-intensity activities. Others have observed
this effect in a dehydrated state[49] and so it is
plausible that conscious feelings such as thirst
rather than the water loss per se may be causally
linked to performance impairment.

1.3 Fluid Intake and the Thirst Mechanism

In relatively short-duration activities such as
soccer, the greatest effect of fluid ingestion is
probably to reduce the perception of effort dur-
ing prolonged exercise, especially in the heat.[49]

For example, numerous studies have reported
negative associations between moderate dehy-
dration and perceived discomfort during exercise
when fluid intake is either denied or restric-
ted.[5,48] The conscious perception of a develop-
ing cellular homeostatic disturbance induces the
following two behavioural changes: (i) an in-
creased desire to drink; and (ii) a temporary
reduction in the exercise intensity.[12,50] Accord-
ing to this model, a developing thirst acts as the
primary mechanism to trigger the two beha-
vioural changes.[6,8,12,50] For example, the tongue
provides the first internal analysis of potentially

ingestible stimuli and the sensory mechanisms
embedded in the lingual epithelium are used to
extract information about the fluid for central
processing in the brain. The level of an indi-
vidual’s dehydration is also detected as a change
in plasma osmolality, which is a key homeo-
statically defended variable.[6] Physiological me-
chanisms are subsequently invoked, which affect
water intake (via augmenting the desire to drink)
and water reabsorption (via anti-diuretic hor-
mone secretion).

Several studies have demonstrated that exer-
cise performance is maximized by drinking accor-
ding to the dictates of thirst (ad libitum).[13,49]

Ad libitum drinking does not produce identical
levels of dehydration in all humans during ex-
ercise and has previously been shown to result in
widely different percentage alterations (+6% to
-11%) in body mass.[49] Therefore, the conclusion
that a specific level of dehydration such as the 2%
common in soccer matches will always cause an
impaired exercise performance cannot be correct.
It is more likely that any impaired exercise per-
formance in a dehydrated condition is causally
linked to the thirst mechanism[13] and not the
absolute level of dehydration.[38] Fluid intake
by humans is therefore influenced by a complex
interaction of physiological and behavioural
mechanisms.[6,8]

2. Match Observations and the
Development of Fatigue

The distances covered by players and the in-
tensity of their physical work are well known to
decline from the first to the second half of a soc-
cer match across all outfield positions[16,17,21]

(figure 1), which, when considered in isolation,
could suggest that either accumulative fatigue
(driving towards total physiological system fail-
ure) is a feature of elite match-play or that there is
a defined pacing strategy in place (to defend a
regulated level of exercise homeostasis).

Bangsbo et al.[21] reported a typical overall
second half drop of ~5% in the total distance
covered among elite male players, while the
inter-half disparity appears to be greater at the
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sub-elite level (~9–10% decrement).[16,21,51] A
recent study[22] also identified fluctuations in
high-intensity exercise, running speeds and re-
covery time from sprints during several top-class
soccer matches, and particularly observed that
longer sprints (30m) demanded markedly longer
recovery than the average sprints (10–15m) dur-
ing a game. These findings identified that fatigue
occurred both acutely during the game (transient
fatigue) and also as a developing feature of 90
minutes of prolonged intermittent exercise.
Nevertheless, despite numerous attempts, no re-
searchers have identified a precise cause of fati-
gue in soccer.[2,23] This is presumably due to a
number of factors such as the complexities of
players’ movements during a match, the random
characteristics of playing a game, and also a
strong prevalence among researchers to infer re-
ductionism theory as the primary interpretative
model for evaluating research findings.

It has previously been suggested that the de-
velopment of fatigue in soccer may be casually
linked with a range of physiological factors includ-
ing dehydration, hydrogen ion accumulation,
potassium imbalance and substrate depletion.[2,23]

However, laboratory-based investigations have
found no single factor or combination of factors

that could definitively explain fatigue during a
match.[15] This is unsurprising since exercise per-
formance is a complex phenomenon seldom
regulated by a single variable.

2.1 Complex Metabolic System Control

Metabolic control has often been described in
terms of the limiting capacity of a physiological
system, where either metabolite accumulation
or substrate depletion causes catastrophic failure
of a particular physiological system.[52] The cen-
tral premise of this cardiovascular/anaerobic
model[53] is that it is the provision of a substrate
(e.g. oxygen) to muscle that limits exercise per-
formance so that fatigue is a direct consequence
of a failure of oxygen delivery to the exercising
muscles. This model remains the most popular
for explaining why fatigue develops during exer-
cise, how the body adapts to training, and how
these adaptations enhance performance.

According to this physiological model, pro-
gressive dehydration over the course of a soccer
game would contribute to this fatiguing process
by increasing the viscosity of blood, thus dimin-
ishing heat dissipation (also increasing heart rate)
and as the blood flow falls behind demand, me-
tabolites of anaerobic metabolism (in particular
blood lactate and hydrogen ions) would then in-
hibit muscle contraction and relaxation, inducing
fatigue.[52] Recently, however, this model of phy-
siological control of exercise has been suggested
to be flawed.[6-9] For example, Fitts[54] identified
that even in circumstances where muscles are
forced to contract under ischaemic conditions,
ATP concentrations do not drop below 60% of
resting values, which indicates that muscle ATP
concentrations are in some way ‘defended’[55] in
order to prevent the development of skeletal
muscle rigour. In addition, there is a wide range of
inter-individual variation in muscle pH con-
centrations reported at exhaustion,[56] question-
ing whether metabolites such as hydrogen ions
can induce skeletal muscle fatigue. One possible
explanation is that exercise is terminated (or effort
reduced) by a central (neural) governor respond-
ing to a range of factors and continually acting to
regulate performance (by manipulating muscle
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recruitment) in order to ensure that these systems
are never maximally utilized.[6-9,53]

Ulmer[9] described a teleo-anticipation model
of the human body representing a complex sys-
tem in which there are a vast number of regulated
physiological responses centrally controlled by a
brain algorithm (central governor). According to
this model, feedback mechanisms from a range
of peripheral physiological variables (e.g. skin
temperature, plasma osmolality, blood pH) in-
duce symptoms of fatigue[48] to influence the con-
scious behaviour of an individual to reduce phy-
sical effort (figure 2), thus avoiding depletion
of any single physiological variable.[6,8,12,24] The
essential component of this model is that the
brain induces behaviour change through the
relationship with perceived exertion (e.g. in-
creased desire to drink through greater thirst and
altered exercise intensity in the absence of fluid)
before a total failure of homeostasis develops[6-8]

(figure 2). A full commentary of this model has
been provided elsewhere.[6]

In constant-effort endurance exercise, it has
recently been demonstrated that physiological
mechanisms operate dynamically to continually
modulate physical effort on the basis of feedback
and feedforward regulatory systems.[57] We pro-
pose that a complex control system is also highly
applicable to the successful performance of team
games such as soccer in which players pace
themselves to complete a match on the basis of
continuous physiological information from nu-
merous regulatory mechanisms.

2.2 A Pacing Model for Elite Soccer
Performance

Well conditioned soccer players rarely reach
core temperatures considered critical[18,20,37,43]

during a game, lose relatively modest amounts
of body fluids across most match-play condi-
tions[32-35] and regulate metabolite concentration
(such as blood lactate) at sustainable levels[18,43,51]

for the match duration. The avoidance of critical
(fatigue-inducing) change in any single physiolo-
gical system is commonly achieved through a down-
regulation of high-intensity effort in the second
half of a match compared with the first half
across all outfield positions.[16,21,51] The greatest
disparity between halves of the match occurs in
less well conditioned players[16,21,51] (e.g. figure 1)
and, as such, players do not simply respond to
the demands of match-play, but operate an in-
dividualized self-pacing plan within the context
of the game. Aspects of each individual’s pacing
plan may vary according to positional require-
ments in the team (i.e. greater number of total
sprints in strikers and wing backs), but all out-
field positions in elite soccer matches require
players to respond to a variety of dynamic chal-
lenges and consequent downregulation of high-
intensity effort has been observed in the second
half of match-play independent of outfield
position.[16,21]

While a large amount of research has focused
on the limits to human performance and the de-
velopment of fatigue during exercise, relatively
few studies have examined the influence of pacing
on sports performance.[12,58,59] St Clair Gibson
et al.[12] recently identified that, whether or not
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Fig. 2. Relationship between the teleoanticipatory governor centre
in the brain and perceived exertion during exercise. Exercise in-
tensity is set at a subconscious level by the CNS, and the perceived
effort is the interpretation of afferent sensations against expected
outcomes set by the subconscious teleoanticipatory governor centre
(reproduced from Lambert et al.,[6] with permission).
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the endpoint of an exercise bout is known, ath-
letes invariably apply a pacing strategy to com-
plete the task. Within the context of continuous
endurance exercise, four main pacing strategies
(all-out, slow-start, even and variable pace) have
previously been described,[58] but currently no
studies have proposed a model for pacing in in-
termittent activity team games, presumably due
to the difficulties in identifying an appropriate
model that adequately represents the complex
movement patterns and the unpredictable en-
ergetic demands of the game.We propose that the
physical responses of elite soccer players in a
match conform to an individualized homeostatic
set-point theory, yet within the context of a gen-
eric (across all outfield positions) pacing strategy
operating at three connected levels.

Soccer players are well known to self-regulate
match-play efforts according to numerous in-
trinsic and extrinsic factors such as their current
fitness levels, the importance of the game, and
positional and tactical considerations.[2,25] The
level of each player’s sustained cardiovascular
stress during a match has also been shown to be
positively related to pre-match aerobic fitness,[18]

with better conditioned players more able to
sustain a higher level of physical work through-
out the full duration of the match and regulating
core body temperature more effectively at a sus-
tainable level.[15,16,18] This suggests that players
modulate effort according to a subconscious
strategy based on both pre-match (e.g. prior ex-
perience in similar circumstances, fitness levels,
match importance) and dynamic considerations
during the game (skin temperature, accumulation
of metabolites in the muscles, plasma osmolality
and substrate availability). Each player’s per-
ception of a developing cellular homeostatic dis-
turbance consequently induces behavioural
changes across all outfield positions (such as
covering an opponent’s movement rather than
intercepting, walking rather than jogging, or
passing rather than dribbling) to limit physical
efforts so as to avoid unsustainable elevations in
physical discomfort at a premature stage of the
match. As such, subconscious physiological fac-
tors influence conscious behavioural decisions to
regulate effort.

Pacing strategies require continual regulation
by the brain during an exercise bout.[12,58,59] For
example, during a game, each ‘all-out’ sprint
is likely to be paced in relation to an overall
90-minute pacing plan with graduated muscle
recruitment occurring throughout the sprint.[50]

This inevitably means that each match-play
sprint is slower than non-match sprint perfor-
mances, with fewer (or slower) sprints performed,
while there is a sustained threat to homeostasis.
This results in muscle power output being con-
tinuously modified in relation to an overall pa-
cing strategy. Consequently, feedback to the
brain algorithm invokes a behavioural decision
either to employ a temporary reduction from
vigorous work, or to maintain a continuation
at a similar level if the peripheral physiological
information does not suggest that the effort had
compromised the integrity of the pacing strategy.
Practically, this might mean players in positions
requiring sporadic rather than constant movement
would retain a capacity for higher intensity efforts,
while facing a lower sustained stress to home-
ostasis. Further studies of the dynamic responses
to match-play may confirm this observation.

It has previously been noted that players expe-
rience both a gradual decline in high-intensity
work and also temporary periods of fatigue dur-
ing a game.[23] These phenomena can be explained
by the presence of three complementary pacing
strategies (figure 3).

We propose that the main (meta) pacing
strategy of each soccer player is to reach the
conclusion of a match having physically worked
at a vigorous, yet sustainable level of perfor-
mance. This level corresponds to the maintenance
of tolerable physical discomfort (exercise-home-
ostasis) that the player is prepared to endure for
the match. Homeostatic processes subsequently
serve the teleological protective function of pre-
venting damage to peripheral physiological sys-
tems whose metabolic activity is increased during
exercise.[7,8]

According to our pacing model, a brain algo-
rithm initiates a particular pacing strategy at the
start of the match, based on both the knowledge
of the duration of the game and prior knowledge
of previous similar activities.[59] Prior experience
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explains the soccer-specific fitness observations
of both greater total and higher intensity work by
experienced players,[21] despite similarities in
aerobic capabilities with less experienced play-
ers.[21,30] Other factors considered within the
overall (meta) pacing decision include variables
such as current environmental conditions, health
status, and metabolic fuel reserves.[41] These all
mediate changes in pre-match decisions over the
precise regulatory level of subconscious physical
discomfort (exercise-homeostasis) each player is
willing to endure.

A regulatory set-point of exercise-homeostasis
within the meta-pacing strategy would also be
affected by extrinsic factors such as the im-
portance of the occasion, forthcoming game
commitments, tactical strategies, and formations
of team play. However, the dynamics of activity
during the game inevitably mean that elements of
the player’s overall pacing strategy need to be free
to vary. Consequently, while the regulatory set-
point represents a behaviourally ‘defended’ level
of homeostasis, factors such as the quality of the

opposition, crowd support, match score, tactical
and positional considerations mean that players
may or may not reach this pre-set level. These
factors require the presence of additional intra-
match pacing strategies to support the main plan
of reaching the end of the match without experi-
encing total system failure and within the pre-set
expectations of the individual player.

Self-pacing is known to occur in soccer[2,25]

and it is also clear that, within the context of their
designated positional responsibilities in a team,
players decide when and how to respond to the
diverse challenges posed in a game. However, this
has not been discussed in relation to an overall
strategy, or as an explanation for the regulation
of physiological responses to match-play and the
avoidance ofmetabolic system failure. For example,
Ekblom[43] first illustrated the oscillatory dyna-
mics of match-play heart rates during a game
(figure 4), yet closer inspection of the cardiovascular
responses reported demonstrate that fluctuations in
match-play heart rates occur in a non-random
pattern whereby each heart rate peak is rapidly fol-
lowed by a sudden and substantial drop beneath a
sustained mean rate (figure 4). This is consistent
with match-play video analysis[16,22] in which longer
sprints and greater periods of sustained effort re-
quire prolonged (yet temporary) periods of reco-
very.[23] Consistent evidence[18,19,43] supports the
observation that exercise heart rates are regulated at
a higher level in the first half, compared with the
second half of amatch and the pattern of these heart
rate oscillations within each half of the game is both
non-random and somewhat predictable. This car-
ries obvious performance implications in so far as
players consciously seek temporary tactical alter-
natives tomaximal workwhen exercise-homeostasis
is threatened. The regulation of conscious effort
enables the player to regulate important metabolic
factors such as blood lactate accumulation at a re-
latively constant level[43] (figure 4) and thus avoid an
unsustainable (and unwanted) change in any one
physiological system.[6,12]

A single subconscious pre-match regulatory
level of homeostasis does not provide players with
an intra-match opportunity to re-regulate effort.
According to our model, it is therefore probable
that a regulatory set-point is only initially fixed for
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Fig. 3. A multi-level model of pacing in elite soccer. (a) represents a
schematic view of the ‘meta’ pacing strategy pre-set by each in-
dividual player at the commencement of the match. The horizontal
line represents exercise-homeostasis (subconscious level of toler-
able physical discomfort) the player anticipates experiencing during
the game. The oscillations represent the dynamic (micro) pacing
strategy to release energy and sustainable effort in relation to the
long-term objectives. (b) represents the meso-pacing plans (first and
second halves of the match) with differential levels of subconscious
regulatory points between halves of the match. The second-half level
is subconsciously downregulated from the first half, although the
mean of the two (dotted line) broadly equates to the pre-match
expectations of the player.
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the first half of a game (meso-pacing). At the half-
time break, set-point regulation is subconsciously
re-evaluated and reset on the basis of updated in-
trinsic and extrinsic factors. It is inevitable that the
work accomplished in the second half will be re-
duced (as is) from the first half due to diminishing
fuel stores, enhanced thirst, and accumulation of
intra-muscular metabolites (table I).

The disparity between first and second half
physical match-play performances demonstrates
a clear trend for reduced high-intensity work in
the second half of a game (figures 1 and 4).
However, despite high-intensity efforts being
substantially reduced in the second half,[16,22]

players still retain sufficient energy reserves to
respond to match demands until the end of the
game, which refutes the presence of progressive
fatigue towards a situation that would induce the
immediate cessation of exercise.

The presence of a subconscious, yet dynamic
pacing plan protects the integrity of the longer
term aim of the player to finish the match in a

reasonable condition. Therefore, although first
and second half regulatory set-points will be dif-
ferent (although perception of effort would re-
main the same throughout), the mean of the two
plans broadly approximate the pre-match objec-
tive (meta-plan) of the player, i.e. to finish the
game and be able to respond to match demands
as necessary. In consideration of this, the most
important pacing strategy in soccer is the dy-
namic (micro) plan connecting each level of
pacing strategy and which exists throughout the
duration of the game. This strategy explains the
occurrence of non-random[57] temporary fatigue
during a game.[23] For example, a temporary
threat to intracellular homeostasis induces beha-
vioural change to ensure that the longer term
meso- and macro-pacing strategies are not com-
promised by continued exercise at an unsustain-
able level. This will result in a temporary reduc-
tion in work (figure 3), noticeable by a short-term
decline in heart rate and distances covered until
the intracellular disturbance has diminished.
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The dynamic-pacing strategy therefore connects
both meso- and macro-strategies by regulating
intensity and frequency of short-term efforts in
relation to both longer term strategies. It is with
consideration to the longer term objectives that
a player will subconsciously only expend maximal
effort at any one time during the match if it con-
sistent with the objectives of the meso- and macro-
pacing strategies. Where the match-play require-
ments incur a prolonged threat to homeostasis, the
player will require extended recovery to reduce the
intracellular threat and so will consciously seek
tactical alternatives to short-term high-intensity
efforts. As such, players performing either a long
sprint, or a rapid series of high-intensity activities
should be expected to seek extended opportunities
to minimize energy expenditure as has been ob-
served in motion analysis of match play.[16,21,22]

The characteristics of our hypothetical pacing plan
are summarized in table I.

All three of the connected pacing strategies pro-
posed within our hypothetical model demonstrate
how players are able to complete the full duration
of the game. The presence of a second half endpoint
strategy (meso-pacing) ensures that the player can
down-regulate effort to a new level for a prolonged
period and the dynamic strategy (micro-strategy)
ensures that no single factor such as dehydration
causes the immediate cessation of exercise.

3. Conclusions

It is in consideration of the complex factors that
control performance that a single variable such as
dehydration is unlikely to be causally linked as the

limitation to physiological performance in soccer.
In our opinion, a more probable scenario is that
dehydration is one feature within a complex reg-
ulatory system and progressive fluid loss acts as a
physiological (subconscious) stimulus to initiate
conscious feelings of fatigue such as thirst. Conse-
quently, symptoms of fatigue influence physical
efforts and affect tactical decision-making across
the outfield positions duringmatch-play to prevent
excessive threats to homeostasis.

In this current opinion article, we propose that
a multi-level pacing plan ensures that players
reach the conclusion of a game. Clearly, players
must respond to the demands of the game, but if
there were no pacing then no-one would reach the
end of the match and no player would have re-
serves of energy for short-term sprints in the later
stages of a game. This is not the case and, in
practical terms, it can be observed in players’
tactical decisions to cover an opponent’s move-
ment rather than to initiate an energy-consuming
interception, or to pass the ball to a team mate
rather than to perform a dribble. Further studies
examining the dynamic characteristics of elite
match-play may further support our pacing
model. We therefore suggest that moderate de-
hydration is only a single sign that significant
metabolic activity has occurred during exercise
and it is not the cause of fatigue in elite soccer.
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Table I. A summary of characteristics within the multi-level pacing model in elite soccer

Pacing strategies Purpose and characteristics Set-point Dynamic

Macro-pacing Overall pacing plan for the match. A subconsciously pre-conceived strategy based around a

set-point of tolerable physical discomfort expected over the duration of the game

O x

Meso-pacing Inter-half pacing plan. This variation from the macro-plan enables up- and downregulation

of effort during a match based on tactical and specific match considerations

O x

Micro-pacing Dynamic pacing plan. This strategy enables the player to evaluate the impact of acute periods

of intense exercise on the set-point strategies. For example, a prolonged sprint late in a

game may require an extended recovery to protect homeostasis

x O

set-point = pacing strategies based on defending exercise homeostasis at an individualized set-point of tolerable physical discomfort in

accordance with each player’s fitness and experience; dynamic = pacing strategy based on the principles of negative feedback where

temporary fluctuations from the set-point require longer or shorter recovery, depending on whether exercise homeostasis is threatened.
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