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ARTICLE INFO ABSTRACT

Edited by Michael Hedrick Exercise physiologists and evolutionary biologists share a research interest in determining patterns of energy

allocation during times of acute or chronic energetic scarcity. Within sport and exercise science, this information

Keywords: has important implications for athlete health and performance. For evolutionary biologists, this would shed new
Energetics light on our adaptive capabilities as a phenotypically plastic species.

Iirfid;:tfcf; theo In recent years, evolutionary biologists have begun recruiting athletes as study participants and using
Evolution v v contemporary sports as a model for studying evolution. This approach, known as human athletic palaeobiology,

has identified ultra-endurance events as a valuable experimental model to investigate patterns of energy allo-
cation during conditions of elevated energy demand, which are generally accompanied by an energy deficit. This
energetic stress provokes detectable functional trade-offs in energy allocation between physiological processes.
Early results from this modelsuggest thatlimited resources are preferentially allocated to processes which could
be considered to confer the greatest immediate survival advantage (including immune and cognitive function).
This aligns with evolutionary perspectives regarding energetic trade-offs during periods of acute and chronic
energetic scarcity.

Here, we discuss energy allocation patterns during periods of energetic stress as an area of shared interest
between exercise physiology and evolutionary biology. We propose that, by addressing the ultimate “why”
questions, namely why certain traits were selected for during the human evolutionary journey, an evolutionary
perspective can complement the exercise physiology literature and provide a deeper insight of the reasons un-
derpinning the body’s physiological response to conditions of energetic stress.

Sports science
Exercise physiology

1. Energy allocation is a key driver of both evolution and
athletic performance

Energy is the fundamental currency of life. All biological function
depends on an individual’s ability to acquire and appropriately
distribute this key and often limited resource between competing life
processes. Indeed, as the prominent and influential biologist Norman
Cheetham writes, “Nothing in biology (or in any other science for that
matter) makes sense except in the context of energy and its transformations”
(Sharpe, 2011). As energy is required for all biological processes, it can
be viewed as a fundamental driver of both evolutionary adaptation and
athletic performance. Each will now be considered.
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The significant role played by energy in the process of evolution has
long been recognized. Building upon the work of early proponents of the
idea that energy is critical to the development of species (Boltzmann,
1886; Darwin, 1859; Lodge, 1906), Alfred Lotka wrote that “...the
fundamental object of contention in the life-struggle, in the evolution of the
organic world, is available energy” (Lotka, 1922). Due to the significant
challenges associated with acquiring sufficient energy to sustain life and
function, powerful selective pressures for energetic efficiency have
shaped the evolution of our species. Selection for metabolic frugality is
evident in contemporary human physiology, which enhance our ability
to cope with periods of both chronic and acute energetic stress (as
described in the next subsection).
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The investigation of energy allocation is also of fundamental
importance within the field of sport and exercise science. At an acute
level, success in many sporting events involves “solving the fuel crisis”
(Burke and Hawley, 2018). This requires that the rate of ATP regener-
ation is commensurate to the demands of the sport, which can range
from all-out efforts lasting seconds or minutes, to prolonged, sub-
maximal efforts lasting hours or even days (Hargreaves and Spriet,
2020). Acute exercise can require a 50-100-fold increase in ATP re-
quirements over baseline, yet intramuscular ATP rarely declines during
exercise. This is achieved by the remarkable responsiveness of the
body’s energy transfer systems, and their capacity to ensure that cellular
energy provision corresponds to demand during various exercise in-
tensities and durations, ensuring a constant energy charge (Neufer,
2018).

Improved understanding of patterns of energy allocation during
longer periods of energetic scarcity (lasting, for example, days, weeks,
months and even years) is also of paramount importance to athlete
health and performance. Energy availability is defined as the amount of
energy that is accessible to fuel bodily processes after the demands of
exercise training have been met (Loucks et al., 2011). Brief exposure to
planned low energy availability within a periodized training program
may bring about beneficial outcomes, such as reducing unnecessary
body fat or increasing metabolic efficiency, which in turn may support
attainment of performance goals (Shirley et al., 2022; Stellingwerff
et al., 2019), however more severe and prolonged low energy avail-
ability can lead to negative health consequences (Areta et al., 2021),
including disrupted reproductive function, compromised bone health
and increased injury risk (Mountjoy et al., 2018; Nattiv et al., 2007).
Recently our group discussed the concept of LEA from a life history
perspective and in light of the trade-offs that may occur when energy
availability is low (Oliveira-Junior et al., 2022; Shirley et al., 2022). Yet
much remains unknown about the nature of these trade-offs, and how
different factors such as the extent and duration of deficit, or charac-
teristics such as age, sex, body composition, health, or training status,
may affect them. This renders development of targeted risk identifica-
tion and management strategies difficult. A better understanding of
energy allocation patterns during periods of energetic stress (whether
driven by high training energy expenditures, dietary restriction, or a
combination of the two), has substantial potential to inform such
strategies.

Fields such as molecular biology and exercise physiology allow us to
answer the “how” and the “what” questions. That is, what are the
biochemical mechanisms responsible for biological phenomena, and
how do they work? For example, the potentially negative consequences
of prolonged low energy availability have been conceptualised with
models including the male and female athlete triad (Nattiv et al., 1994,
2007, 2021; Yeager et al., 1993) and RED-S (Mountjoy et al., 2014).
Although these models do an excellent job of describing what happens
within the body during periods of low energy availability and how it
happens, gaps persist in the understanding of why the human body re-
sponds as it does to stressors such as energy scarcity. In other words,
what were the ancestral conditions driving selection for observed
contemporary human biology? Specifically, why is energy preferentially
allocated to certain processes during periods of scarcity, and not others?
This evolutionary perspective complements the existing exercise phys-
iology regarding energy allocation on a conceptual level by acknowl-
edging that the physiological response to low energy availability is an
evolved trait, and is influenced by a variety of interindividual and
environmental factors(Lieberman, 2015b).

Appropriate and effective allocation of energy can therefore be
considered key to success in both the evolutionary and athletic arena.
Recognising this common area of interest, this paper draws on data
provided from a unique model of energetic stress, namely ultra-
endurance athletic events, to demonstrate how an evolutionary
perspective can complement the exercise physiology literature to pro-
vide insight into energy allocation strategies at the limits of human
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adaptive plasticity.

2. The human evolutionary journey has conferred adaptations
allowing us to cope with energetic stress

The influence of ancestral selective pressures for energetic efficiency
is apparent in the physiology of modern Homo sapiens. This can be seen
in both the long-term adaptive solutions that developed throughout the
hominin lineage, as well as in the fast acting and reversible adaptive
mechanisms that allow us to cope with transient bouts of energetic stress
within a lifetime. The former can be illustrated by considering two
defining features of human evolution; the adoption of upright bipedal
locomotion (Dart, 1925; Napier, 1967; Rodman and McHenry, 1980),
and the development of an enlarged and elaborated brain (Foley and
Lee, 1991; Lee and Wolpoff, 2003; Ruff et al., 1997; Will et al., 2021).

A range of theories have been posed to explain why our hominin
ancestors began walking on two, rather than four, limbs (Niemitz,
2010). One potential explanation that has gained significant traction
argues that the emergence of bipedalism was driven by gains in loco-
motor efficiency at a time characterised by a diversification and frag-
mentation of terrestrial environments (Haile-Selassie, 2001; Pontzer
et al., 2009; Senut et al., 2018; Senut and Pickford, 2004; Sockol et al.,
2007). During the late Miocene (around 5 million years ago), our
ancestral African climate grew cooler and drier. This led to a fragmen-
tation of the dominant rainforests and increased environmental diver-
sification (Cazenave and Kivell, 2023; Cerling et al., 2011; Davies et al.,
2020; Drummond-Clarke et al., 2022; Levin, 2015; Magill et al., 2013;
Potts, 2013). The transition to an upright gait, as evidenced in the
earliest hominins (Zollikofer et al., 2005), conferred metabolic savings
while walking (Jungers, 1982; Kramer, 1999; Kramer and Eck, 2000;
Ward, 2002). This was succeeded by further improvements in the en-
ergetic efficiency of both walking and running throughout the genus
Homo due to significant lower limb elongation (Bramble and Lieberman,
2004; Pontzer, 2007; Steudel-Numbers et al., 2007; Steudel-Numbers
and Tilkens, 2004). Today, human walking is approximately 75% less
energetically costly than the quadrupedal knuckle walking of our
nearest living relative, the chimpanzee (Pontzer et al., 2014; Sockol
et al., 2007).

In parallel with the emergence of bipedalism and subsequent lower
limb elongation, the influence of energy on human evolution can be seen
in the development of the human brain. While this unique feature has
conferred a plethora of benefits to our species such as an improved
ability to acquire food, to solve ecological problems and to develop more
complex social strategies (Barrickman et al., 2008; Gibson, 1986; Parker
and McKinney, 1999; Reader and Laland, 2002), it imposes a significant
energetic burden. The brain confers the highest absolute metabolic de-
mand of any human organ (Elia, 1991; Isler and van Schaik, 2006;
Shirley et al., 2019), accounting for 20-25% of adult resting metabolic
rate — a fig. 2-3 times higher than for chimpanzees (Judas et al., 2013;
Peters et al., 2004). This high cost, coupled with the brain’s continuous
consumption of energy, represents a pressure which is likely to generate
physiological trade-offs in other systems. Candidate tissues or organs
that may display energy savings allowing energetic diversion to the
brain (without the need to increase overall metabolic expenditure (Isler
and van Schaik, 2011, Isler and van Schaik, 2006) include a reduced
digestive tract development (Aiello and Wheeler, 1995) and reduced
adiposity (Navarrete et al., 2011).

In addition to bipedalism and encephalisation, Homo sapiens have
also developed fast acting and reversible mechanisms of adaptation
allowing us to cope with bouts of energetic stress within a lifetime. The
human evolutionary journey is characterised by repeated cycles of
dispersal and colonisation of new environments (Flatt and Heyland,
2011; Wells and Stock, 2007). The food insecurity and increased energy
demands associated with this evolutionary strategy brought regular
exposure to energetic stress. Similarly, the hunter-gatherer lifestyle
adopted by all human groups for around 95% of the evolutionary history
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of our species (Hamilton and Walker, 2018) required high levels of
physical activity and resulted in lean body types (Pontzer et al., 2012).
Consequently, strong selective pressures have encouraged the develop-
ment of adaptive responses to allow us to survive transient conditions of
low environmental energy availability. One such adaptation is our
evolved ability to dynamically reallocate energy between different
physiological processes during times of scarcity. This is achieved
through the process of phenotypic plasticity, whereby morphological,
physiological, and behavioural traits vary in response to changing
environmental conditions without the need for genetic change (Flatt and
Heyland, 2011; Pigliucci et al., 2006; West-Eberhard, 1989).

Life history theory, a branch of evolutionary theory, describes the
competitive allocation of finite energy between physiological processes
(Leonard, 2012; Stearns, 1989, 1992; Zera and Harshman, 2001). As
energy used for one function cannot be used for another, life history
theory predicts that during conditions of energetic scarcity, competition
between functions becomes heightened and trade-offs arise (Bronson,
1991; Stearns, 1992). Under such conditions, limited resources are
predicted to be allocated to processes conferring the greatest immediate
survival advantage, although what these processes may be is likely to
vary widely between individuals (is likely to vary significantly between
individuals (e.g., by population, age, sex, body composition, nutrition,
and patterns of physical activity) and by environment (e.g., temperature
and altitude). As such, further investigation of the specific.

The specific hierarchy of functional preservation — the pattern by
which certain processes are prioritised or sacrificed (Wells, 2013), along
with how this pattern may be influenced by individual and environ-
mental factors — represents an essential and exciting avenue for ongoing
investigation. Enhanced knowledge of the hierarchy of functional
preservation would not only shed new light on our adaptive capabilities
as a phenotypically plastic species but would also allow sports science
practitioners to anticipate physiological changes that occur during pe-
riods of acute or chronic energetic scarcity (which may be driven by high
energy expenditure, low energy intake, or a combination of the two).

3. Ultra-endurance events as a model to investigate energy
allocation during conditions of energetic scarcity

In recent years, the concept of recruiting athletes as study partici-
pants and using contemporary sports as a model for studying evolution
has attracted increasing attention. This approach, known as human
athletic palaeobiology, offers unique and valuable opportunities to
improve our understanding of how the body responds to periods of en-
ergetic scarcity, shedding new light on our evolutionary trajectory, our
capacity for adaptation, and the underlying biological mechanisms
(Longman et al., 2020). To date, sport has facilitated exploration not
only of the evolutionary history of our species (e.g., Bramble and Lie-
berman, 2004; Lieberman, 2010, 2012b; Lieberman, 2012a; Lieberman,
2015a; Milks et al., 2019; Rhodes and Churchill, 2009; Shaw et al.,
2012), but also of human variation and adaptation at the interindividual
(i.e., between individuals) (Longman et al., 2019, 2021; Ocobock, 2016;
Pontzer, 2015a; Pontzer et al., 2012, 2016; Thurber et al., 2019) and
intraindividual levels (i.e. within the individual) (e.g., Longman et al.,
2018; Macintosh et al., 2017; Manning et al., 2007; Manning and Taylor,
2001; Shaw, 2010, 2011; Shaw and Stock, 2009a, 2009b).

At the intraindividual level, ultra-endurance events represent a
valuable experimental model to investigate acute patterns of energy
allocation between physiological processes during conditions of ener-
getic scarcity (Longman et al., 2017a). Ultra-endurance events are
typically defined as those exceeding 6 h (Zaryski and Smith, 2005).
However, they can often last for days (e.g., the 220 km 5-day Ultra-X
ultramarathon series) or weeks (e.g., the Talisker Whisky Atlantic
Challenge — a 3000 nautical mile trans-Atlantic rowing race from the
Canary Islands to Antigua) on end. Training for, and participation in
these events has a very high energetic cost. Further, energy intake is
often limited during the events themselves, due to practical or
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gastrointestinal difficulties in consuming sufficient food to fuel the
event. As such, ultra-endurance events challenge both sides of the en-
ergy balance equation (intake and expenditure, and the energy stress
inherent within these events (Knechtle et al., 2005; Knechtle and
Bircher, 2005) pushes both physiological and cognitive systems to the
limits of adaptive plasticity, provoking detectable functional trade-offs
in energy allocation between different physiological processes.

This novel approach addresses a significant methodological
constraint that had previously limited investigators’ ability to observe
negative covariation in energetic allocation between two physiological
processes. Negative correlations in energetic allocation to different
processes can be difficult to detect because inter-individual variation in
the ability to acquire resources is often greater than variation in the
allocation of these resources (van Noordwijk and de Jong, 1986). That is
to say, the ability to acquire calories is likely to differ substantially be-
tween individuals, and this can mask individual-level trade-offs in
resource allocation. This concept can be illustrated by considering the
analogy of the cost of a hypothetical person’s rent, and the cost of their
car repayments. At the individual level, we would expect there to be a
trade-off between the two, as money spent on a house is no longer
available to be spent on a car(and vice versa). However, high levels of
income variation at the population level masks this negative covaria-
tion; people with expensive houses tend also to have expensive cars.
Negative correlations and trade-offs at the individual level may well
exist, but large population-level variation in resource acquisition masks
this. Within the context of energy allocation, high population-level inter-
individual variation can obscure intra-individual biological trade-offs
that may occur during periods of energetic scarcity. Ultramarathons
circumvent this issue by inducing a high metabolic demand, which in
turn imposes a negative energy balance on (almost) all participants. By
negating the effect of inter-individual variation in resource acquisition
and provoking detectable life history trade-offs, this model allows for
the observation of perturbations of function and of potential physio-
logical trade-offs in internal resource allocation.

4. Emerging insights towards functional preservation during
ultra-endurance events

We first trialled the use of ultra-endurance events to observe func-
tional trade-offs at the North Downs Way 100-mile foot race (UK). To
investigate the hypothesised trade-off between energy allocation to-
wards reproduction and survivorship, we measured biomarkers repre-
senting both functions in male athletes before and after the race
(testosterone and libido for reproduction, and the bacteria killing assay
and haemolytic complement assay to consider the innate immune sys-
tem, which served as a marker of survival ability). Comparison of pre-
race and post-race levels revealed a shift of energy flow away from
reproduction and towards short-term survival. Following the race, levels
of both markers of reproductive function decreased significantly, while
both markers of short-term survival significantly increased (Longman
et al., 2017a). See Fig. 1 below. These findings add to pre-existing and
varied observations of the effect of ultramarathon participation on im-
mune function (Gill et al., 2014; Knez et al., 2007; McKune et al., 2005;
Neubauer et al., 2008; Nieman, 2009; Pacque et al., 2007; Turner et al.,
2011).

While the biomarkers of reproduction and survival used in this study
were not comprehensive, this work served as a proof of concept of the
use of ultra-endurance events to investigate patterns of energy allocation
during conditions of LEA. This model has since been developed to gain a
more nuanced insight towards patterns of energy allocation and the
hierarchy of functional preservation by incorporating more detailed
measures of physiological function in our analyses. In addition, the
physiological response of athletes competing in events varying by both
environment (including hot-dry, hot-humid, cold, and high-altitude)
and duration (ultramarathons lasting 3-5 days and ocean rows lasting
>4 weeks) have been studied. Importantly, we have also specifically
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Fig. 1. Changes in investment in measures of reproduction (testosterone and
arousal) and survival (haemolytic complement assay and bacteria killing assay)
following participation in a 100-mile footrace. Taken from Longman et
al, 2017.

selected ultramarathons which attract a greater number of female ath-
letes to address the participatory sex imbalance currently evident in
ultra-endurance events (Knechtle et al., 2011; Scheer, 2019).

This approach is providing unique insight towards the rapid and
reversible adaptive changes to energy allocation during a situation of
extreme energetic stress, and has been used to explore both cognitive as
well as physiological domains. We recently measured performance in
key cognitive domains in athletes before and after 250 km multiday
ultramarathons in Jordan and Sri Lanka (www.ultra-x.co/). Upon
completion of the races, the spatial working memory of athletes who’s
body mass reduced (indicating a negative energy balance) improved,
while psychomotor speed remained unchanged, and episodic memory
declined (Longman et al., 2023). Spatial working memory temporarily
stores location information, enhancing ability to navigate a landscape.
This is beneficial during energetic deficit because it may improve one’s
ability to acquire food by facilitating recollection of the location and
quality of previously visited feeding sites, and also the ability to find the
way home following a foraging or long-distance hunting trip. It is
therefore likely that the prioritisation of spatial working memory func-
tion, at the expense of episodic memory, confers a survival advantage
during conditions of energetic deficit. This work builds on recent ad-
vances considering neuroplasticity in response to bioenergetic chal-
lenges (Raefsky and Mattson, 2017), and on lines of enquiry considering
the role played by ecological variation in shaping cognitive abilities
(Rosati, 2017).

In addition to providing a model to explore potential trade-offs between
Pphysiological and cognitive traits, ultra-endurance events have also been used
to provide insight to how adaptive responses to energetically challenging en-
vironments may differ by sex. Our preliminary findings indicate potential
sex differences in the relationship between temperature-adapted body
morphological features and performance in multiday ultramarathons in
hot and cold climates. While longer legs (associated with increased heat
dissipation) and lower body mass (associated with reduced heat gener-
ation) were associated with better performance in hot-condition events
than cold-condition events for both male and female runners, the rela-
tionship between morphology and performance appeared to be stronger
in female athletes (Longman et al., 2019, 2021). This may be due to
female athletes’ increased adiposity (Wells, 2006), reduced muscle mass
(Welle et al., 2008), reduced thermosensitivity in the whole-body
sudomotor response when hot (Gagnon and Kenny, 2011) and reduced
sweat gland output at high exercise intensity (Gagnon and Kenny, 2012)
relative to male athletes. Similarly, the aforementioned changes to
spatial working memory and episodic memory were also more pro-
nounced amongst female athletes. Meta-analytic data indicate a female
advantage in a subdivision of tasks relating to spatial working memory
in a non-athletic context (Voyer et al., 2017), which may have arisen
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from the unique energetic context of human female reproduction. Both
pregnancy and lactation require the mother to provide a steady source of
nutrition for her offspring (Butte and King, 2005; Ecuyer-Dab and
Robert, 2007; Holliday, 1971). As males lack these direct metabolic
reproductive demands, females potentially face a larger penalty if they
are unable to successfully navigate their environment and acquire cal-
ories when experiencing LEA. While a continuum of responses exists
between the sexes, the adaptive response to enhance spatial working
memory during conditions of energetic deficit appears to be stronger in
females.

In parallel to our studies recruiting ultra-endurance athletes, acute
exercise-induced energetic stress can also be used to reveal moment-by-
moment prioritisation of fuel allocation between functions. An experi-
mental protocol simultaneously challenging both cognitive (a free recall
task) and physical (a maximum effort row) functions over a short
timescale (3-min) resulted in relative preservation of cognitive function
at the expense of physical power output (Longman et al., 2017b). This
pattern of functional preservation may also be an evolved trait. Within
the cognitive niche that we have created (Whiten and Erdal, 2012), our
survival chances when confronted with an environmental challenge may
be greater with a well-fuelled brain than with well-fuelled muscles
(Beedie and Lane, 2012). This is consistent with the results of our pre-
vious work in that, during conditions of energetic stress, energy is
internally reallocated towards physiological processes providing the
greatest immediate survival value.

The patterns emerging from our work suggest that, under conditions
of energetic stress, limited resources are preferentially allocated to
processes conferring the greatest immediate survival advantage. This
was seen when innate immune function was prioritised over reproduc-
tive function (Longman et al., 2017a), when cognitive function was
prioritised over the ability to generate power (Longman et al., 2017b),
and when spatial working memory was prioritised over episodic mem-
ory (Longman et al., 2023). It is important to highlight that to date we
have primarily focused on acute or shorter-term stressors, as occur in
events or interventions lasting minutes, hours, and days. Energy allo-
cation patterns during periods of deficit are likely to vary depending on
the extent and duration of the deficit (Shirley et al., 2022). Ultra-
endurance events can vary from hours to weeks, however, and thus
represent the opportunity to investigate energy allocation strategies
during a range of timescales. Importantly, ultra-endurance athletes
habitually live highly active lives, and their arduous training schedules
also offer an opportunity to investigate these concepts across longer time
periods (months to years). It is also important to highlight that the ultra-
endurance events described herein are likely to induce an energetic
stress due to a combination of their very high energetic demand, in
combination with limited opportunity to eat, thus creating a large deficit
based on both the energy intake and expenditure sides of the equation. It
is likely that equivalent deficits, induced by either increased expendi-
ture, or reduced intake alone, may induce differential biological re-
sponses, which is another important avenue for ongoing research within
this topic area.

5. Summary and future perspectives

The fields of evolutionary energetics and exercise physiology are
highly complementary due to their shared interest in patterns of energy
allocation during conditions of energetic stress. In this article we suggest
that collaboration between researchers in these fields can lead to an
enhanced understanding of the physiological response to energetic
stress. Specifically, current evidence suggests that energy is internally
reallocated towards physiological processes providing the greatest im-
mediate survival value (Longman et al., 2023; Longman et al., 2017a;
Longman et al., 2017b; Pontzer, 2015a; Urlacher et al., 2018). In the
coming months and years, it is anticipated that the field of human ath-
letic palaeobiology will improve current understanding of the hierarchy
of functional preservation, and how this varies inter-individually
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(Longman et al., 2020). This has clear relevance for athletes, many of
whom may struggle to avoid energetic deficit due to high training vol-
ume and/or inadequate energy intake at both acute and chronic
timescales.

Future work with larger athlete sample sizes and employing a richer
suite of markers of physiological function will facilitate a greater un-
derstanding of evolved patterns of energy allocation under conditions of
energetic stress. In addition to shedding further light on the hierarchy of
functional preservation, we will examine how this varies inter-
individually by population, age, sex, body composition, nutrition, and
patterns of physical activity. From an evolutionary perspective, this will
provide a step-change in the understanding of human energetic trade-
offs, contribute to knowledge underpinning recent advances in human
energetics (Pontzer, 2015b; Pontzer, 2015a) and shed new light on our
adaptive capabilities as a phenotypically plastic species (Longman et al.,
2020).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

Aiello, L., Wheeler, P., 1995. The expensive-tissue hypothesis the brain and the digestive
evolution. Curr. Anthropol. 36 (2), 199-221.

Areta, J.L., Taylor, H.L., Koehler, K., 2021. Low energy availability: history, definition
and evidence of its endocrine, metabolic and physiological effects in prospective
studies in females and males. Eur. J. Appl. Physiol. 121 (1), 1-21.

Barrickman, N., Bastian, M., Isler, K., van Schaik, C., 2008. Life history costs and benefits
of encephalization: a comparative test using data from long-term studies of primates
in the wild. J. Hum. Evol. 54 (5), 568-590. https://doi.org/10.1016/j.
jhevol.2007.08.012.

Beedie, C., Lane, A., 2012. The role of glucose in self-control: another look at the
evidence and an alternative conceptualization. Personal. Soc. Psychol. Rev. 16 (2),
143-153. https://doi.org/10.1177,/1088868311419817.

Boltzmann, L., 1886. Der zweite Hauptsatz der mechanischen Warmetheorie. Almanach
Der Kaiserlichen Akademie Der Wissenschaften 36, 225-259.

Bramble, D., Lieberman, D., 2004. Endurance running and the evolution of Homo. Nature
432 (7015), 345-352. https://doi.org/10.1038/nature03052.

Bronson, F., 1991. Mammalian Reproductive Biology. University of Chicago Press.

Burke, L., Hawley, J., 2018. Swifter, higher, stronger: What’s on the menu? Science 16
(362), 781-787.

Butte, N.F., King, J.C., 2005. Energy requirements during pregnancy and lactation.
Public Health Nutr. 8 (7a), 1010-1027.

Cazenave, M., Kivell, T., 2023. Challenges and perspectives on functional interpretations
of australopith postcrania and the reconstruction of hominin locomotion. J. Hum.
Evol. 175, 103304 https://doi.org/10.1016/].jhevol.2022.103304.

Cerling, T., Wynn, J., Andanje, S., Bird, M., Korir, D., Levin, N., Mace, W., Macharia, A.,
Quade, J., Remien, C., 2011. Woody cover and hominin environments in the past 6
million years. Nature 47 (7358), 51-56.

Dart, R., 1925. The man-ape of South Africa. Nature 115, 195-199. http://www.
natureasia.com/ja-jp/research/highlight/8406#.UZLPLiubXFA.mendeley.

Darwin, C., 1859. On the Origin of Species by Means of Natural Selection: Or, the
Preservation of Favoured Races in the Struggle for Existence. Murray.

Davies, T., Daru, B., Bezeng, B., Charles-Dominique, T., Hempson, G., Kabongo, R.,
Olivier Maurin, A., Muasya, M., Bank, M, Bond, W., 2020. Savanna tree evolutionary
ages inform the reconstruction of the paleoenvironment of our hominin ancestors.
Sci. Rep. 10, 1-8.

Drummond-Clarke, R., Kivell, T., Sarringhaus, L., Stewart, F., Humle, T., Piel, A., 2022.
Wild chimpanzee behavior suggests that a savanna-mosaic habitat did not support
the emergence of hominin terrestrial bipedalism. Sci. Adv. 8 (50), eadd9752.
https://doi.org/10.1126/sciadv.add9752.

Ecuyer-Dab, 1., Robert, M., 2007. The female advantage in object location memory
according to the foraging hypothesis: A critical analysis. Human Nat. 18, 365-385.

Elia, M., 1991. The inter-organ flux of substrates in fed and fasted man, as indicated by
Arterio-venous balance studies. Nutr. Res. Rev. 4 (1), 3-31. https://doi.org/
10.1079/nrr19910005.

Flatt, T., Heyland, A., 2011. Mechanisms of Life History Evolution: The Genetics and
Physiology of Life History Traits and Trade-Offs. Oxford university press.

Comparative Biochemistry and Physiology, Part A 281 (2023) 111422

Foley, R., Lee, P., 1991. Ecology and energetics of encephalization in hominid evolution.
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 334 (1270), 223-232. https://doi.org/
10.1098/rstb.1991.0111.

Gagnon, D., Kenny, G.P., 2011. Sex modulates whole-body sudomotor thermosensitivity
during exercise. J. Physiol. 589 (24), 6205-6217.

Gagnon, D., Kenny, G.P., 2012. Sex differences in thermoeffector responses during
exercise at fixed requirements for heat loss. J.Appl. Physiol. 113 (5), 746-757.
Gibson, K., 1986. Cognition, brain size and the extraction of embedded food resources.

Primate Ontog. Cognit. Soc. Behav. 3, 10-92.

Gill, S., Teixeira, A., Rosado, F., Hankey, J., Wright, A., Marczak, S., Murray, A., Costa, R.
J., 2014. The impact of a 24-H ultra-marathon on salivary antimicrobial protein
responses. Int. J. Sports Med. 35 (11), 966-971. https://doi.org/10.1055/5-0033-
1358479.

Haile-Selassie, Y., 2001. Late Miocene hominids from the middle awash, Ethiopia. Nature
412 (6843), 178-181.

Hamilton, M., Walker, R., 2018. A stochastic density-dependent model of long-term
population dynamics in hunter-gatherer populations. Evol. Ecol. Res. 19 (1), 85-102.

Hargreaves, M., Spriet, L., 2020. Skeletal muscle energy metabolism during exercise. Nat.
Metabol. 2, 817-828.

Holliday, M.A., 1971. Metabolic rate and organ size during growth from infancy to
adolescence and during late gestation and early infancy. Pediatrics 47 (10141), 17.

Isler, K., van Schaik, C.P., 2006. Metabolic costs of brain size evolution. Biol. Lett. 2 (4),
557-560. https://doi.org/10.1098/rsbl.2006.0538.

Isler, K., van Schaik, C., 2011. Costs of encephalization: the energy trade-off hypothesis
tested on birds. J. Hum. Evol. 51 (3), 228-243. https://doi.org/10.1016/j.
jhevol.2006.03.006.

Judas, M., Sedmak, G., Kostovi¢, 1., 2013. The significance of the subplate for evolution
and developmental plasticity of the human brain. Front. Hum. Neurosci. 7 (August),
423. https://doi.org/10.3389/fnhum.2013.00423.

Jungers, W., 1982. Lucy’s limbs: skeletal allometry and locomotion in Australopithecus
afarensis. Nature 297, 676-678.

Knechtle, B., Bircher, S., 2005. Changes in body composition during an extreme
endurance run. Praxis 94, 371-377.

Knechtle, B., Enggist, A., Jehle, T., 2005. Energy turnover at the race across America
(RAAM) - a case report. Int. J. Sports Med. 26 (6), 499-503.

Knechtle, B., Knechtle, P., Lepers, R., 2011. Participation and performance trends in
ultra-triathlons from 1985 to 2009. Scand. J. Med. Sci. Sports 21 (6). https://doi.
org/10.1111/j.1600-0838.2010.01160.x.

Knez, W., Jenkins, D., Coombes, J., 2007. Oxidative stress in half and full ironman
triathletes. Med. Sci. Sports Exerc. 39 (2), 283-288.

Kramer, P., 1999. Modelling the locomotor energetics of extinct hominids. J. Exp. Biol.
202 (Pt 20), 2807-2818. http://www.ncbi.nlm.nih.gov/pubmed/10504316.

Kramer, P., Eck, G., 2000. Locomotor energetics and leg length in hominid bipedality.
J. Hum. Evol. 38 (5), 651-666. https://doi.org/10.1006/jhev.1999.0375.

Lee, S., Wolpoff, M., 2003. The pattern of evolution in Pleistocene human brain size.
Paleobiology 29 (2), 186-196. https://doi.org/10.1666/0094-8373(2003)
029<0186:TPOEIP>2.0.CO;2.

Leonard, W.R., 2012. Laboratory and field methods for measuring human energy
expenditure. Am. J. Hum. Biol. 24 (3), 372-384. https://doi.org/10.1002/
ajhb.22260.

Levin, N., 2015. Environment and climate of early human evolution. Annu. Rev. Earth
Planet. Sci. 43, 405-429.

Lieberman, D., 2010. Four legs good, two legs fortuitous: brains, brawn, and the
evolution of human bipedalism. In: Losos, J. (Ed.), In the Light of Evolution, 2ND ed.
Roberts and Company, pp. 55-71.

Lieberman, D., 2012a. Those feet in ancient times. Nature 483 (7391), 550-551. In: htt
p://publications.iodp.org/proceedings/.

Lieberman, D., 2012b. What can we learn about running from barefoot running: an
evolutionary medical perspective. Exerc. Sport Sci. Rev. 40 (2), 63-72.

Lieberman, D., 2015a. Human locomotion and heat loss: an evolutionary perspective.
Comprehens. Physiol. 5 (1), 99-117. https://doi.org/10.1002/cphy.c140011.

Lieberman, D., 2015b. Is exercise really medicine? An evolutionary perspective. Curr.
Sports Med. Rep. 14 (4), 313-319.

Lodge, O., 1906. Life and Matter.

Longman, D., Prall, S., Shattuck, E., Stephen, I., Stock, J., Wells, J., Muehlenbein, M.,
2017a. Short-term resource allocation during extensive athletic competition. Am. J.
Hum. Biol. 30 (1) https://doi.org/10.1002/ajhb.23052.

Longman, D., Stock, J., Wells, J., 2017b. A trade-off between cognitive and physical
performance, with relative preservation of brain function. Sci. Rep. 7 (1) https://doi.
0rg/10.1038/541598-017-14186-2.

Longman, D., Surbey, M., Stock, J., Wells, J., 2018. Tandem androgenic and
psychological shifts in male reproductive effort following a manipulated “win” or
“loss” in a sporting competition. Hum. Nat. 29 (3), 283-310. https://doi.org/
10.1007/s12110-018-9323-5.

Longman, D., Macintosh, A., Roberts, R., Oakley, S., Wells, J., Stock, J., 2019. Ultra-
endurance athletic performance suggests energetics drive human morphological
thermal adaptation. Evolution. Human Sci. 1 (e16).

Longman, D., Wells, J., Stock, J., 2020. Human Athletic Paleobiology; Using Sport as a
Model to Investigate Human Evolutionary Adaptation. December 2019, pp. 1-18.
https://doi.org/10.1002/ajpa.23992.

Longman, D., Murray, A., Roberts, R., Oakley, S., Wells, J., Stock, J., 2021. Energetics as
a driver of human morphological thermal adaptation; evidence from female ultra-
endurance athletes. Evolution. Human Sci. 3, e22 https://doi.org/10.1017/
ehs.2021.17.

Longman, D., Wells, J., Stock, J., 2023. Human Energetic Stress Associated with
Upregulation of Spatial Cognition. Under review.


http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0005
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0005
http://refhub.elsevier.com/S1095-6433(23)00055-7/opt8zueSFSZcu
http://refhub.elsevier.com/S1095-6433(23)00055-7/opt8zueSFSZcu
http://refhub.elsevier.com/S1095-6433(23)00055-7/opt8zueSFSZcu
https://doi.org/10.1016/j.jhevol.2007.08.012
https://doi.org/10.1016/j.jhevol.2007.08.012
https://doi.org/10.1177/1088868311419817
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0020
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0020
https://doi.org/10.1038/nature03052
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0030
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0035
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0035
http://refhub.elsevier.com/S1095-6433(23)00055-7/optQFmdSMK5mB
http://refhub.elsevier.com/S1095-6433(23)00055-7/optQFmdSMK5mB
https://doi.org/10.1016/j.jhevol.2022.103304
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0045
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0045
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0045
http://www.natureasia.com/ja-jp/research/highlight/8406#.UZLPLiubXFA.mendeley
http://www.natureasia.com/ja-jp/research/highlight/8406#.UZLPLiubXFA.mendeley
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0055
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0055
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0060
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0060
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0060
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0060
https://doi.org/10.1126/sciadv.add9752
http://refhub.elsevier.com/S1095-6433(23)00055-7/optQWrVDjpDDg
http://refhub.elsevier.com/S1095-6433(23)00055-7/optQWrVDjpDDg
https://doi.org/10.1079/nrr19910005
https://doi.org/10.1079/nrr19910005
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0075
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0075
https://doi.org/10.1098/rstb.1991.0111
https://doi.org/10.1098/rstb.1991.0111
http://refhub.elsevier.com/S1095-6433(23)00055-7/optm4o5HQ7yy5
http://refhub.elsevier.com/S1095-6433(23)00055-7/optm4o5HQ7yy5
http://refhub.elsevier.com/S1095-6433(23)00055-7/optpwR5se6l91
http://refhub.elsevier.com/S1095-6433(23)00055-7/optpwR5se6l91
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0085
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0085
https://doi.org/10.1055/s-0033-1358479
https://doi.org/10.1055/s-0033-1358479
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0095
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0095
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0100
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0100
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0105
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0105
http://refhub.elsevier.com/S1095-6433(23)00055-7/opttWHnpGtWvw
http://refhub.elsevier.com/S1095-6433(23)00055-7/opttWHnpGtWvw
https://doi.org/10.1098/rsbl.2006.0538
https://doi.org/10.1016/j.jhevol.2006.03.006
https://doi.org/10.1016/j.jhevol.2006.03.006
https://doi.org/10.3389/fnhum.2013.00423
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0125
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0125
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0130
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0130
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0135
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0135
https://doi.org/10.1111/j.1600-0838.2010.01160.x
https://doi.org/10.1111/j.1600-0838.2010.01160.x
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0145
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0145
http://www.ncbi.nlm.nih.gov/pubmed/10504316
https://doi.org/10.1006/jhev.1999.0375
https://doi.org/10.1666/0094-8373(2003)029<0186:TPOEIP>2.0.CO;2
https://doi.org/10.1666/0094-8373(2003)029<0186:TPOEIP>2.0.CO;2
https://doi.org/10.1002/ajhb.22260
https://doi.org/10.1002/ajhb.22260
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0170
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0170
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0175
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0175
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0175
http://publications.iodp.org/proceedings/
http://publications.iodp.org/proceedings/
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0185
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0185
https://doi.org/10.1002/cphy.c140011
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0195
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0195
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0200
https://doi.org/10.1002/ajhb.23052
https://doi.org/10.1038/s41598-017-14186-2
https://doi.org/10.1038/s41598-017-14186-2
https://doi.org/10.1007/s12110-018-9323-5
https://doi.org/10.1007/s12110-018-9323-5
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0220
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0220
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0220
https://doi.org/10.1002/ajpa.23992
https://doi.org/10.1017/ehs.2021.17
https://doi.org/10.1017/ehs.2021.17
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0235
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0235

D.P. Longman et al.

Lotka, J., 1922. Contribution to the energetics of evolution. Proc. Natl. Acad. Sci. U. S. A.
8, 147-151.

Loucks, A.B., Kiens, B., Wright, H.H., 2011. Energy availability in athletes. J. Sports Sci.
29 (S1), 37-41.

Macintosh, A., Pinhasi, R., Stock, J., 2017. Prehistoric women’s manual labor exceeded
that of athletes through the first 5500 years of farming in Central Europe. Sci. Adv. 3
(November).

Magill, C., Ashley, G., Freeman, K., 2013. Ecosystem variability and early human habitats
in eastern Africa. Proc. Natl. Acad. Sci. U. S. A. 110 (4), 1167-1174. https://doi.org/
10.1073/pnas.1206276110.

Manning, J., Taylor, R., 2001. Second to fourth digit ratio and male ability in sport:
implications for sexual selection in humans. Evol. Hum. Behav. 22 (1), 61-69. http
://www.ncbi.nlm.nih.gov/pubmed/11182575.

Manning, J., Morris, L., Caswell, N., 2007. Endurance running and digit ratio (2D : 4D):
implications for fetal testosterone effects on running speed and vascular health. Am.
J. Hum. Biol. 421, 416-421. https://doi.org/10.1002/ajhb.

McKune, A.J., Smith, L.L., Semple, S.J., Wadee, A.A., 2005. Influence of ultra-endurance
exercise on immunoglobulin isotypes and subclasses. Br. J. Sports Med. 39 (9),
665-670. https://doi.org/10.1136/bjsm.2004.017194.

Milks, A., Parker, D., Pope, M., 2019. External ballistics of Pleistocene hand-thrown
spears: experimental performance data and implications for human evolution. Sci.
Rep. 9 (1), 31-34. https://doi.org/10.1038/541598-018-37904-w.

Mountjoy, M., Sundgot-Borgen, J., Burke, L., Carter, S., Constantini, N., Lebrun, C.,
Meyer, N., Sherman, R., Steffen, K., Budgett, R., Ljungqvist, A., 2014. The IOC
consensus statement: beyond the female athlete triad-relative energy deficiency in
sport (RED-S). Br. J. Sports Med. 48 (7), 491-497.

Mountjoy, M., Sundgot-Borgen, J., Burke, L., Ackerman, K., Blauwet, C., Constantini, N.,
Lebrun, C., Lundy, B., Melin, A., Meyer, N., Sherman, R., Tenforde, A., Klungland
Torstveit, M., Budgett, R., 2018. IOC consensus statement on relative energy
deficiency in sport (RED-S): 2018 update. Br. J. Sports Med. 52 (11), 687-697.

Napier, J., 1967. The antiquity of human walking. Sci. Am. 216 (4), 56-67.

Nattiv, A., Agostini, R., Drinkwater, B., Yeager, K., 1994. The female athlete triad. The
inter-relatedness of disordered eating, amenorrhea, and osteoporosis. Clin. Sports
Med. 13 (2), 405-418.

Nattiv, A., Loucks, A., Manore, M., Sanborn, C., Sundgot-Borgen, J., Warren, M., 2007.
American College of Sports Medicine position stand. The female athlete triad. Med.
Sci. Sports Exerc. 39 (10), 1867-1882. https://doi.org/10.1249/
mss.0b013e318149f111.

Nattiv, A., De Souza, M., Koltun, K., Misra, M., Kussman, A., Williams, N., Barrack, M.,
Kraus, E., Joy, E., Fredericson, M., 2021. The male athlete triad-a consensus
statement from the female and male athlete triad coalition part 1: definition and
scientific basis. Clin. J. Sport Med. 31 (4), 345-353.

Navarrete, A., van Schaik, C.P., Isler, K., 2011. Energetics and the evolution of human
brain size. Nature 480 (7375), 91-93. https://doi.org/10.1038/nature10629.

Neubauer, O., Konig, D., Kern, N., Nics, L., Wagner, K., 2008. No indications of persistent
oxidative stress in response to an ironman triathlon. Med. Sci. Sports Exerc. 40 (12),
2119-2128.

Neufer, P., 2018. The bioenergetics of exercise. Cold Spring Harbor Perspect. Med. 8 (5),
a029678.

Nieman, D., 2009. Immune function responses to ultramarathon race competition.
Medicina Sportiva 13 (4), 189-196. https://doi.org/10.2478/v10036-009-0031-4.

Niemitz, C., 2010. The evolution of the upright posture and gait-a review and a new
synthesis. Die Naturwissenschaften 97 (3), 241-263. https://doi.org/10.1007/
s00114-009-0637-3.

Ocobock, C., 2016. Human energy expenditure, allocation, and interactions in natural
temperate, hot, and cold environments. Am. J. Phys. Anthropol. 161 (4), 667-675.
https://doi.org/10.1002/ajpa.23071.

Oliveira-Junior, G., Pinto, R., Shirley, M., Longman, D., Koehler, K., Saunders, B.,
Roschel, H., Dolan, E., 2022. The skeletal muscle response to energy deficiency: a life
history perspective. Adapt. Hum. Behav. Physiol. 8 (1), 114-129. https://doi.org/
10.1007/s40750-021-00182-4.

Pacque, P., Booth, C., Ball, M., Dwyer, D., 2007. The effect of an ultra-endurance running
race on heart rate variability. Eur. J. Appl. Physiol. 47119 (4), 496. https://doi.org/
10.1007/500421-019-04187-6.

Parker, S., McKinney, M., 1999. Origins of Intelligence: The Evolution of Cognitive
Development in Monkeys, Apes, and Humans. Johns Hopkins University Press.
Peters, A., Schweiger, U., Pellerin, L., Hubold, C., Oltmanns, K., Conrad, M., Schultes, B.,
Born, J., Fehm, H., 2004. The selfish brain: competition for energy resources.

Neurosci. Biobehav. Rev. 28, 143-180.

Pigliucci, M., Murren, C., Schlichting, C., 2006. Phenotypic plasticity and evolution by
genetic assimilation. J. Exp. Biol. 209 (12), 2362-2367. https://doi.org/10.1242/
jeb.02070.

Pontzer, H., 2007. Effective limb length and the scaling of locomotor cost in terrestrial
animals. J. Exp. Biol. 210 (Pt 10), 1752-1761. https://doi.org/10.1242/jeb.002246.

Pontzer, H., 2015a. Constrained Total energy expenditure and the evolutionary biology
of energy balance. Exerc. Sport Sci. Rev. 43 (3), 110-116. https://doi.org/10.1249/
JES.0000000000000048.

Pontzer, H., 2015b. Energy expenditure in humans and other Primates: a new synthesis.
Annu. Rev. Anthropol. 44, 169-187. https://doi.org/10.1146/annurev-anthro-
102214-013925.

Pontzer, H., Raichlen, D., Sockol, M., 2009. The metabolic cost of walking in humans,
chimpanzees, and early hominins. J. Hum. Evol. 56 (1), 43-54. https://doi.org/
10.1016/j.jhevol.2008.09.001.

Pontzer, H., Raichlen, D., Wood, B., Mabulla, A., Racette, S., Marlowe, F., 2012. Hunter-
gatherer energetics and human obesity. PLoS One 7 (7), 1-8. https://doi.org/
10.1371/journal.pone.0040503.

Comparative Biochemistry and Physiology, Part A 281 (2023) 111422

Pontzer, H., Raichlen, D., Rodman, P., 2014. Bipedal and quadrupedal locomotion in
chimpanzees. J. Hum. Evol. 66 (1), 64-82. https://doi.org/10.1016/j.
jhevol.2013.10.002.

Pontzer, H., Durazo-Arvizu, R., Dugas, L., Plange-Rhule, J., Bovet, P., Forrester, T.,
Lambert, E., Cooper, R., Schoeller, D., Luke, A., 2016. Constrained total energy
expenditure and metabolic adaptation to physical activity in adult humans. Curr.
Biol. 26 (3), 410-417. https://doi.org/10.1016/j.cub.2015.12.046.

Potts, R., 2013. Hominin evolution in settings of strong environmental variability. Quat.
Sci. Rev. 73, 1-13.

Raefsky, S., Mattson, M., 2017. Adaptive responses of neuronal mitochondria to
bioenergetic challenges: roles in neuroplasticity and disease resistance. Free Radic.
Biol. Med. Jan (102), 203-216.

Reader, S., Laland, K., 2002. Social intelligence, innovation, and enhanced brain size in
primates. Proc. Natl. Acad. Sci. U. S. A. 99 (7), 4436-4441. https://doi.org/10.1073/
pnas.062041299.

Rhodes, J., Churchill, S., 2009. Throwing in the middle and upper Paleolithic: inferences
from an analysis of humeral retroversion. J. Hum. Evol. 56 (1), 1-10. https://doi.
org/10.1016/j.jhevol.2008.08.022.

Rodman, P., McHenry, H., 1980. Bioenergetics and the origin of human bipedalism. Am.
J. Phys. Anthropol. 52, 103-106.

Rosati, A., 2017. Foraging cognition: reviving the ecological intelligence hypothesis.
Trends Cogn. Sci. 21 (9), 691-702.

Ruff, C., Trinkaus, E., Holliday, T., 1997. Body mass and encephalization in Pleistocene
Homo. Nature 387 (6629), 173. https://doi.org/10.1038/387173a0.

Scheer, V., 2019. Participation trends of ultra endurance events. Sports Med. Arthrosc.
Rev. 27 (1), 3-7.

Senut, B., Pickford, M., 2004. La dichotomie grands singes-homme revisitée. Comptes
Rendus Palevol 3 (4), 265-276. https://doi.org/10.1016/j.crpv.2003.12.005.

Senut, B., Pickford, M., Gommery, D., Ségalen, L., 2018. Palaeoenvironments and the
origin of hominid bipedalism. Hist. Biol. 30 (1-2), 284-296. https://doi.org/
10.1080/08912963.2017.1286337.

Sharpe, M., 2011. Introducing biological energetics: How energy and information control
the living world. In: Cheetham, Norman W.H. (Ed.), Integrative and Comparative
Biology, vol. 51, Issue 4. Oxford University Press. https://doi.org/10.1093/icb/
icr064.

Shaw, C., 2010. ‘Putting flesh back onto the bones?’ Can we predict soft tissue properties
from skeletal and fossil remains? J. Hum. Evol. 59, 484e492.

Shaw, C., 2011. Is ‘hand preference’ coded in the hominin skeleton? An in-vivo study of
bilateral morphological variation. J. Hum. Evol. 61, 480e487.

Shaw, C., Stock, J., 2009a. Habitual throwing and swimming correspond with upper limb
diaphyseal strength and shape in modern human athletes. Am. J. Phys. Anthropol.
140 (1), 160-172. https://doi.org/10.1002/ajpa.21063.

Shaw, C., Stock, J., 2009b. Intensity, repetitiveness, and directionality of habitual
adolescent mobility patterns influence the tibial diaphysis morphology of athletes.
Am. J. Phys. Anthropol. 140 (1), 149-159. https://doi.org/10.1002/ajpa.21064.

Shaw, C., Hofmann, C., Petraglia, M., Stock, J., Gottschall, J., 2012. Neandertal humeri
may reflect adaptation to scraping tasks, but not spear thrusting. PLoS One 7 (7),
1-8. https://doi.org/10.1371/journal.pone.0040349.

Shirley, M., Arthurs, O., Seunarine, K., Cole, T., Eaton, S., Williams, J., Clark, C.,
Wells, J., 2019. Metabolic rate of major organs and tissues in young adult south
Asian women. Eur. J. Clin. Nutr. 73 (8), 1164-1171. https://doi.org/10.1038/
$41430-018-0362-0.

Shirley, M., Longman, D., Elliott-Sale, K., Hackney, A., Sale, C., Dolan, E., 2022. A life
history perspective on athletes with low energy availability. Sports Med. 52 (6),
1223-1234. https://doi.org/10.1007/s40279-022-01643-w.

Sockol, M., Raichlen, D., Pontzer, H., 2007. Chimpanzee locomotor energetics and the
origin of human bipedalism. Proc. Natl. Acad. Sci. U. S. A. 104 (30), 12265-12269.
https://doi.org/10.1073/pnas.0703267104.

Stearns, S., 1989. Trade-offs in life-history evolution. British Ecol. Soc. 3, 259-268.

Stearns, S., 1992. The Evolution of Life Histories. Oxford University Press.

Stellingwerff, T., Morton, J., Burke, L., 2019. A framework for Periodized nutrition for
athletics. Int. J. Sport Nutrit. Exerc. Metabol. 29 (2), 141-151.

Steudel-Numbers, K., Tilkens, M., 2004. The effect of lower limb length on the energetic
cost of locomotion: implications for fossil hominins. J. Hum. Evol. 47 (1-2), 95-109.
https://doi.org/10.1016/j.jhevol.2004.06.002.

Steudel-Numbers, K., Weaver, T., Wall-Scheffler, C., 2007. The evolution of human
running: effects of changes in lower-limb length on locomotor economy. J. Hum.
Evol. 53 (2), 191-196. https://doi.org/10.1016/j.jhevol.2007.04.001.

Thurber, C., Dugas, L., Ocobock, C., Carlson, B., Speakman, J., Pontzer, H., 2019.
Extreme events reveal an alimentary limit on sustained maximal human energy
expenditure. Sci. Adv. 5 (6), 1-9. https://doi.org/10.1126/sciadv.aaw0341.

Turner, J., Hodges, N., Bosch, J., Aldred, S., 2011. Prolonged depletion of antioxidant
capacity after ultraendurance exercise. Med. Sci. Sports Exerc. 43 (9), 1770-1776.

Urlacher, S., Ellison, P., Sugiyama, L., Pontzer, H., Eick, G., Liebert, M., Cepon-
Robins, T., Gildner, T., Snodgrass, J., 2018. Tradeoffs between immune function and
childhood growth among Amazonian forager-horticulturalists. Proc. Natl. Acad. Sci.
U. S. A. 115 (17), E3914-E3921. https://doi.org/10.1073/pnas.1717522115.

van Noordwijk, A., de Jong, G., 1986. Acquisition and allocation of resources : their
influence on variation in life history tactics. Am. Nat. 128 (1), 137-142.

Voyer, D., Voyer, S.D., Saint-Aubin, J., 2017. Sex differences in visual-spatial working
memory: A meta-analysis. Psychonom. Bull. Rev. 24, 307-334.

Ward, C., 2002. Interpreting the posture and locomotion of Australopithecus afarensis:
where do we stand? Am. J. Phys. Anthropol. 119 (S35), 185-215. https://doi.org/
10.1002/ajpa.10185.

Welle, S., Tawil, R., Thornton, C.A., 2008. Sex-related differences in gene expression in
human skeletal muscle. PloS one 3 (1), e1385.


http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0240
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0240
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0245
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0245
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0250
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0250
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0250
https://doi.org/10.1073/pnas.1206276110
https://doi.org/10.1073/pnas.1206276110
http://www.ncbi.nlm.nih.gov/pubmed/11182575
http://www.ncbi.nlm.nih.gov/pubmed/11182575
https://doi.org/10.1002/ajhb
https://doi.org/10.1136/bjsm.2004.017194
https://doi.org/10.1038/s41598-018-37904-w
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0280
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0280
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0280
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0280
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0285
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0285
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0285
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0285
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0290
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0295
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0295
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0295
https://doi.org/10.1249/mss.0b013e318149f111
https://doi.org/10.1249/mss.0b013e318149f111
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0305
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0305
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0305
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0305
https://doi.org/10.1038/nature10629
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0315
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0315
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0315
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0320
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0320
https://doi.org/10.2478/v10036-009-0031-4
https://doi.org/10.1007/s00114-009-0637-3
https://doi.org/10.1007/s00114-009-0637-3
https://doi.org/10.1002/ajpa.23071
https://doi.org/10.1007/s40750-021-00182-4
https://doi.org/10.1007/s40750-021-00182-4
https://doi.org/10.1007/s00421-019-04187-6
https://doi.org/10.1007/s00421-019-04187-6
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0350
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0350
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0355
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0355
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0355
https://doi.org/10.1242/jeb.02070
https://doi.org/10.1242/jeb.02070
https://doi.org/10.1242/jeb.002246
https://doi.org/10.1249/JES.0000000000000048
https://doi.org/10.1249/JES.0000000000000048
https://doi.org/10.1146/annurev-anthro-102214-013925
https://doi.org/10.1146/annurev-anthro-102214-013925
https://doi.org/10.1016/j.jhevol.2008.09.001
https://doi.org/10.1016/j.jhevol.2008.09.001
https://doi.org/10.1371/journal.pone.0040503
https://doi.org/10.1371/journal.pone.0040503
https://doi.org/10.1016/j.jhevol.2013.10.002
https://doi.org/10.1016/j.jhevol.2013.10.002
https://doi.org/10.1016/j.cub.2015.12.046
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0400
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0400
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0405
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0405
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0405
https://doi.org/10.1073/pnas.062041299
https://doi.org/10.1073/pnas.062041299
https://doi.org/10.1016/j.jhevol.2008.08.022
https://doi.org/10.1016/j.jhevol.2008.08.022
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0420
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0420
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0425
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0425
https://doi.org/10.1038/387173a0
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0435
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0435
https://doi.org/10.1016/j.crpv.2003.12.005
https://doi.org/10.1080/08912963.2017.1286337
https://doi.org/10.1080/08912963.2017.1286337
https://doi.org/10.1093/icb/icr064
https://doi.org/10.1093/icb/icr064
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0455
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0455
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0460
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0460
https://doi.org/10.1002/ajpa.21063
https://doi.org/10.1002/ajpa.21064
https://doi.org/10.1371/journal.pone.0040349
https://doi.org/10.1038/s41430-018-0362-0
https://doi.org/10.1038/s41430-018-0362-0
https://doi.org/10.1007/s40279-022-01643-w
https://doi.org/10.1073/pnas.0703267104
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0495
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0500
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0505
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0505
https://doi.org/10.1016/j.jhevol.2004.06.002
https://doi.org/10.1016/j.jhevol.2007.04.001
https://doi.org/10.1126/sciadv.aaw0341
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0525
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0525
https://doi.org/10.1073/pnas.1717522115
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0535
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0535
http://refhub.elsevier.com/S1095-6433(23)00055-7/opt38mJS0wvVA
http://refhub.elsevier.com/S1095-6433(23)00055-7/opt38mJS0wvVA
https://doi.org/10.1002/ajpa.10185
https://doi.org/10.1002/ajpa.10185
http://refhub.elsevier.com/S1095-6433(23)00055-7/optxNtXD7YBm7
http://refhub.elsevier.com/S1095-6433(23)00055-7/optxNtXD7YBm7

D.P. Longman et al.

Wells, J.C., 2006. The evolution of human fatness and susceptibility to obesity: an
ethological approach. Biol. Rev. 81 (2), 183-205.

Wells, J., 2013. Commentary: the thrifty phenotype and the hierarchical preservation of
tissues under stress. Int. J. Epidemiol. 42 (5), 1223-1227. https://doi.org/10.1093/
ije/dyt130.

Wells, J., Stock, J., 2007. The biology of the colonizing ape. Yearb. Phys. Anthropol. 222,
191-222. https://doi.org/10.1002/ajpa.

West-Eberhard, M., 1989. Phenotypic plasticity and the origins of diversity. Annu. Rev.
Ecol. Syst. 249-278.

Whiten, A., Erdal, D., 2012. The human socio-cognitive niche and its evolutionary
origins. Philos. Trans. R. Soc. Lond. B 367, 2119-2129. https://doi.org/10.1098/
rsth.2012.0114.

Comparative Biochemistry and Physiology, Part A 281 (2023) 111422

Will, M., Krapp, M., Stock, J., Manica, A., 2021. Different environmental variables
predict body and brain size evolution in Homo. Nat. Commun. 12 (1), 1-12. https://
doi.org/10.1038/541467-021-24290-7.

Yeager, K., Agostini, R., Nattiv, A., Drinkwater, B., 1993. The female athlete triad:
disordered eating, amenorrhea, osteoporosis. Med. Sci. Sports Exerc. 25 (7),
775-777.

Zaryski, C., Smith, D., 2005. Training principles and issues for ultra-endurance athletes.
Curr. Sports Med. Rep. 4 (3), 165-170.

Zera, A.J., Harshman, L.G., 2001. The physiology of life history trade-offs in animals.
Ecology 32, 95-126.

Zollikofer, C.P.E., Ponce de Ledn, M.S., Lieberman, D.E., Guy, F., Pilbeam, D., Likius, A.,
Mackaye, H.T., Vignaud, P., Brunet, M., 2005. Virtual cranial reconstruction of
Sahelanthropus tchadensis. Nature 434 (7034), 755-759. https://doi.org/10.1038/
nature03397.


http://refhub.elsevier.com/S1095-6433(23)00055-7/optpCW2QiuQTJ
http://refhub.elsevier.com/S1095-6433(23)00055-7/optpCW2QiuQTJ
https://doi.org/10.1093/ije/dyt130
https://doi.org/10.1093/ije/dyt130
https://doi.org/10.1002/ajpa
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0555
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0555
https://doi.org/10.1098/rstb.2012.0114
https://doi.org/10.1098/rstb.2012.0114
https://doi.org/10.1038/s41467-021-24290-7
https://doi.org/10.1038/s41467-021-24290-7
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0570
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0570
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0570
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0575
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0575
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0580
http://refhub.elsevier.com/S1095-6433(23)00055-7/rf0580
https://doi.org/10.1038/nature03397
https://doi.org/10.1038/nature03397

	Patterns of energy allocation during energetic scarcity; evolutionary insights from ultra-endurance events
	1 Energy allocation is a key driver of both evolution and athletic performance
	2 The human evolutionary journey has conferred adaptations allowing us to cope with energetic stress
	3 Ultra-endurance events as a model to investigate energy allocation during conditions of energetic scarcity
	4 Emerging insights towards functional preservation during ultra-endurance events
	5 Summary and future perspectives
	Declaration of Competing Interest
	Data availability
	References


