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ABSTRACT

Energy deficiency profoundly disrupts normal endocrinology, metabolism, and physiology, resulting in an
orchestrated response for energy preservation. As such, despite energy deficit is typically thought as positive for
weight-loss and treatment of cardiometabolic diseases during the current obesity pandemic, in the context of
contemporary sports and exercise nutrition, chronic energy deficiency is associated to negative health and
athletic performance consequences. However, the evidence of energy deficit negatively affecting physical ca-
pacity and sports performance is unclear. While severe energy deficiency can negatively affect physical capacity,
humans can also improve aerobic fitness and strength while facing significant energy deficit. Many athletes, also,
compete at an elite and world-class level despite showing clear signs of energy deficiency. Maintenance of high
physical capacity despite the suppression of energetically demanding physiological traits seems paradoxical
when an evolutionary viewpoint is not considered. Humans have evolved facing intermittent periods of food
scarcity in their natural habitat and are able to thrive in it. In the current perspective it is argued that when facing
limited energy availability, maintenance of locomotion and physical capacity are of high priority given that they
are essential for food procurement for survival in the habitat where humans evolved. When energetic resources
are limited, energy may be allocated to tasks essential for survival (e.g. locomotion) while minimising energy
allocation to traits that are not (e.g. growth and reproduction). The current perspective provides a model of
energy allocation during energy scarcity supported by observation of physiological and metabolic responses that

are congruent with this paradigm.

1. Introduction

The prevailing view of energy deficit in the context of contemporary
sports and exercise nutrition is that of an aetiological factor of condi-
tions characterised by dysregulation of the endocrine milieu, normal
physiological function, and that it directly results in impairment of
health and athletic performance (De Souza et al., 2014; Mountjoy et al.,
2018). While the influence of energy deficiency on some physiological
and endocrine parameters, including bone metabolism and reproductive
hormones, are well-characterised, evidence on the direct effect of energy
deficiency on human physical capacity and athletic performance is
scarce and limited (Melin et al., 2023). Available evidence suggests that
even when facing energy deficit or showing signs of chronic energy
deficiency, exercising individuals are able to maintain and increase
physical capacity, or achieve levels of athletic performance compatible
with international-level competition (Areta, 2020; Fudge et al., 2006;
Garthe et al., 2011b; Garthe et al., 2011a; Hulmi et al., 2017; Langan-
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Evans et al., 2021; Stellingwerff, 2018; Tornberg et al., 2017; Zachwieja
et al., 2001).

Given that a set of physiological responses are triggered by energy
deficiency set to ensure energy preservation in humans (Areta et al.,
2021; Aronne et al., 2021), it can expected that energetically demanding
processes such as muscle contraction and high physical capacity, would
be profoundly affected. However, this does not appear to necessarily be
the case, and physical capacity may even improve while facing energy
deficit. As an example, a randomized controlled trial study investigating
the effect of ~40% energy reduction from energy balance in 40 males
over 4 weeks with combined with intense exercise shows a clear contrast
between endocrine and physiological effects of energy deficiency and
changes in physical capacity (Longland et al., 2016). This intervention
resulted in a reduction in body mass of ~5% in parallel with alteration of
a broad range of hormones associated to energy preservation, including
growth hormone, IGF-1, testosterone, insulin and cortisol (Longland
et al., 2016). In contrast, however, lean body mass was either increased
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or maintained, and physical capacity improved in almost all physical
capacity and performance tests including leg press strength (~98% in-
crease), bench press strength (~32% increase), push-up count (~32%
increase), sit-up count (~32% increase), Wingate test mean power
(~5% increase), Wingate test peak power (~12% increase), relative
VO2max (—15% increase) and 250 kj cycling time-trial performance
(~19% faster) (Longland et al., 2016). It may be argued that marked
physical capacity and performance improvements in this population
were possible because subjects were only recreationally active prior to
the intensified training programme, and that these findings are irrele-
vant to other populations because individuals were overweight (BMI >
25 kg/mz) (Longland et al., 2016). However, comparable findings have
been reported in active and elite athlete population.

Improvements in physical capacity have been reported with
concomitant energy deficit and weight-loss in active and trained in-
dividuals (Fogelholm et al., 1993; Louis et al., 2020; Zachwieja et al.,
2001), and elite athlete populations (Garthe et al., 2011a; Langan-Evans
et al., 2021). Energy deficiency concomitant with top-level competitive
performances has been documented, for example, in elite long-distance
runners prior to their main competitions (Fudge et al., 2006), in an
Olympic middle-distance female (Stellingwerff, 2018), in an elite world-
class female cyclist (Areta, 2020), and in race walkers (Burke et al.,
2023). Moreover, menstrual dysfunction —also a proxy indicator of
chronic energy deficiency— is prevalent among athletes that compete at
an elite level (Torstveit, 2005). Though extreme energy deficiency
clearly impairs physical capacity (Jenike, 1996; Keys, 1950), these re-
ports suggest that achieving top-level athletic performance is possible in
the face of a degree of energy deficiency (although it is unknown if being
in energy deficiency can coexist with to top athletic performances for a
given individual, see point 6, in section 6). This appears to be a bio-
logical contradiction: physiological responses for energy preservation
are triggered but physical capacity —an energetically demanding trait—
can be maintained or even improved.

This paradoxical response is difficult to make sense of, at least if the
importance of physical capacity for survival is not considered in an
evolutionary context. Intermittent energy scarcity is an important
evolutionary pressure, and energy a unifying force in biology (Brown
et al., 2004). As such, organisms have developed, through natural se-
lection, mechanisms to cope with these selective pressures that span
from cellular and sub-cellular level bioenergetics to behavioural adap-
tations (Efeyan et al., 2015; Niven and Laughlin, 2008). In this sense,
modern humans are no exception given that in our origin we are hunter-
gatherers and our biology has been shaped and adapted to this lifestyle
(Pontzer and Wood, 2021). As part of this lifestyle food insecurity rep-
resented a stress factor through our evolutionary history (Berbesque
et al., 2014; Prentice, 2007). Therefore, Homo sapiens, is possibly well-
tooled to face periods of low energy availability without major injury
risk while resulting in a mix of ‘negative’ and ‘positive’ outcomes.
Indeed, caloric restriction has shown to decrease diseases onset and
increase lifespan in a wide range of species, including our closely related
primates, macaque monkeys (Colman et al., 2009), something that has
been suggested to also happen in humans (Speakman, 2020). Nonethe-
less, given that in a natural hunter-gatherer habitat, locomotion and
physical capacity are essential for food procurement, the machinery for
physical activity may be maintained and likely spared from the same
down-regulation that affects other traits that are non-essential for im-
mediate survival such as growth, reproduction, and other somatic
maintenance traits.

In this light, the aim of this perspective is to highlight that during
energy deficit human physiology minimises non-essential energy
expenditure at the expense of allocating limited energy available to-
wards a trait that is essential for procuring itself of energy for the sur-
vival, namely physical capacity. It appears that physical capacity,
despite being energetically expensive, is a high-priority trait for allo-
cation of limited resources and unlikely to be affected by energy defi-
ciency unless key energy stores (e.g. muscle glycogen) are critically low,
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or the deficit severe. With this hypothesis in mind, the current
perspective piece provides a critical review of the literature supporting
this framework.

To do this, and in line with the current special edition of this journal,
the current piece will overlap fields that typically are not thought as
synergistic: sports and exercise nutrition and evolution, with a focus on
biological anthropology to use existing theories and frameworks to bring
a different viewpoint to a topical area of investigation within sport and
exercise science. To provide readers of different backgrounds with
foundational knowledge, this piece will first provide a summary of our
contemporary understanding of the effects of low energy availability in
sports and exercise nutrition (section 2) followed by an outline of energy
scarcity as a key selective pressure in evolution with a special reference
to humans (section 3). Following this, I share a framework of physical
capacity as a high-priority energy allocation task for humans (section 4),
an idea which will then be supported by evidence of physiological re-
sponses to exercise in periods of energy deficiency (section 5). I will
finally provide some points of reflection around the suitability of this
conceptual framework for sports and exercise nutrition (section 6).

2. ‘Low energy availability’ in sports and exercise nutrition

‘Energy availability’ is a popular concept in sports and exercise
nutrition, and it is currently operationally defined as dietary energy
intake minus exercise energy expenditure, which represents the ‘energy
available’ to sustain physiological processes outside exercise (Areta
et al., 2021; Loucks, 2020). Defining what value ‘low’ energy avail-
ability (LEA) is represented by (in kcal/kg of fat-free mass/day) is
difficult, particularly in field conditions (Heikura et al., 2021), and there
may be no single threshold value for the population to define what is
‘low’. However, LEA can be referred to as an amount of energy that
triggers endocrine, metabolic and physiological responses coherent with
energy preservation. LEA is referred to also as ‘relative’ energy defi-
ciency, because the energy availability is reported —by definition—
relative to exercise energy expenditure. Conceptually, LEA is somewhat
different from the concept of energy deficit (Areta et al., 2021; Loucks
et al., 2011) but for the sake of this review, energy deficit, LEA, energy
deficiency, relative energy deficiency, energy restriction, and similar
terms are used interchangeably. In all cases these will refer to insuffi-
cient energy for an organism to maintain normal homeostasis.

LEA is important because it is thought that many afflictions suffered
by exercising and athletic populations are a consequence of under-
fuelling, and LEA is thought as a key etiological factor of negative
health and performance consequence as outlined in the Relative Energy
Deficiency in Sport (REDs) and the male and female athlete triad models
(De Souza et al., 2014; Mountjoy et al., 2018; Nattiv et al., 2021; Thomas
etal., 2016). In these models, LEA is thought to be the cause of impaired
reproductive function and bone metabolism (increasing the likelihood of
bone stress fractures), and several other dysregulations, including
impaired athletic performance (De Souza et al., 2014; Mountjoy et al.,
2018; Nattiv et al., 2021). A detailed description of the endocrine,
metabolic and physiological effects of LEA is beyond the scope of this
perspective piece and the reader is referred elsewhere for a detailed
discussion (Areta et al., 2021; Loucks, 2020). It should briefly be sum-
marised, however, that well-controlled laboratory-based studies have
shown a causal effect between LEA and disruption of endocrine axes
related to reproductive function (Loucks et al., 1998) and somatic
maintenance (Loucks and Callister, 1993), bone metabolism (Ihle and
Loucks, 2004; Papageorgiou et al., 2018) and other dysregulations
(Koehler et al., 2016; Loucks et al., 1998). This literature shows that
these perturbations are independent of the stress of exercise and possibly
attributable to LEA as a causal factor, therefore providing a strong
mechanistic support to epidemiological and cross-sectional observations
of menstrual disorders in women, low bone mineral density and bone
stress fractures in female (mainly) and male athletes.

Despite LEA has clear and remarkable effects on endocrine axes and



J.L. Areta

physiological systems which may result in negative health consequences
such as stress bone fractures (Barrack et al., 2017; Barrack et al., 2014)
that would ultimately affect performance, the direct effects on physical
capacity before a breaking point is reached, are unclear. LEA is generally
thought to rapidly trigger a negative state and even within-day energy
deficits are suggested to be avoided (Torstveit et al., 2018). Instead of
being thought of as key in the development of a disease-like affliction,
the endocrine and physiological responses to LEA may be thought as a
physiological adaptive and a teleological protective mechanism in a
natural habitat (Jasienska, 2001): reproductive capacity —for species
with heavy investment in offspring, at least— may be halted due to
being an extremely expensive energetic process (Thurber et al., 2019), a
fall in thyroid hormones may reduce resting metabolic rate, an increase
in stress hormones mobilises endogenous energy stores, similar to the
concomitant decrease in IGF-1 and increase in growth hormone: growth-
related processes may be halted to increase the availability of endoge-
nous alternative fuels (Chan and Mantzoros, 2005). These responses are
consistent with the idea that in a state of limited energy, resources may
be re-allocated based on a set of priorities from tasks that are not
essential for immediate survival, to processes that are (Jasienska, 2001).
Considering the hunter-gatherer origin of modern humans and its evo-
lution through horticultural societies, foraging and food procurement
may be considered essential for survival. Accordingly, locomotion and
physical capacity would likely be protected against downregulation,
unless the energetic stress is severe. Observations in an horticulturist
population support the idea that activity levels are affected in males (but
not in females), only when the degree of nutritional depletion is severe,
and possibly not before (Jenike, 1996).

3. Energy scarcity as selective pressure for living organisms,
including humans

Energy scarcity is a fundamental selective pressure in evolution,
therefore, living organisms have developed through natural selection
strategies to maximise the probability of survival when facing limited
energy. Mechanisms to cope with energy scarcity and efficient use of
energy have developed from single-celled to higher organisms (Brown
et al., 2004; Niven and Laughlin, 2008; Wagner, 2005). Humans, as
other mammalian and non-mammalian species, have historically faced
seasonality in food availability with periods of food scarcity and famines
during their evolutionary history (Anton et al., 2018; Prentice, 2007;
Prentice et al., 2008; Speth, 1990), which means that on-demand,
secure, constant food availability is a rarity evolutionarily speaking
for our species when considering our hunter-gatherer lifestyle legacy.
Hunting and gathering is characteristic since the origin of the genus
Homo 2.4 million years ago, representing 99.6% of the time that have
shaped the evolution of our species, given that agriculture arose
~12000/10000 years ago —when hunting-gathering, was drastically
reduced as a mode of subsistence— (Cordain et al., 2000; Pontzer and
Wood, 2021). This does not mean that with the advent of agriculture
food scarcity and famines had been eliminated. In fact, periods of food
scarcity are relatively common in hunter gatherers, but famines in
agricultural societies are more common and also more severe (Berb-
esque et al., 2014; Prentice, 2007).

It has been argued that food scarcity in hunter-gatherers could be
rather mild and the advent of agriculture (i.e. the neolithic), despite
representing a briefer period in our hominin evolutionary history, have
inflicted significant evolutionary pressure through severe famines
resulting in positive selection of genes ‘thrifty genes’ that ensure survival
in periods of scarcity —now linked to a prevalence of obesity in indus-
trialised nations— (Chakravarthy and Booth, 2004; Neel, 1962; Pren-
tice, 2005). Ongoing debate around the plausibility of genetic selection
in this timeframe is unresolved (Prentice et al., 2008; Speakman, 2007).
A relevant point of agreement in the debate, however, is that death by
frank starvation during famines is remarkably low, with the majority of
the deaths attributed to infectious diseases (Prentice et al., 2008;
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Speakman, 2007).

Therefore, traits that allow for survival in periods of food scarcity are
likely highly effective and probably precede our most recent hominid
evolutionary legacy. What is more relevant to consider in the context of
this piece, however, is that populations that rely on hunter-gathering
and subsistence farming appear to be highly active, at least when
compared to the global population (Guthold et al., 2018). Hunter
gatherers have been shown to spend over 130 min/day of moderate-to-
vigorous physical activity (current recommendations in industrialised
populations are 150 min per week) (Raichlen et al., 2017) and have been
documented to cover on foot a daily distance of on average approx. 12
km in men (range ~ 6-18 km/day) and 6 km in women (~2-9 km/day)
(Pontzer et al., 2015). Subsistence farmers also appear to be highly
active (Levine et al., 2001) and physically fit (Sibson et al., 2021),
possibly on par with hunter gatherers. Average physical activity levels
(PALs; the ratio between total daily energy expenditure and resting
metabolic rate) of general population are around 1.4-1.6 PALs, while for
hunter gatherers is around 1.9 for men and 1.8 for women, and for
subsistence farmers 2.1 for men and 1.9 for women (Lieberman, 2020).

There is no reason to believe that the necessity of foraging would be
reduced in periods of food scarcity, as physical activity would be
necessary to regain energy balance (Keys, 1950). In fact, frequency and
gathering food activities has been documented to be higher in energy-
stressed horticulturists (Jenike, 1996). The importance of locomotion
for survival in hunter-gatherers becomes even more prominent when
considering the importance of walking and the practices of persistence
hunting and scavenging, posing the capacity to run long distances as key
in the evolution of modern humans (Bramble and Lieberman, 2004;
Liebenberg, 2006; Lieberman, 2020). Therefore, suppression of physical
capacity during energy scarcity would reduce evolutionary fitness of
humans. Consequently, in a state of low energy availability in a natural
habitat, suppression of energetically demanding processes has been
proposed to follow a hierarchy of needs whereby allocation of energy is
prioritised to locomotion and physical capacity, above other energy
allocation domains of lower priority, such as, for example, reproductive
function or growth (Jasienska, 2001; Jenike, 1996; Wade and Schneider,
1992).

4. A hypothetical hierarchy of allocation of limited energy:
locomotion and physical capacity as high-priority domains

Energy in an organism is a finite resource that is distributed among
different competing organismal functions. Life history theory, a frame-
work that explains how organisms are optimised to maximise repro-
ductive success makes reference to tradeoffs of life history traits: the
development of one trait may be at the expense of the development of
another (Stearns, 2000). In an economic model of life history, energy
—the common currency— that is utilised for one trait (such as main-
tenance, activity, growth or reproduction), cannot be used for another
(Pontzer and McGrosky, 2022). Therefore, a life history perspective and
an economic model of energy allocation, which are well-established
concepts within the field of evolutionary anthropology, may be partic-
ularly relevant to interpret physiological responses to LEA in pop-
ulations with high levels of physical activity or exercise (Pontzer and
McGrosky, 2022; Shirley et al., 2022).

Endurance capacity is a fundamental characteristic of the genus
Homo, which show a level of aerobic fitness and daily locomotion that
far exceeds that of other non-extint primates. It is argued that walking
and endurance running have been instrumental for food procurement in
the evolution of humans, and are also essential for persistence hunting
and/or scavenging (Bramble and Lieberman, 2004; Cordain et al., 1998;
Liebenberg, 2006; Lieberman et al., 2020). Therefore, locomotion and
physical capacity represent important tasks of energy allocation for
survival in humans. Given that increasing physical activity represents an
increase in the allocation of energy available to muscle contraction,
something that needs to happen even in the face of reduced food
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availability, it is logical to assume that to ensure survival physical ca-
pacity may have developed as a high-priority energy allocation task
among different competing traits (Bronson, 1985; Ellison, 2001;
Jasienska, 2003; Wade and Schneider, 1992). Importantly, locomotion
(and physical capacity) is the only energy expenditure task that is
directly linked to food/energy procurement in adults in a natural habitat
(Fig. 1, A). Minimisation of the energy allocation to locomotion would
therefore minimise the chance of food procurement in a natural habitat
and therefore minimise evolutionary fitness. Here I refer specifically to
essential and voluntary activity leading to procurement of food/energy
and not to non-essential and involuntary activity, that can be reduced as a
consequence of negative energy balance (Levine, 2004).

Accordingly, in this model of energy allocation, in the face of
reduced energy availability in physically active population (Fig. 1, B and
C), muscle, locomotion and physical capacity are of high-priority and
energy is allocated to it both when energy is reduced due to reduced
energy intake (Fig. 1, B) or increased physical activity/exercise energy
expenditure (Fig. 1, C), as it has been suggested by others (Jasienska,
2001; Pontzer and McGrosky, 2022; Schneider et al., 2013; Sibly et al.,
2013; Wade and Schneider, 1992). Note that other tasks within 'main-
tenance and survival' that may compete with locomotion, such as im-
mune function, are not considered as part of the model due to being
outside the scope of the current piece.

This model is based on indirect evidence and even though measuring
energy allocation between different tasks and traits (that are mostly
conceptual and virtual in nature) in humans may prove technically
unfeasible, observations of physical capacity and physiological re-
sponses in the face of energy deficiency with concomitant physical ac-
tivity can provide robust evidence to evaluate allocation of resources to
test this model. Current evidence supports the idea that physiological
systems that are not immediately relevant for survival such as
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reproduction and growth are down-regulated, while those that are
linked to locomotion and physical capacity (e.g. muscle oxidative ca-
pacity, myofibrillar protein synthesis, strength and neuronal mito-
chondria), tend to be maintained or even improved when energy
deficiency is overlayed on top of physical activity or exercise.

5. Evidence supporting the maintenance of metabolic and
physiological capacity and machinery for locomotion and
physical activity in the face of energy deficit, with concomitant
physical activity and exercise

Relative to the research on endocrine consequences of energy deficit
on endorcrine responses and potential heatlh impairments (Areta et al.,
2021; De Souza et al., 2014; Loucks, 2020; Mountjoy et al., 2018), sci-
entific studies on the effect energy deficit on muscle physiology, func-
tion and ahletic performance are comparatively small in number and
this is a topic that is largely unexplored. Current research seems to
suggest that when physical activity/exercise are undertaken in the face
of energy deficit, physical capacity and skeletal muscle capacity can be
maintained or even improved, possibly supported by a maintenance
and/or optimisation of the machinery that supports this. To highlight
this and provide evidence supporting the model outlined in section 4,
this section presents evidence on physiological responses that are
congruent with maintenance of locomotion and physical capacity when
facing energy deficit, with a focus on skeletal muscle (summarised in
Fig. 2).

Energy deficiency in the sedentary state can decrease skeletal muscle
mass through blunting anabolic processes, but muscle contraction pre-
serves lean mass losses and functional capacity. Even in the face of en-
ergy deficiency, scientific reports predominantly show strength
maintenance or gains in a range of populations (Garthe et al., 2011a;
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Fig. 2. Graphical representation of the physiological responses reflecting a priority of energetic resources allocation during energy deficiency. With reduced
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Concomitantly reproductive function and bone metabolism are down-regulated, while oxidative capacity and myofibrillar protein content in muscle may be
maintained or enhanced while switching to a more energy-efficient phenotype. BHB, p-hydroxybutyrate; FFA, free fatty acids. Figure was created with biorender
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Hulmi et al., 2017; Langan-Evans et al., 2021; Longland et al., 2016;
Rossow et al., 2013). The contractile force of a muscle is determined
mainly by synchronised motor unit recruitment and the cross-sectional
area of the muscle, which is determined by the size of a muscle which
is, in turn, is determined by the size of the myofibril protein pool. Short-
term energy deficiency has shown to decreases resting muscle protein
synthesis (Areta et al., 2014; Pasiakos et al., 2010), but resistance ex-
ercise stimulus has shown to be able to rescue protein synthesis to en-
ergy balance baseline levels (Areta et al., 2014; Hector et al., 2018;
Murphy et al., 2015). Similarly, loss of lean mass during a severe weight-
loss intervention of short duration (4 days) has been observed to be
exacerbated in the muscles that had not been exposed to contractile
activity, compared to those that have (Calbet et al., 2017). Importantly,
a meta-analysis evaluating the effect of energy deficit on lean mass with
concomitant resistance exercise training, has shown that a degree of
energy deficit is able to reduce gains in lean mass, without affecting
gains in strength (Murphy and Koehler, 2021). Overall, these findings
support the idea that muscle growth is downregulated by energy deficit,
but upon muscle contraction protein synthesis can be maintained, as is
the capacity to elicit force, at least up until certain level of energy deficit.

Aerobic fitness and muscle oxidative capacity can be maintained or
potentially improved in the face of energy deficit. Aerobic capacity and
performance that match the demands of competitive elite and world-
class athletes seems to be achievable even in the face of acute and
chronic energy deficiency (Areta, 2020; Burke et al., 2023; Fudge et al.,
2006; Langan-Evans et al., 2021; Stellingwerff, 2018; Tornberg et al.,
2017). Maintenance and improvements in maximal aerobic capacity and
performance have been documented in different populations when
exposed to significant energy deficit with concomitant training (Brady
etal., 2021; Brennan et al., 2022; Burke et al., 2023; Langan-Evans et al.,
2021; Longland et al., 2016; Zachwieja et al., 2001). For example,
maintenance of maximal aerobic capacity has been documented in elite
race-walkers after a short-term (9 day) ‘low energy availability’ inter-
vention during a training camp (Burke et al., 2023), and in trained
middle and long-distance runners following an 8-week time-restricted

feeding protocol resulting in weight-loss (Brady et al., 2021). Improve-
ment of maximal aerobic capacity has been documented in weight loss
interventions in overweight and obese (Brennan et al., 2022; Longland
et al., 2016), physically active population (Zachwieja et al., 2001), and
an elite combat-sport athlete after a 9% body-mass loss during 7 weeks
of ‘making weight’ for competition (Langan-Evans et al., 2021). There is
possibly not enough evidence yet to indicate at what point a certain
degree of energy deficiency may affect aerobic capacity, and if there is a
negative effect, what may be the exact mechanisms behind, if those
related the central nervous system, cardiovascular, skeletal muscle, or a
combination of all of these.

An important component determining endurance capacity is the
oxidative capacity of skeletal muscle which is supported by cellular
processes of energy generation linked to mitochondrial metabolism.
Research evaluating the effect of energy deficit on skeletal muscle
mitochondrial pathways in humans is limited, but current evidence
seems to be supportive of this model. For example, a mouse training
model with alternate day fasting (ADF) resulting in reduced energy
intake compared to an ad libitum group showed improvements in per-
formance and skeletal muscle in the ADF group with concomitant up-
regulation of pathways involved in mitochondrial biogenesis, meta-
bolism and cellular plasticity (Marosi et al., 2018). Similar findings have
been replicated in a similar rat model (Real-Hohn et al., 2018). In
humans, the evidence of energy deficit upregulating skeletal muscle
oxidative pathways appears to be limited to overweight and obese
populations, but seems to support the idea that —if not improved—
oxidative capacity or markers of mitochondrial content in skeletal
muscle are at least maintained (Civitarese et al., 2007; Coen et al., 2015;
Menshikova et al., 2007; Menshikova et al., 2005; Toledo et al., 2007;
Toledo et al., 2006). Interestingly, a recent report has shown a short
period (10 days) of ‘low energy availability’ reduced bulk myofibrillar
and sarcoplasmic protein synthesis in exercising moderately trained
young eumenorrheic women compared to an ‘optimal energy avail-
ability’ group, but provided no other analyses of skeletal muscle
phenotype (Oxfeldt et al., 2023). Unpublished skeletal muscle proteomic
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analyses from our research group suggest that when severe energy
deficit is overlayed acutely on top of aerobic-type exercise in young,
healthy young male population, could increase proteins of oxidative
mitochondrial pathways in skeletal muscle (Taylor et al., 2023).

Despite energy deficit appears to have a modulatory role on the
phenotype of skeletal muscle, one may need to be more specific when
referring to ‘energy deficit’ in relation to skeletal muscle. There may be
an effect of ‘systemic’ energy deficit leading to changes of humoral fac-
tors such as circulating anabolic and catabolic hormones (e.g. testos-
terone, IGF-1, cortisol, etc) and metabolites (e.g. free fatty acids,
ketones, etc.), and a ‘local’ energy deficit represented by changes in
endogenous fuel stores, of which glycogen is particularly relevant.
Skeletal muscle glycogen is not only an important fuel source for muscle
contraction, particularly for high intensity exercise (Areta and Hopkins,
2018), but also represents an energy storage metabolite that is tightly
monitored by the cell (Hardie and Sakamoto, 2006; Philp et al., 2012). A
decrease in skeletal muscle glycogen concentration triggers a cascade of
intracellular signals that are associated with up-regulation of fatty acid
metabolism and mitochondrial biogenesis in skeletal muscle, among
other pathways (Hardie and Sakamoto, 2006; Philp et al., 2012; Pile-
gaard et al., 2002; Wojtaszewski et al., 2003). Training with low muscle
glycogen has been attributed to improvements in skeletal muscle
working of >2 fold capacity compared to training with normal muscle
glycogen in humans after 10 weeks of training (Hansen et al., 2005).

This seminal research suggesting positive adaptive effects to training
with low muscle glycogen (i.e. intracellular energy depletion), has led to
a significant body of research investigating muscle molecular adapta-
tions associated to enhanced adaptation to training, and some research
directly assessing its performance effects. Completing specific training
sessions with low muscle glycogen has shown a clear modulatory effect
of intracellular molecular pathways, related to oxidative metabolism
(Hawley and Morton, 2014; Hearris et al., 2018). However, this
approach of periodised carbohydrate restriction whereby specific ses-
sions are completed with low muscle glycogen, while allowing glycogen
replenishment for other sessions, has ultimately shown no clear effect of
improvement in performance (Gejl and Nybo, 2021). It is remarkable,
however, that in these models when, repeatedly training with low
muscle glycogen, performance is not impaired (though it likely is
impaired with chronic carbohydrate deprivation of low-carbohydrate
high-fat diets (Burke, 2020)). The independent effects of potential syn-
ergistic ‘local’ (glycogen) and ‘systemic’ energy deficits on skeletal
muscle are an area of ongoing research. Short-term studies seem to
suggest that reduced systemic energy does not necessarily affect skeletal
muscle adaptation to training in (Areta et al., 2020; Gorski et al., 2023;
Hammond et al., 2019), but more research is needed using intervention
protocols that span more than a few hours.

Beyond the effect on the oxidative metabolism machinery, the
phenotype shift in muscle with energy deficit appears to also minimise
energy expenditure through improvement of efficiency and economy of
movement. Research in overweight and obese individuals maintaining
physical activity during a period of 6-7 months to achieve 10% of
weight loss has shown that muscle contraction efficiency and walking
economy are increased as a consequence (Foster et al., 1995; Goldsmith
et al., 2010; Rosenbaum et al., 2003). This improvement in efficiency
has been attributed to a shift of the ratio of myosin heavy chain (MHC) in
skeletal muscle from less efficient MHC II to more efficient MHC I
(Rosenbaum et al., 2018), something that appears to be modulated by
the decrease in circulating triiodothyronine (Kim, 2008; Rosenbaum
et al., 2018). To the best of my knowledge, it is unknown if a similar
mechanism would be observed in normal sedentary or trained in-
dividuals exposed to energy deficit.

Finally, beyond the effect of energy deficit on skeletal muscle
metabolism, the physiological effect on neurons may also be considered
as relevant in the current context. The relevance of neuronal function for
skeletal muscle and locomotion for foraging is twofold: first, muscle
contraction is determined by the electro-chemical signal of neurons from

Comparative Biochemistry and Physiology, Part A 284 (2023) 111473

the brain to the neuromuscular junction, and second, hunting and
gathering are cognitively demanding (Liebenberg, 1990; Rosati, 2017).
Consistent also with the model proposed in the previous section, ener-
getic stress has also been shown to enhance neuronal mitochondrial
biogenesis, synaptic plasticity, neurogenesis and cognition in rodent
models (Mattson, 2012; Raefsky and Mattson, 2017), something that
could have implications in cognitive capacity in relation to foraging
cognition.

To conclude, when focusing on the metabolic and physiological re-
sponses associated to physical capacity and locomotion, it appears that
these traits are maintained at the expense of traits that are not imme-
diately necessary for survival in a natural habitat (i.e. growth and
reproduction). A graphical summary of this section is shown in Fig. 2.

6. Implications and considerations of the current model for
sports and exercise nutrition

To finish this perspective, I outline some implications and consid-
erations of this paradigm for sports and exercise nutrition. It is important
to highlight that this model outlines an orchestrated set of physiological
responses that may have developed through human evolutionary history
to enhance survival in the face of intermittent energy scarcity, and not to
make a human fit to win any sort of sporting competition. Therefore,
while it can provide a framework to interpret, understand the ‘why’ of
and perhaps predict physiological responses in settings involving in-
dividuals with high levels of physical activity and relative energy defi-
ciency, care should be taken of not over-interpreting this model. Calling
for caution, I invite the reader to reflect on a non-exhaustive list of 6 key
points that may allow to better blend the use of this model in real-world
sports and exercise nutrition settings.

First, hunter gatherers and subsistence farmers are not athletes. While a
typical hunter gatherer or subsistence farmer is more physically active
than the average industrialised-world dweller, the belief that hunter-
gatherers spontaneously follow a physical activity pattern like those of
athletes in heavy training has been appropriately termed the ‘fallacy of
the athletic savage’ (Lieberman et al., 2020). Physical activity resulting
from a necessity to procure food for survival may impose very different
physiological and metabolic demands from that of elite-athlete popu-
lation voluntarily following a training programme to achieve sporting
success. For example, in order to reach peak-performance, elite endur-
ance athletes typically train 500-1000 h a year, following a structured
programme of periodised training volume and intensities (Tgnnessen
et al.,, 2014). This training volume may be comparable to the time
allocated to locomotive physical activity in hunter-gatherers (Pontzer
et al., 2015), but the metabolic demands are likely very different, not
only because of the patterns of high intensity training in athletes (e.g.
high intensity interval training), but also because of the dissimilar en-
ergetic demands. For example, physical activity levels (PALs) of hunter-
gatherers and subsistence farming populations have been reported to be
~1.8-2.3 (Pontzer et al., 2015; Pontzer et al., 2012), while PALSs of top
endurance athletes in multi-stage competitions lasting ~3 weeks (road-
cycling grand tours) have been reported to be over twice as much,
ranging between 3.9 and 5.3 (Plasqui et al., 2019; Van Hooren et al.,
2022; Westerterp et al., 1986). As such, this may result in an ‘evolu-
tionary mismatch’, whereby the demands of a new environment are
different from the capacities of an organism which has adapted to an
habitat with different demands (Lieberman, 2014), ultimately resulting
in health complications. Therefore, due to unique energetic demands of
athletes with high training load, absolute macronutrient and energetic
needs of athletic populations with high training loads are likely very
different from those of hunter gatherers and subsistence farmers.

Second, and following from the first point, a physiological system
evolved to increase the probability of food procurement for survival in a
natural habitat, does not mean that evolved hard-wired physiological
mechanisms are optimised for peak performance in a sporting setting. Cur-
rent sports nutrition interventions are designed according to a complex
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set of guidelines that match nutritional recommendations to the specific
requirements of individuals in a range of sports imposing different
physiological and metabolic demands (Burke and Hawley, 2018).
Typically, sports nutrition plans seek to anticipate the requirement of
the individual based on a priori knowledge of the demands of the sport
and the requirements of the individual to provide a wide array of
carefully measured macronutrients and supplements, rather than relying
mostly on internal physiological cues (e.g. hunger) and whatever food-
stuff may be seasonally/circumstantially available. Nutrition for sur-
vival is, therefore, different in nature from nutrition for peak
performance. However, understanding how evolution may have shaped
our physiology and metabolism could prove useful to optimise nutri-
tional interventions in athletes. This seems particularly relevant in
relation to energy deficiency, given that our physiology and metabolism
may have adapted and optimised through natural selection to face pe-
riods of energy scarcity.

Third, energy deficit may —therefore— be thought as a natural
‘stressor’, which our (eukaryote/animal/chordate/mammalian/homi-
nid) metabolism and physiology must have adapted to through millions
of years natural selection, making us equipped with a degree of
phenotypic plasticity to cope with it. Therefore, energy deficiency may
not be positive or negative per se in the context of sports nutrition:
only the dose would determine that the effect is positive or nega-
tive. Perhaps a small/moderate dose of energy deficiency may trigger
adaptive mechanisms that could optimise the metabolic machinery and
physiology, with prolonged and/or severe energy deficiency leading to
negative health outcomes, ultimately impairing performance. In line
with this paradigm, a degree of energy deficit may allow to maintain or
even improve skeletal muscle phenotype for generating energy cellular
energy while down-regulating some physiological processes not imme-
diately essential for survival (see Fig. 2). Excessive energy deficiency
and semi-starvation has shown to impair physical capacity (Keys, 1950;
Rossow et al., 2013) and chronic energy deficiency can lead to health
issues, some of them possibly irreversible, such as low bone mineral
density (resulting in stress fractures) and others such as those docu-
mented and speculated in the athlete triad and relative energy defi-
ciency in sport models (De Souza et al., 2014; Mountjoy et al., 2014;
Nattiv et al., 2021). Care against these negative health outcome sce-
narios and anticipating them in exercising population is of utmost
importance.

Fourth, that markers of energy deficiency (e.g. secondary hypotha-
lamic amenorrhea & oligomenorrhea) can be present while athletes
perform at a world-class level, does not mean that these are desirable or
that better performances are not possible without energy deficiency.
However, to date, there is no irrevocable evidence providing support
that a measured of energy deficit can be better or worse for performance,
and more research is needed.

Fifth, while in this perspective (and the literature in general) energy
deficiency and its synonyms are unspecific terms that do not distinguish
what the energy intake is composed of, it is possible that the macronu-
trient composition of the diet plays a major regulatory role in physio-
logical adaptations and athletic performance. Specifically relevant to
physical performance, pronounced low carbohydrate availability
would reduce the capacity for sports performance chronically and
acutely and possibly impair adaptation to training (Burke, 2020).
Dietary carbohydrates are a key substrate to determine the concentra-
tions of skeletal muscle glycogen, which, in turn, is key in determining
work capacity and performance (Areta and Hopkins, 2018; Bergstrom
et al., 1967; Vigh-Larsen et al., 2021). Therefore, studies that attribute
impairment in athletic performance to energy deficit, should distinguish
clearly between chronic ‘energy deficit’ and acute ‘carbohydrate deficit’,
and carefully control carbohydrate intake to ensure that low levels of
muscle glycogen are not a confounding factor in performance
assessment.

Sixth, and as a corollary of the points above, if any syndrome or
negative outcomes from chronic energy deficiency are to be avoided
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through detection of early ‘signs and symptoms’, then athletic perfor-
mance is likely a poor marker. Given that the limited available energy
during energy deprivation appears to be allocated to maintain physical
capacity at the expense of other systems, then focusing on other markers
of energy deficiency (e.g. endocrine and metabolic markers), may be a
more promising option to detect chronic relative energy deficiency than
performance.

7. Conclusions

In conclusion, in current sports nutrition chronic energy deficit is
typically thought to have negative effects on health and performance,
but the effects on performance are not clear. Evidence shows that it is
possible to improve physical capacity and compete at an international
level in sports even when facing energy deficit. Contrasting effects of
energy deficit down-regulating energy-demanding physiological func-
tions while seemingly maintaining physical capacity is an enigmatic
response, given that physical activity is an energetically demanding
task. Energy deficit is an important selective pressure for living organ-
isms, including humans, and evolution seems to have tooled them with a
degree of phenotypic plasticity to deal with energetic stress. Locomotion
and physical capacity may have evolved as a high-priority energy allo-
cation task, given it is the only energy outlet for an adult in a natural
habitat that results in food/energy procurement. The effects of energy
deficiency may not be ‘all positive’ or ‘all negative’: some energy deficit
may trigger adaptive responses while excessive deficit may result in
negative health consequences (e.g. low bone mineral density and stress
fractures), which may ultimately affect performance. Evidence from
physiological adaptations to energy deficit seems to support a model
where some tissues machinery (e.g. skeletal muscle oxidative function)
may be maintained or improved with a degree of energy deficit, while
others down-regulated (e.g. reproductive function). The effect of energy
deficit with concomitant exercise on physiology and physical capacity
remains largely unexplored and to evaluate this model more quality
scientific research is necessary. The model proposed herein may help
interpreting and predicting physiological outcomes in periods of energy
scarcity, but it needs to be tested scientifically to assess its robustness
and usefulness in an applied context. Even though the physical activity
patterns and energetic demands of elite athletes and hunter-gatherers
are very different in nature, understanding responses through an
evolutionary lens, may provide further insight into the ‘why’ of the
physiological responses observed.
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