
REVIEW SPECIAL ISSUE
THE INTEGRATIVE BIOLOGY OF EXERCISE

A life-history perspective on exercise
Jerry F. Husak1,* and Simon P. Lailvaux2

ABSTRACT
Exercise has been extensively studied in humans because of its
multiple benefits, yet it is unclear how relevant ‘exercise’ is to non-
human animals and whether the effects of exercise are identical to
those in humans. One main difference is that humans rarely have
chronic limited resources when exercising, whereas wild animals do.
Nevertheless, because other species from fish to lizards have
been shown to have similar responses to exercise, the generalized
response is almost certainly very old evolutionarily. This means
that the response to exercise evolved under conditions of limited
resources, and the modern conditions under which humans use
exercise are novel. If we view ‘exercise’ as increased locomotor
activity above baseline levels, then locomotor performance and the
response to exercise play a crucial role within the larger life-history
strategies of animals. We consider exercise from a life-history
perspective, where allocating finite resources towards the exercise
response can create trade-offs with other traits. In this Review, we
synthesize our work on green anole lizards (Anolis carolinensis) to
show how complex trade-offs can occur when resources are forced
to be allocated to performance via specialized exercise training.
There is still much we do not know about the exercise response of
vertebrates, and future studies would benefit by considering exercise
from a life-history perspective.

KEY WORDS: Exercise response, Metabolism, Performance,
Plasticity, Trade-offs

Ecological relevance of exercise
To the average person, ‘exercise’ is an activity that requires
strenuous physical effort and is performed to sustain or improve
health and athletic fitness (Lieberman, 2015). However, to readers
of this Review, there is likely a more nuanced view of ‘exercise’ as a
physiological concept – ‘physical activity that involves movement
supported by sustained locomotor performance, increased cardiac
output, and increases in energy expenditure above basal levels’ (Yap
et al., 2017, p. 195). The former definition seems to make exercise
irrelevant to non-human animals (Halsey, 2016a,b), but the latter
definition applies to many activities of free-living, non-human
animals (Killen et al., 2017), particularly those primarily locomotor
activities termed whole-organism performance that are typically
studied under the auspices of the ecomorphological paradigm
(Arnold, 1983; Garland and Losos, 1994; Lailvaux and Husak,
2014). Even in our distant human past, the former definition would
have been irrelevant to us, since early humans would not have
performed strenuous physical exercise only to improve health, but

instead to hunt and forage like other animals (Lieberman, 2015;
Shirley et al., 2022). Nevertheless, strenuous physical effort, or
‘exercise’, causes a multitude of physiological changes in the short
and long term (e.g. Bouchard et al., 2011a,b; Hoppeler et al., 2011;
Atherton and Smith, 2012). These changes can be viewed as a
special case of phenotypic plasticity to overcome an environmental
challenge that involves increasing locomotion (Garland and Kelly,
2006). In this Review, we adhere to the view that exercise should be
seen as a scenario of chronic increased activity of individuals in a
population. ‘Chronic increased activity’ is probably a sufficient
term for these situations in nature, but when that increased activity is
used for experimental manipulation, ‘exercise’ is more appropriate.
The semantics between the two is beyond the scope of this Review,
but we encourage others to be clear about what they mean when
using the term ‘exercise’ in their studies. In either case, the response
to that increased activity (i.e. the ‘exercise response’) results in
metabolic shifts and resources being re-allocated to cause a variety
of phenotypic trade-offs (reviewed by Lailvaux and Husak, 2014;
Husak and Lailvaux, 2022). In this light, exercise, when broadly
defined, is very relevant to most animals, since all animals move at
some point in their lives, have limited resources and must deal with
environmental challenges (Williams and Fowler, 2015; Husak and
Lailvaux, 2022). Acquired energy must also be allocated in light of
these challenges over the long term.

In a 2014 review (Lailvaux and Husak, 2014), we encouraged
integrative biologists to incorporate exercise and whole-organism
performance traits more generally into life-history research
questions (see also Killen et al., 2017). Even though the idea does
not seem to have caught on, those interested in human exercise
physiology have independently embraced the idea of incorporating
life-history theory into their study of exercise, especially recently
(Lieberman, 2015; Pontzer, 2018; Shirley et al., 2022; Areta, 2023).
Indeed, studies of exercise effects during periods of low energy
availability have capitalized on concepts from life-history theory,
such as energetic trade-offs and allocation priorities. Areta (2023)
even proposed the hypothesis that selection has prioritized
allocation of resources to locomotor capacity during periods of
low energy availability because locomotion is one of the only means
of acquiring more energy. This hypothesis is consistent with human
studies that have shown maintenance or improvement in athletic
performance even under low energy conditions (reviewed by
Areta, 2023; see also Husak et al., 2016 and Lailvaux et al., 2020,
for examples in lizards). Whole-organism performance traits, such
as sprinting, endurance running and jumping are both energetically
expensive (reviewed in Halsey, 2016b; Brownscombe et al., 2022;
Hedenström, 2025) and important to Darwinian fitness, making
them key targets of selection (Arnold, 1983; Irschick et al., 2008;
Husak, 2015; Matthews et al., 2023). Performance traits are also
involved in a number of trade-offs with other phenotypic traits,
including classic life-history traits, such as age at first maturity and
longevity (reviewed in Lailvaux and Husak, 2017; Husak and
Lailvaux, 2017; Husak and Lailvaux, 2022; Husak et al., 2024;
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Pontzer, 2025). For example, experimental immune challenges alter
performance capacities (Zamora-Camacho et al., 2015; Husak
et al., 2021; Hudson et al., 2021a,b), whereas increasing investment
in locomotion via exercise training reduces reproductive
output (Husak et al., 2016; Minter et al., 2018) and alters
immunocompetence (Chapman et al., 2015; Wang and Husak,
2020; Altizer et al., 2011). From this perspective, intense strenuous
activity, or exercise, is not an extraneous or peripheral activity, but
rather a central component of life-history strategies that drives
crucial variation in resource acquisition and allocation.
Despite the lack of broadly incorporating exercise into integrative

biology research, there is a large comparative literature that uses
‘exercise’ as an experimental tool. Exercise is used in these studies
to determine two very different types of effects of increased
locomotion in non-human subjects: acute short-term effects and
chronic long-term effects. Acute effects are typically measured in a
laboratory setting in animals that have not had previous experience
with the ‘exercise’ performed during the study, so any effects are
direct consequences of performing the exercise in that moment. For
example, a group of animals could be maintained in the laboratory
or brought to the laboratory from the wild, and exercised to
exhaustion, during and after which metabolic, cardiovascular
or hormonal changes due to that exhaustive exercise are measured
(e.g. Poole et al., 2020; Hastings et al., 2022). This is distinct from
long-term effects that occur with repeated bouts of the same exercise
(i.e. exercise training). Such long-term studies (see the section
‘Phylogenetic distribution of exercise effects’) reveal different types
of plastic responses to increased activity, including significant
phenotypic trade-offs. Indeed, we argue here that these long-term
responses constitute distinct strategies, with disparate physiological
consequences and mechanisms. Importantly, these strategies are
most apparent under conditions of limited resources, and they can be
contrary to the ‘health benefits’ found with exercise in humans
where resources are not limited. Even though we do not suggest that
free-living, non-human animals ‘exercise’ to sustain or improve
health and athletic fitness in human terms (e.g. Halsey, 2016a,b),
individuals in natural populations do vary in their activity levels
(Yap et al., 2017) and their responses to chronic increased activity
(Husak et al., 2016, 2017), and they are susceptible to similar
consequences of increased activity as seen in humans.

Our goal in this Review is to highlight studies that place exercise
within an appropriate life-history framework, and to synthesize the
literature regarding the relevant physiological mechanisms and
genetic variation enabling the exercise response from an explicitly
evolutionary perspective. Within that life-history framework, we
discuss the costs and benefits of responding to exercise, and what
the fitness consequences may be. We highlight our work on green
anole lizards (Anolis carolinensis) as a framework to ask how
investing more limited resources in performance impacts the rest of
the integrated phenotype. We discuss the phylogenetic distribution
and conserved nature of many aspects of the exercise response, with
an emphasis on vertebrates. Finally, we conclude with an extensive
list of questions that need further study if we are to properly
understand the selective value of the exercise response within an
ecological, evolutionary and life-history framework.

Costs of performance and exercise
From a purely physiological perspective, exercise has both short-
term and long-term, chronic costs (e.g. Bennett, 1980). In the short-
term, exhaustive exercise results in a 10-fold, or greater, increase in
oxygen consumption above basal or standard metabolic rates (BMR
or SMR, respectively; Weibel et al., 2004). In fishes, enhanced gas
exchange capacity to match demands from swimming results in an
increased passive movement of ions that can be osmotically
disruptive (the ‘osmorespiratory compromise’, reviewed byWood and
Eom, 2021; also seen in sharks, Giacomin et al., 2022). In this case,
gills with increased functional surface area and low diffusion distance
to favor gas exchange will result in a cost of compromised osmotic
balance. For all vertebrates, after the cessation of exercise, oxygen
consumption remains elevated for hours to days (e.g. excess
post-exercise oxygen consumption, EPOC; Gaesser and Brooks,
1984), and reactive oxygen species increase as a result of increased
mitochondrial activity (Koch et al., 2021; Powers et al., 2024). For
example, increased oxidative stress is associated with migratory
flight in bats (Costantini et al., 2019) and elevated physical
activity in humans (Pontzer, 2025). Circulating glucocorticoid and
epinephrine concentrations increase to mobilize glucose from
glycogen and non-carbohydrate sources (Howlett et al., 1999; Chen
et al., 2017), and also elevate heart rate and blood pressure. All of
these costs – which are accrued while doing the exercise and shortly
thereafter – are what we refer to as production costs (see Glossary)
(Husak and Lailvaux, 2017), and they are known from all vertebrate
species studied (see below).

Additionally, the tissues necessary for activity and exercise (e.g.
muscle, bone, cardiovascular system, etc.) must be actively
maintained, and these metabolic processes are referred to as
maintenance costs (see Glossary), typically measured as BMR or
SMR. The effects of exercise training on BMR/SMR are equivocal,
with some studies showing an increase and others showing a
decrease (Speakman and Selman, 2003). If exercise results in
building more tissue, such as muscle or blood cells (see below), then
the extra tissue will also have maintenance costs. Exercise training
can result in higher mitochondrial densities to increase ATP
production (Heine and Hood, 2020), but if they have ‘leaky’
membranes, then BMR/SMR will be higher than for those with more
efficient mitochondria, because leaky membranes result in more
oxidative cycles but less ATP output (Else and Hulbert, 1981; Else
et al., 2004; Konarzewski and Ksiązėk, 2013). However, exercise can
affect mitochondria in other ways, such as mitochondrial fusion
(Arribat et al., 2019) or increased mitochondrial efficiency at ATP
synthesis, which increases ATP production without an increase in
mitochondrial number or ‘leaky’ membranes (Treberg et al., 2018;

Glossary

Development costs
Costs incurred when the physiology and morphology underlying a
performance trait is being built.
Exertion capacity
Also sometimes termed ‘distance capacity’, exertion has historically
been defined by the way it is measured, rather than in terms of
the underlying physiology. The animal in question is chased, often
around a circular track, at top speed until it becomes exhausted. Exertion
capacity likely incorporates aspects of aerobic and anaerobic
physiology.
Fast-slow life-history continuum
A conceptual framework organizing life histories along a continuum from
‘fast’ life histories, characterized by rapid growth and development, high
reproduction, and short lifespans, to ‘slow’ life histories characterized by
slow growth and development, low reproduction, and long lifespans.
Maintenance costs
Costs necessary to maintain the performance trait once it has been built,
even when it is not in use.
Production costs
Costs incurred when a given performance trait is used.
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Boël et al., 2020). The direction in which exercise takes BMR/SMR
among different species and why is unclear, as different lifestyles and
energetic demands will influence the outcome (Koch et al., 2021).
Finally, as performance is enhanced by exercise training, existing

tissues are modified and new tissues are built, resulting in
development costs (see Glossary). Skeletal muscle hypertrophy,
angiogenesis, increased hematocrit and cardiac modifications all
require increased investment of acquired protein (Hoppeler et al.,
2011). This can happen by increasing resource acquisition or
diverting protein from other functions, or a combination of the two
strategies (van Noordwijk and de Jong, 1986; Stearns, 2000;
Tomkins et al., 2004). Development costs can be difficult to
quantify, as they are transient and likely most apparent during the
‘acclimation’ period, when physiological capacities are in the
process of being enhanced to match the new activity level, but
studies that sample individuals frequently may be able to capture
increases in metabolism that are independent of maintenance costs
(Brook et al., 2016; MacKenzie-Shalders et al., 2020; but see
MacKenzie-Shalders et al., 2019). Stable isotope studies may also
reveal development costs by tracking the routing of macronutrients
during the course of training. For example, Husak and Lailvaux
(2024) fed endurance- and sprint-trained green anole lizards
(Anolis carolinensis) an isotopically labelled essential amino acid
(13C-leucine) after 9 weeks of training to track its routing to four
tissues (muscle, liver, gonads and spleen) under different
combinations of resource availability (high- and low-calorie diets)
and exercise training modalities (sprint and endurance training).
Increased routing to muscle tissue compared to sedentary controls
would have been an example of development costs. Unexpectedly,
routing increased to the liver and spleen, not muscle, suggesting
that, after extensive training, metabolic requirements (production
costs) and blood cell turnover (development costs) were prioritized.
Muscle hypertrophy had likely plateaued, but future studies
that sample during the course of training will help to resolve this
pattern.
In the long-term, chronic increased activity may result in trade-

offs that result from increased allocation to performance that is
shifted from other functions. All of these costs of responding to
exercise are important, because they must be outweighed by fitness
benefits to be maintained over evolutionary time. For example, if
the immune system is suppressed, the survival advantage of
enhanced locomotion should outweigh the survival detriment of the
altered immune response. It is unclear which of the costs above
(production, maintenance and development) are most important
for causing phenotypic trade-offs, and it may be that they all are
involved to some degree. An important unanswered question is how
aspects of a species’ life history impact plasticity to increased
activity and its associated costs.

Specialized training of green anole lizards
Training lizards
Although mammals have served as the most common subjects for
studies of exercise, lizards have emerged as a promising model
system. Early studies on lizard exercise were fraught with difficulties
and did not demonstrate significant training effects, though the
reasons why differed across studies. Sceloporus occidentalis from the
family Phrynosomatidae trained for 6 or 8 weekswith an increasingly
intense endurance training regimen on a circular track did not have
significantly better running performance or its presumed metabolic
correlates (Gleeson, 1979). These results were initially attributed to a
fundamental physiological difference between mammalian and
saurian metabolic flexibility, but Garland et al. (1987) suggested

that the training regimen may not have been intense enough above
baseline movement patterns in nature to elicit a response. Garland
et al. (1987) trained Amphibolorus nuchalis agamid lizards 5 days a
week for 8 weeks (with increased intensity) on a treadmill and found
no effect on endurance capacity compared to sedentary controls.
However, trained lizards showed evidence of joint degradation, which
the authors speculated was due to the excessive training regimen.
O’Connor et al. (2011) trained teiid Aspidoscelis sexlineata with a
training regimen that included treadmill endurance, maximum run
time on a circular track and maximum burst speed. There were
no training effects on performance traits, muscle fiber size or
composition, or hematocrit. This lack of an effect was likely due to
the simultaneous combination of different types of exercise, which
prevented locomotor specialization because of an interference in the
cellular pathways involved with protein turnover in the different types
of exercise, as is the case in mammals (Coffey et al., 2009a,b;
Hoppeler et al., 2011).

Despite these ‘negative’ findings with lizard exercise, our
laboratories used these earlier studies to design specialized exercise
training regimes that were meant to be strenuous enough, but not too
strenuous, to cause an exercise response. We trained lizards for
endurance on a small treadmill and for sprint speed on a wooden
dowel that approximated a tree branch. Over the course of our studies,
we changed how we increased intensity. Initially, we ran lizards more
frequently to increase sprint intensity and increased the angle of the
treadmill to increase endurance intensity (Husak et al., 2015). In later
studies, we increased sprint intensity by tying successfully heavier
weights to the lizards’waists when they ran, similar to human athletes
(Lailvaux et al., 2018). We have not quantified how these different
training regimes affect lizards differently, but in each casewe obtained
significant training effects, which we discuss below. By contrast,
exertion capacity (see Glossary), the physiological basis of which is
unclear (Baxter-Gilbert et al., 2017; but see Garland, 1984; Bennett
and Huey, 1990), was not affected by sprint training or endurance
training (Sorlin et al., 2022). Our goal with training was to force
activity at the high ends of locomotor performance seen in nature.
Each 30 min endurance training session equaled 90 m of slow
traveling by each lizard. This is relevant to male and female green
anoles in nature (Irschick, 2000), where ∼25% of their time budget
(Jenssen et al., 1995) and a significant proportion of their energy
budget (Orrell et al., 2004) are spent traveling through their territories
and home ranges, with much of this time spent ‘creeping’ in trees at
lower speeds. Green anoles use slow, sustained locomotion for
territory patrolling and foraging, and there is great variation among
individuals in the use of locomotion (Jenssen et al., 1995; Irschick and
Losos, 1998; Irschick, 2000). For example, green anoles from
southern Louisiana, USA, near where all of our subjects were
collected, moved, on average, 60.6±9.6m (mean±s.e.m.) daily, with a
large range of 1.3–279.2 m (Irschick, 2000). In contrast, green anoles
are sit-and-wait foragers that also rely on sprinting to capture prey and
avoid predators, contexts in which they use near-maximal capacities
(Irschick and Losos, 1998; Irschick, 2000). Sprints in nature can
approach a meter in length per run in green anoles (Irschick, 2000),
but sprinting distances have not been systematically studied in this
species. Our training regimen at the high end of distance traveled in a
day and at speeds used in naturewas meant to determine how levels of
performance towards the upper limits of use (and investment) might
lead to phenotypic trade-offs. To that end, it is important to note that
lizards were not fed ad libitum during training – instead, they were fed
a diet that we empirically determined to result in trade-offs when
lizards were energetically challenged (Lailvaux et al., 2012; Husak
et al., 2016).
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Endurance training
Endurance training had many effects consistent with those seen in
humans and other mammals (Table 1). Interestingly, we found
increased growth in body length (SVL), even when calories were
restricted (Husak et al., 2016). Training generally decreased
reproduction in females. Even though female corticosterone
increased with training, the levels of corticosterone in the eggs of
trained mothers was no different from control eggs (Hanover et al.,
2019). Neither testis size nor maximum bite-force performance was
affected by training in males (Husak et al., 2016). We found complex
trade-offs with immune function, with the swelling response to
phytohemagglutinin (PHA) and bacterial killing ability of plasma
being reduced, but wound healing and acquired immunity (antibody
production after exposure to sheep red blood cells) being unaffected
(Table 1). Interestingly, the reduction in PHA swelling response due
to training was rescued with leptin supplementation, but the trade-off
with reproduction was not (Wang et al., 2019), emphasizing the
complex nature of trade-off regulation. Stable isotope analysis
revealed that long-term endurance training resulted in leucine being
routed to the spleen and liver for blood cell turnover and metabolic
substrate shifts, respectively (Husak and Lailvaux, 2024). One of the
more interesting findings was the large range of responses to exercise.
Endurance increased >250% on average (pre- to post-treatment
measures), with a range of no increase to >1300% increase (data from
Husak et al., 2016).
The vast majority of our studies were conducted on adult lizards, but

we examined how trade-offs would differ in juveniles with different
allocation priorities. Without investment in egg production or finding
and acquiring mates, juveniles were expected to prioritize growth.
Endurance training increased heart ventricle mass, hematocrit and
baseline corticosterone levels, as in adults, but there was no effect on
growth (Husak et al., 2017). The PHA swelling response was reduced
in juvenile females but not in males (Husak et al., 2017). The lack of
effect on growth was surprising and may be due to already-maximal
growth rates or reduced plasticity from external stimuli because of the
importance of growth at this life stage. More studies of exercise on
juveniles are needed across species to test whether this pattern is

consistent or co-varies with other factors, such as growth rate, age at
maturity or longevity.

Sprint training
As with endurance training, effects from sprint training were similar
to those seen in humans and other mammals (Table 1). We rarely
found an increase in sprint performance itself after training.
Although this seems counter-intuitive, it is almost certainly due to
lizards acclimating to handling over the course of 2 months so that
their motivation has decreased by the end of training (Losos et al.,
2002). Nevertheless, they always completed training, which was
rigorous for their daily activity patterns, and we did detect a
significant increase in sprint speed in one study (Husak and
Lailvaux, 2019). Despite our inability to consistently detect sprint
performance enhancement, we did detect physiological changes that
suggest it did occur, including increases in muscle cross-sectional
area (Table 1). Contrary to studies on humans where resistance
training increases BMR (Stavres et al., 2018; Mackenzie-Shalders
et al., 2020), we found that sprint training reduced SMR (Lailvaux
et al., 2018). However, sprint training resulted in a higher increase in
metabolic rate (MR) after exhaustive exercise (EPOC) on a
treadmill, as well as longer recovery time to return to baseline
MR compared to sedentary controls and endurance-trained lizards,
suggesting an increased anaerobic capacity (Lailvaux et al., 2018).
Interestingly, sprint-trained lizards that were diet-restricted did not
have decreased sprint speed compared with controls (Lailvaux et al.,
2019), suggesting that the importance of sprint speed to fitness,
especially foraging (Irscshick et al., 2008), may ‘protect’ it from
trade-offs. Sprint training had complex trade-offs with immune
function (Table 1), but it is unknown how it impacts reproduction.
Like endurance training, sprint training had no effect on acquired
immunity (antibody response to sheep red blood cells; Wang and
Husak, 2020). Stable isotope analysis revealed that long-term sprint
training resulted in leucine being routed to the spleen and liver for
blood cell turnover and metabolic shifts, respectively, as seen in
endurance training (Husak and Lailvaux, 2024). Surprisingly,
leucine was not routed to muscle, compared to sedentary controls,

Table 1. Effects of specialized exercise training on green anole lizards (Anolis carolinensis)

Effect of endurance training Effect of sprint training

Physiological traits
Reduced SMR1,2 Reduced SMR1

Increased mitochondrial efficiency2 Increased EPOC1

Increased hematocrit3,4

Increased heart ventricle size4

Increased cross-sectional area of slow-oxidative fibers in gastrocnemius
and iliofibularis muscles3

Increased cross-sectional area of fast-glycolytic muscle fibers in gastrocnemius
and iliofibularis muscles3

Increased baseline corticosterone4

Increased growth rate4

Reproductive traits
Decreased probability of laying eggs4 Fewer eggs8

No effect on average size of eggs4 Heavier eggs8

No effect on corticosterone levels in eggs5 Increased hatchling body length8

No effect on testis size4

No effect on male maximum bite-force performance4

Immunological traits
Reduced PHA swelling response4,6,7 Mixed effects on PHA swelling response6,7

Reduced bacterial killing ability of blood4

No effect on wound-healing ability4 Reduced wound-healing ability6

No effect on production of antibodies to sheep red blood cells7 No effect on production of antibodies to sheep red blood cells7

Summary of how endurance and sprint training affected multiple aspects of the phenotype. Directions of change are relative to sedentary control lizards. EPOC,
excess post-exercise oxygen consumption; PHA, phytohemagglutinin; SMR, standardmetabolic rate. 1Lailvaux et al. (2018); 2Reardon et al. (2023); 3Husak et al.
(2015); 4Husak et al. (2016); 5Hanover et al. (2019); 6Husak and Lailvaux (2019); 7Wang and Husak (2020); 8Marks et al. (2023).
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after the 8 weeks of training, likely because the lizards had plateaued
in their muscle hypertrophy, as seen in human bodybuilders (Husak
and Lailvaux, 2024).
The increased investment in muscle cross-sectional area in sprint-

trained animals has potential consequences not only for the proximate
phenotype of the organism in question, but also for that organism’s
subsequent investment in reproductive effort. The mechanistic life-
history ‘decision’ to invest in survival versus reproduction is
governed by the insulin and insulin-like signaling network (ILS).
The activation of specific components of these networks is associated
with investment in survival, reproduction and growth (reviewed by
Regan et al., 2020). Increased investment in skeletal muscle growth
via resistance training is typically associated with an increase in a key
ILS agonist called insulin-like growth factor 1 (IGF1); however,
decreases in circulating IGF1 are associated with dietary restriction
(defined as caloric restriction without malnutrition) and investment in
survival-related mechanisms at the cellular level, with a consequent
decrease in reproductive investment. Marks et al. (2021) showed that
gene expression of IGF1 is mediated by changes in bodymass in diet-
restricted green anole females, and Marks et al. (2022) found that
sprint training also affected IGF1 expression in a size-dependent
manner, such that larger sprint-trained females expressed hepatic
IGF1 at the highest levels. Finally, these effects on the maternal
phenotype also correlated with changes in the phenotypes of
offspring, such that hatchlings from sprint-trained mothers were
significantly larger than those from untrained mothers.

Synthesis
Studies of green anole lizards suggest a myriad of phenotypic trade-
offs with performance capacities when resources are limited during
training. We have previously predicted that forced allocation to
performance, and its underlying biochemical, morphological and
physiological predictors, would result in trade-offs when resources
are limited (see figure 3 in Lailvaux and Husak, 2014). At that
time, only a partial test of those predictions was possible for any
species; adult male field crickets (Teleogryllus commodus) showed
complex trade-offs among performance and classic life-history
traits (Figure 4 in Lailvaux and Husak, 2014). We can now greatly
expand those links with our studies of green anoles. Fig. 1 shows
how forced investment into endurance capacity via exercise training

results in trade-offs with a variety of phenotypic traits. We discuss
the fitness implications of these trade-offs in the section ‘Selection on
the exercise response’. Additionally, since we controlled diet in the
laboratory, daily energy intake was kept constant to give us a better
idea of which components of their energy budgets were increasing or
decreasing after training. Savings in maintenance costs (lowered
SMR) were not sufficient to protect reproduction and components
of immune function from increased production and presumed
development costs associated with training (Fig. 2). Perhaps most
surprising is that, even when training was coupled with diet
restriction, performance capacities were maintained (Lailvaux et al.,
2019) and usually enhanced (Husak et al., 2016, 2017).

Another key takeaway from our studies on green anoles is that
trade-offs seem to depend on the type of exercise (i.e. endurance
versus sprint). As expected, based on mammalian studies, sprint
training increased muscle hypertrophy and endurance training
resulted in changes to increase oxygen delivery to tissues. More
interesting from a life-history perspective is that components of the
immune response were differentially affected by the two types of
training. Worthy of note is that our measure of acquired immunity
(antibody production in response to sheep red blood cell injection)
was unaffected by either type of training. Further research is
necessary to understand the ultimate reason for these performance-
immunity trade-offs, or lack thereof. With such clear trade-offs
present between performance and other traits presumably important
for survival (immune function) and reproduction, the obvious
question is what selective pressures maintain the exercise response
in green anole lizards and other species? Although that question
cannot currently be answered with certainty, studies of the genetic
variation underlying the exercise response offer potential insights
into the relevant factors at play.

Evolution of the exercise response
Heritability and genomics of the human exercise response
Performance traits that are linked to fitness in key ecological contexts,
like many other continuous traits, have both genetic and environmental
components. The quantitative genetics of performance is understudied
in the vast majority of animal species, likely due to a combination of
the difficulty of obtaining these data within the context of a rigorous
breeding design or well-resolved pedigree, and a general lack of
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Fig. 1. Summary of endurance training studies
on green anole lizards. Empirical results from our
studies of green anole lizards that have filled in the
conceptual diagram (modified from figure 3 of
Lailvaux and Husak, 2014). Although not all links
are derived from a single study, many of these
effects have been replicated across different studies
(see Table 1 and text for details). Arrows indicate
allocation of resources to traits and relationships
between traits after endurance training, in
comparison to sedentary controls. Solid lines
represent empirically confirmed links, whereas
dashed lines represent likely links that have not
been empirically tested. +, positive relationship;
−, negative relationship; ?, untested relationship. For
example, after training, resources are allocated to
heart ventricle mass and endurance, but away from
reproduction and components of immunity. Not all
possible links are shown, only those empirically
detected and suspected based on empirical
findings.
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interest in the genetics of animal performance from more than a few
researchers (but see Garland et al., 1990; Dohm et al., 1996 for some
key examples). However, the relatively few published studies that have
attempted to quantify the heritability of performance typically show
moderate and significant additive genetic variation for such traits,
including narrow-sense heritabilities of 0.15 for flight duration in the
flyDrosophila aldrichi (Gu and Barker, 1995), 0.21 for mean take-off
acceleration in the butterfly Pararge aegeria (Berwaerts et al., 2008),
0.3 for jump power in Teleogryllus commodus crickets (Lailvaux et al.,
2010) and 0.46 for endurance in Zootoca vivipara (although the
heritability for sprint speed in this same species was not significant;
Sorci et al., 1995). The genomic basis of animal performance is also
poorly understood, although several recent studies have connected
candidate genes to performance variation in some species. For
example, genes such as PPL that regulate the keratin cytoskeleton are
associated with climbing and grasping in Asian flying tree frogs
(Rhacophorus spp) (Wu et al., 2022); however, here it should be noted
that, in some cases where traits are labelled by authors as locomotion,
they are more plausibly considered to be measures of behavior instead
(e.g. exploratory locomotion; Chitre et al., 2023).
By contrast, the genomic basis of exercise within the context of

human performance is at least moderately well-studied, with several
candidate loci being linked to various forms of superior human
athletic performance, especially endurance and strength (reviewed by
Yao et al., 2025). TheR variant of the geneACTN3, which encodes the
protein alpha-actinin-3, is considered to be associated with increased
sprint speed – likely through its effects on muscular contraction – at
least in comparison to the X variant, which does not produce alpha-
actinin-3 (Berman and North, 2010). A variant of the COL5A1 gene,
which encodes proteins that make up collagen, is also associated with
less flexible Achilles tendons and enhanced performance in the
running component of Ironman competitions (but may also make
bearers more prone to injury) (Posthumus et al., 2011). Other

candidate genes, such as the angiotensin converting enzyme in/del
(ACE I/D) polymorphisms, exhibit more controversial relationships
with both endurance and sprinting (Kritchevsky et al., 2005; Minami
et al., 2007). However, associations with elite athletic performance are
often tentative at best, limited primarily by the small absolute number
of elite athletes and the consequent low historical power of such
association tests.

Although the exercise response is a form of phenotypic plasticity,
that response is itself likely to have both genetic and environmental
components in many animal species. Indeed, in human studies,
there are individuals that do not appear to respond to exercise, but
the reasons why are controversial (Pickering and Kiely, 2019).
Consequently, both the capacity to perform a given athletic feat and
the ability to respond to training specifically targeted at that feat
are both underpinned by distinct patterns of genomic variation. The
HERITAGE (HEalth, RIsk factors, exercise Training And GEnetics)
study, a large-scale investigation of cycling exercise across 228
families in North America, quantified the heritability of human
cycling endurance (0.42), but also showed that the individual capacity
to respond to cycling training exhibited a heritability (h2) of 0.47
(Bouchard, 2012). Furthermore, Bouchard et al. also identified 21
candidate genes that are implicated in the cycling exercise response
(Bouchard et al., 2011a,b; Bouchard, 2012). Comparable studies
for power-based athletic capacities such as sprinting are lacking,
although phenotypic variation in the response to standardized
resistance training has also been noted in humans (Hubal et al., 2005).

Despite this detailed work on human exercise training, no
comparable genetic or genomic studies to our knowledge have
investigated the training response in animal species. Swallow et al.
(2009) described the results of a long-term study considering
artificial selection on voluntary wheel-running performance in
mice, which revealed insights into morphology, physiology and
genetic factors affecting the evolutionary response to increased
activity levels (see also Hillis and Garland, 2023). Importantly, this
study also demonstrated the effect of neurochemical factors driving
increased voluntary activity, including dopamine (see alsoBubak et al.,
2022; Adeola and Lailvaux, 2023 for discussion of the neurochemical
basis of performance motivation in insects). Nonetheless, the genetic
factors underlying both the exercise response and enhanced locomotor
performance remain understudied in the vast majority of animal
species.

Among the various factors that influence muscle growth, IGF-1
and myostatin have received the most attention. A product of the
MSTN gene, myostatin is a myokine protein that inhibits muscle
growth via its regulatory action on both developmental and post-
natal muscle fiber number and growth. Within the context of animal
breeding, mutations inMSTN are associated with ‘double-muscled’
phenotypes – extreme muscularity – in animals such as cattle and
some domestic dogs (Rodgers and Garikipati, 2008). ‘Bully’
whippets harboring two copies of a two base-pair deletion in the
third exon of MSTN, have extreme muscularity that renders them
unsuitable for racing, whereas individuals exhibiting only one such
copy are significantly faster in competitive racing events than those
carrying the wild-type genotype (Mosher et al., 2007). Similarly,
MSTN polymorphisms also predict sprinting ability and racing
stamina in thoroughbred horses (Hill et al., 2010). Myostatin is
deeply conserved within vertebrates (albeit comprising two sister
clades within teleost fish, Rodgers and Garikipati, 2008) and is
generally considered to be under purifying – as opposed to positive
– selection in most vertebrates, so as to optimize muscle size and
function (Pie and Alvares, 2006). However, the known interaction
between myostatin and muscle fiber type (Lee, 2010) suggests a

No increase
in resource
acquisition
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Increase

in resource
acquisition

Reproduction
Immunity

Performance

SMR

Reproduction

Immunity

Performance

SMR

Reproduction

Immunity

Performance

SMR

A

Fig. 2. Endurance training in green anoles without increased food
availability resulted in significant phenotypic trade-offs. Significant
increases in activity, without increases in food availability (left), resulted in
higher production costs (blue; performance), as well as performance
enhancement. Performance enhancement occurred by alterations to
morphology (development costs) and physiology that lowered maintenance
costs (indicated by A). Despite savings in maintenance costs, the increased
production (and possibly development) costs of endurance training reduced
allocation to reproduction and components of the immune system.
Alternatively, with increased food availability (right), not only can trade-offs
be mitigated, but there could be increases in allocation to immunity and/or
reproduction along with increased performance. The size of boxes is not
based on quantitative measures of energy costs for each, but are intended
for qualitative comparisons (see Careau et al., 2008). SMR, standard
metabolic rate.
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potential role for myostatin in regulating muscle growth in response
to training that is likely unequally distributed across the vertebrate
phylogeny, depending on the activity levels and evolved
performance-based strategy of the species in question. This notion
has received no attention from evolutionary physiologists, and the
role of myostatin in regulating the training response in various
organisms, if any, is unknown. The very existence of myostatin and
its regulation of muscle growth emphasize the energetic costs of
increasing muscle mass and position locomotor performance
capacities as central components of animal life-history strategies.
Myostatin in fishes appears to be a more general inhibitor of cell
proliferation and growth in numerous tissues instead of a specific
regulator of only muscle (Gabillard et al., 2013). Whether this is an
ancestral or derived function may shed light on how the exercise
response evolved, although we note that there is both determinate
and indeterminate growth present in fishes (Dutta, 1994; Johnston
et al., 2011). This is an especially important question given the
phylogenetic distribution of exercise responses across vertebrates.

Phylogenetic distribution of exercise effects
Available data suggest that much of the response to exercise is
conserved across vertebrates (Bennett, 1980, 1991), though
comparable data across taxa are scarce. All vertebrates seem to
increase metabolic rates after acute exhaustive exercise (EPOC),
suggesting that this form of plasticity is ancestral in vertebrates
(Gleeson, 1991; Hedrick et al., 2015). Post-exercise metabolic changes
are well-documented in bony fishes (reviewed by Magnoni et al.,
2013; Holder et al., 2022) and have been found in sharks (Pacific spiny
dogfish, Squalus suckleyi, Giacomin et al., 2022). Similar effects have
also been found in jawless fishes [sea lamprey, Petromyzon marinus
(Boutilier et al., 1993); Pacific lamprey, Lampreta tridentata (Mesa
et al., 2003)]. Given that muscle evolved early in Metazoan history
(Seipel and Schmid, 2005), it is almost certain that metabolic plasticity
due to increased activity is also ancient (reviewed by Husak and
Lailvaux, 2022). Indeed, insects (and even spiders; Anderson and
Prestwich, 1985) have been good model systems for exercise
physiology (Wegener, 1996; Lorenz and Gäde, 2009) despite their
cardiorespiratory systems being very different from vertebrates. An
ancient origin of acute response to exercise makes sense given that
most, if not all, animals must alter their movement to deal with
environmental challenges at some point in their life, thus favoring
plasticity in the physiological underpinnings of locomotion. What is
less clear is whether responses to chronic exercise are evolutionarily
conserved. We focus our discussion on vertebrates, since they share
many similarities in cardiorespiratory function, as well as homeostatic
mechanisms.
Most vertebrates that have undergone exercise training show

effects that are generally similar, but not identical, to mammals. It is
beyond the scope of this Review to point out every similarity and
difference; instead, we refer readers to the individual papers and
indicate their relevance to a life-history perspective. Most studies
that use exercise training have been interested in determining the
specific physiological responses to acute and chronic exercise.
These are important questions, but they impact how the studies were
conducted. In the vast majority of cases, individuals were fed ad
libitum, thus precluding energetically based trade-offs because of
increased available energy (Careau et al., 2008). This makes sense
in studies of fish exercise physiology if the goal is to increase muscle
growth for aquaculture purposes. However, to detect trade-offs that
might occur in nature with increased activity, diets of experimental
animals must be carefully controlled and resources limited (Reznick
et al., 2000; Garland et al., 2022). Nevertheless, the fact that a

diverse group of vertebrates show similar responses to exercise
suggests that much of the plasticity is evolutionarily conserved with
some specialized adaptations to fit the lifestyle of the species. It
remains unknown what aspects of life history determine which
aspects of the exercise response, but there are some clues in
comparative studies. A phylogenetic comparative analysis of 25
phrynosomatid lizard species revealed that species with high
endurance capacity also have low relative clutch masses and a
small size at maturity, but have higher SMRs, live longer and have
larger offspring (Husak and Lailvaux, 2017). No relationships were
found between any life history trait and sprint speed in these lizards.
A phylogenetic comparative analysis of 72 mammal species showed
that species on the ‘fast’ end of the fast–slow life-history continuum
(see Glossary) also spend less of their total daily energy budgets on
locomotor performance, suggesting that performance likely trades
off against growth, reproduction and, possibly, longevity (Lailvaux
and Husak, 2017). In an extended comparative analysis on the same
mammal species, mammals with non-monogamous mating systems
were associated with larger testes, faster life histories and lower
costs of locomotion compared to monogamous species (Husak
et al., 2024). Such comparative studies are revealing because,
despite variation in data collection across studies used in such
analyses, clear links have still been found between performance and
other aspects of life history. This highlights the importance of
locomotion to fitness, but also its costs. Thus, we expect the
response to exercise, and trade-offs with other traits, to be
widespread across vertebrates.

Generally, studies that use exercise training regimes result in
increased performance. As we noted above for green anole lizards,
though, motivation often decreases after prolonged handling in a
laboratory setting, resulting in a decrease in apparent maximum
performance despite physiological changes that should enhance it
(e.g. Husak et al., 2015). Outside of mammals, fish are the best-
studied group for how long-term exercise training affects
morphology and physiology, largely due to demands in the
aquaculture industry (He et al., 2013; Huang et al., 2021; Palstra
and Planas, 2013). Perhaps the most well-known effect of exercise
in fish is increased growth (reviewed by Davison, 1997; Palstra and
Planas, 2013), especially in species with active lifestyles, such as
salmonids, and those that have a large metabolic scope (Randall and
Brauner, 1991; Davison and Herbert, 2013; Fu et al., 2022; Rodgers
and Gomez Isaza, 2024). The lifestyle of the fish species appears
important, with sedentary species having little response. In perhaps
one of the most entertaining studies ever performed, attempts to
train Japanese flounder resulted in fish just being blown away by the
flowing water (Ogata and Oku, 2000).

Growth promotion via sustained swimming has also been found
in sharks, even when other effects of training are not detected
(leopard shark, Triakis semifasciata; Gruber and Dickson, 1997).
However, the hypertrophy of skeletal muscle, increase in aerobic
capacity, cardiac hypertrophy and beneficial effects on the immune
system (reviewed by Palstra et al., 2013) found in fishes were not
found in leopard sharks that were exercised for 6 weeks (Gruber and
Dickson, 1997). Training increased growth, white myotomal fiber
diameter, citrate synthase activity in white and red myotomal
muscle, and lactate dehydrogenase activity in white myotomal
muscle, but there was no effect of training on maximal sustainable
speed, oxygen consumption rate, liver mass, liver lipid, glycogen
and protein concentrations, white muscle protein content, heart
ventricle mass, or the activities of heart ventricle enzymes. The
authors speculated that endurance capacity may have increased
(although it was not measured), but proposed no hypotheses as to
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why so many traits did not respond to training. More studies on
sharks will be very helpful to understand why plasticity in the face
of increased activity may vary somuch, especially in light of the fact
that sharks are mostly restricted to saltwater, whereas many bony
fishes are not, making the groups physiologically distinct. Sharks in
particular will be useful, since some have obligate ram ventilation
that requires constant locomotion for respiration, while others can
use buccal pumping (like the leopard sharks mentioned above) or a
combination of both (Carlson et al., 2004).
Does the opportunity for variable locomotion promote the

evolution of greater plasticity in those species that are not
dependent on ram ventilation? Among bony fishes, tuna species
are obligate ram ventilators with high-performance swimming and
high metabolic rates (Magnuson, 1978). Like other fishes, tuna
increase oxygen consumption with increasing swimming speeds
(Korsmeyer et al., 1997) during acute exercise, but it is unknown
how they respond to long-term exercise. Brill and Bushnell (1991)
argued that tuna, living in the vast pelagic zone, have evolved
physiological adaptations for exceptional aerobic capacities that
promote continuous swimming. As pelagic fish ‘can run but cannot
hide’ (Brill and Bushnell, 1991, p. 2002) in open ocean, there
should be little selection to reach high maximum burst speeds.
Indeed, Brill (1996, p. 3) hypothesized that ‘the ability of high-
performance pelagic species (tunas, billfishes, and dolphin fish) to
deliver oxygen and metabolic substrates to the tissues at high rates
evolved to permit rapid somatic and gonadal growth, rapid
digestion, and rapid recovery from exhaustive exercise (abilities
central to success in the pelagic environment), not exceptionally
high sustained swimming speeds’. Here, locomotion and the
response to increased locomotion is central to life history. Long-
term training studies on these species would be very illuminating,
but admittedly difficult to accomplish given their relatively large
body sizes and large space requirements.
Among amphibians, leopard frogs [Lithobates (Rana) pipiens]

that were endurance trained on a treadmill increased performance
(hops to fatigue), citrate synthase activity and lactate clearance rates
similar to mammals (Cummings, 1979). African clawed frogs
(Xenopus laevis) showed slightly different results. Frogs were
trained for either sprinting or endurance swimming, and significant
performance enhancement was observed with both (Miller and
Camilliere, 1981). Endurance training decreased lactate accumulation
after exercise, but neither citrate synthase activity nor heart mass were
affected by training. In both species, individuals were fed ad libitum,
and other phenotypic traits that might represent trade-offs were
not measured. The acute effects of exercise have been studied in
several salamander species, revealing typical patterns of increased
oxygen consumption, even among lungless species (Full et al., 1988).
However, we are unaware of any studies that have exercised
salamanders for extended periods of time.
Two crocodilian species have been studied. Juvenile estuarine

crocodiles (Crocodylus porosus) were trained to run on a treadmill
for 16 weeks (Owerkowicz and Baudinette, 2008). Training
increased endurance capacity and VO2max, but it had no effect on
SMR. Juvenile American alligators (Alligator mississippiensis) were
regularly trained for 15 months, either running on a treadmill or
swimming in a flume (Eme et al., 2009). Compared to sedentary
controls, trained alligators had higher peak oxygen consumption
rates, and increased heart ventricular mass and hematocrit. There was
no effect of training on skeletal muscle mass or the activities of citrate
synthase and lactate dehydrogenase. These studies also fed subjects
ad libitum. Although acute effects of exercise have been shown to
increase oxygen consumption and heart rate in turtles (e.g. Chessman,

2019; Okuyama et al., 2020), we are unaware of any studies that have
exercised turtles over long periods of time.

Bird migration is, energetically, probably the closest thing in free-
living animals to exercise in humans (Butler, 2016; McWilliams
et al., 2021; Hawkes, 2025; papers in this special issue), but that
phenomenon is beyond the scope of this Review. Instead, we focus
on studies that have used laboratory-based exercise training (see also
Butler, 1991). Starlings (Sturnus spp.) that were exercised for
2 weeks in a wind tunnel showed increases in flying endurance (S.
roseus, Engel et al., 2006; S. vulgaris, Price et al., 2011) and flight
muscle mass (Price et al., 2011). While acute exercise in European
starlings increased expression of IGFI mRNA, long-term exercise
did not, and myostatin expression was unaffected by training (Price
et al., 2011), as were lipid transporters in another study of the same
species (Price et al., 2022). House sparrows (Passer domesticus)
that were endurance trained for 24 days to continuously fly between
two perches showed increased pectoralis musclemass and heart mass,
as well as reduced BMR and increased MMR (Zhang et al., 2015).
Tufted ducks (Aythya fuligula) endurance trained for 9 weeks to swim
in flowing water had increased maximal oxygen consumption
compared to controls, but no change in BMR (Butler and Turner,
1988). Increased oxidative capacity was likely due to the increased
muscle capillarity and citrate synthesis activity. Resting heart ratewas
also significantly lower in trained ducks compared to controls, but
heart mass did not differ between groups. Muscle fiber types were
apparently altered by training, with an increase in oxidative fibers in
the lateral gastrocnemius (slow oxidative fibers in the red region and
fast-oxidative-glycolytic in thewhite region), although no differences
in fiber type were found in the semitendinosus. Although not
conducted in a laboratory setting, Eared grebes (Podiceps nigricollis)
in eastern California, USA, voluntarily ‘train’ by performing flapping
exercises before migrating (Gaunt et al., 1990). During the summer
months when food is plentiful, flight muscles can atrophy up to 50%
in mass. The flapping exercise serves to stimulate hypertrophy,
boosting the muscles back to an appropriate mass to sustain
migration. This is similar to the ‘self-induced adaptive plasticity’
originally described for laboratory mice that voluntarily run at high
frequency, benefitting from the exercise (Swallow et al., 2005). In the
laboratory studies, individuals were fed ad libitum, and in the study of
eared grebes, other phenotypic traits that may trade off were not
measured.

Selection on the exercise response
The widespread distribution of exercise responses across vertebrates
(and invertebrates) suggests that there is selection to maintain this
form of phenotypic plasticity. This means that the response to
exercise is part of a system of mechanistic pathways that extend to all
major systems in the body and have evolved to maximize fitness
under environmental conditions where chronic increased activity is
necessary. Given the presumably high costs of increasing
performance, the benefits must outweigh those costs for selection
to maintain it. Not surprisingly, this idea remains largely untested.

A foundational component of the influential ecomorphological
paradigm is the assumption that performance affects fitness (Arnold,
1983; Garland and Losos, 1994; Irschick et al., 2008). This link has
been the subject of numerous correlational and experimental studies
(Husak, 2015), and the finding that selection alters performance in
nature has been demonstrated repeatedly. One important and testable
prediction arising from the general relationship between enhanced
performance and fitness is the suggestion that individuals that
enhance their performance capacities via the exercise response may
accrue fitness or survival benefits through those enhanced capacities.
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Husak and Lailvaux (2019) tested this prediction directly by training
green anoles for sprinting or endurance, releasing those trained
animals into an urban space that had been emptied of resident animals
and tracking their survival alongside that of untrained controls.
Counter-intuitively, instead of increased survival, they found that
enhanced endurance and sprint speed achieved through exercise
actually compromised survival in the wild compared to control
lizards. Admittedly, we do not know how much ‘de-training’ there
was after the cessation of training. Nevertheless, these results suggest
that forcing re-allocation of resources due to exercise moves
individuals away from an optimal phenotype, hinting at fitness
costs to the exercise response beyond those energetic development,
maintenance and production costs already discussed.
Although the ability to plastically alter one’s physiological

capacities might be beneficial to certain species in specific contexts
(Huey et al., 1999; Deere and Chown, 2006; Garland et al., 2022), a
further possibility that has received relatively little consideration in
the literature is that those performance phenotypes might be
canalized by selection in some cases. If the costs associated with
the training response outweigh the selective benefits of altering
one’s performance abilities, then selection might be expected to
purge that plasticity (Murren et al., 2015), resulting in a
performance phenotype that does not respond to any training
regimes that would otherwise induce an exercise response in other
species. Performance is likely generally important to a majority of
animal taxa; however, species that routinely or obligately perform
at exceptionally high levels might be especially expected to exhibit
canalized performance phenotypes. For example, laboratory mice
selected for high voluntary running have evolved higher endurance
capacity, with a trade-off for lower sprint speed in some lines
(Dlugosz et al., 2009). In aquatic fishes such as sharks and tuna,
which rely on ram ventilation – requiring constant locomotion to
move oxygenated water over their gills – little evidence exists for
responses to that training other than sharks showing enhanced
growth as a consequence of exercise training (see the section
‘Phylogenetic distribution of exercise effects’). Terrestrial species
that exhibit exceptional locomotor capacities, such as cheetah,
pronghorns and wild dogs, might also be expected to exhibit limited
plasticity in their respective locomotor specialities. Any such
investigations would ideally be accompanied by rigorous measures
of selection on those capacities in nature – a particular challenge for
certain species where acquiring either of those types of data
(training or selection) alone might be difficult, at best.

What is still unknown?
Many questions remain about the ecology and evolution of exercise,
as well as how locomotor performance in general fits within a life-
history perspective. However, what is clear is that such a perspective
offers valuable insights into the evolutionary and physiological
ecology of exercise. Given that the exercise response is generally
conserved across vertebrates and is almost certainly ancestral, more
studies across more taxa are warranted, if not required, to better
understand the evolution of energy budgets, metabolism and life
histories. Here, we offer several suggestions for future research that
will help with this knowledge gap. Perhaps the most important, but
easiest, is to conduct more studies of exercise training with limited
energetic resources while measuring a multitude of key phenotypic
traits (e.g. reproduction and immune function). These will allow a
better understanding of how different trade-offs are associated with
life-history strategy. Perhaps trade-offs are conserved regardless of
life history because of conserved mechanisms of plasticity (Husak
and Lailvaux, 2022), or perhaps it varies according to lifestyle.

There is still a great deal unknown about the nature of
performance-life-history trade-offs. Do the same traits consistently
trade off in all taxa, or are allocation priorities labile due to differential
selection pressure and independent evolution of plastic response
systems? How much exercise is necessary to cause trade-offs? Our
work on green anoles, for example, discerned trade-offs at the end of a
relatively long training regime, but the time course of those trade-offs is
still unknown. Do they occur early in training when development costs
are high and persist due to constant increased production costs, or do
they slowly develop over time?Our stable isotope results showing little
routing of leucine tomuscle at the end of training (Husak and Lailvaux,
2024) suggest that the former may be true in green anoles, at least for
sprint training. Similarly, we still know little about the exact
mechanisms responsible for the trade-offs. We can speculate about
many, but we still know few for certain. Transcriptomic studies during
the course of training will reveal many more details, as will
manipulating particular pathways. For example, inactivating
myostatin during sprint training could reveal how the regulation of
muscle growth impacts reproduction, immunity and growth.

Lots of studies use exercise as a tool, but the phenotypic effects that
are measured are often very limited. This is understandable, as most
people measure what is relevant to their research question. The
consequence is that there is a large database of studies on exercise
training effects that have little overlap in phenotypic responses,
making formal comparative analyses challenging. We urge
researchers, where possible, to measure as many potentially linked
phenotypic traits as possible when conducting an exercise study.
Additionally, if subjects are euthanized for sampling purposes, use
tissues as much as possible or preserve them in a way that could be of
use for collaborators or future analysis (e.g. flash freezing and storing
at−80°C). Obviously not everything can be measured in every study,
but extracting as much information as possible will greatly benefit the
community of integrative biologists. While there can be statistical
issues with multiple comparisons in such cases, we feel that these
probable links will not be discovered unless investigators look for
them.

The vast majority of exercise studies focus on endurance and
aerobic capacity. This leaves a paucity of knowledge about other
types of training. Endurance may not be ecologically relevant for
many taxa, so training studies should include consideration of what
type of training makes the most sense to the species of interest. We
know little about power-based training in humans, much less in
other taxa, and human studies are often conducted within very
specific experimental contexts, which limits comparisons between
humans and other species in particular. Qualitative evaluation of our
studies alone show that trade-offs are different between endurance
and sprint training, because the molecular response pathways differ,
as do the types of changes that happen to enhance performance (e.g.
oxygen delivery in endurance training versus muscle hypertrophy
in sprint training). Training for three different types of locomotion
(endurance, sprinting and exertion) in six-lined racerunner
lizards (Aspidoscelis sexlineata) resulted in no enhancement in
any (O’Connor et al., 2011), but the mechanism for this remains
completely unknown.

Finally, a crucial question is how the exercise response is adaptive.
Is it advantageous not only in the short term in environments
where resources are limited but also in the long term for humans
where resources are not limited and trade-offs are unlikely? Using
a life-history approach in exercise studies will help us better
understand this. If enhanced performance does increase survival in
some species, any trade-off with current reproduction should be
balanced by increased future reproduction due to the increased
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survival. Our findings that training-enhanced performance decreases
survival in green anole lizards raises many questions about how
much enhancement is advantageous and how long the enhancement
persists. It is also unclear howmuch exercise is toomuch. Presumably
selection has shaped a window of responses that are optimal, so why
maintain the capacity to respond stronger than necessary? Studies on
free-living animals that examine among-individual variation in the
response to exercise will help answer this question.
Mechanisms of plasticity are best detected using standardized

protocols, but this is challenging in studies of exercise effects, as
is evident in human exercise studies (e.g. Pickering and Kiely, 2019).
We can make some very general recommendations, such as: (1) have
a large sample size, (2) measure performance traits multiple times to
ensure maximal responses are recorded, (3) limit resources and make
sure animals are in an appropriate energetic state (i.e. not starving),
especially for your research question (e.g. should they be in a
reproductive state or not?), (4) use a relevant type of exercise for your
study species (e.g. do not expect sustained swimming from flounder!)
and (5) make exercise regimens challenging but not overly strenuous.
This last point will undoubtedly be the most challenging. Empirical
data on natural activity of the study species are necessary to determine
what an appropriate exercise regimen should be. Even with slightly
different methodologies, a comparative dataset of exercise responses
and trade-offs will be very helpful in understanding how those
responses have evolved and been maintained.

Conclusions
Exercise physiology and life-history theory fit together naturally.
Life-history strategies revolve around metabolism, and metabolism is
intimately linked to locomotion. Although the exercise response to
acute and chronic increased activity appears to be ancient, there
appears to be variation in the specific responses across species. What
is not known is how and why those differences exist, and how the
various costs of exercise fit into energy budgets to affect the
integrative phenotype. Furthermore, even though we argue that
performance and exercise are important to animal life histories,
frankly, it is unknown how relevant laboratory exercise regimes are to
free-living animals. More studies on animal activity in nature, as well
as on what stimuli increase locomotion, are needed. Nevertheless, the
evolutionary maintenance of the exercise response in vertebrates
suggests that this form of plasticity is adaptive –we just need to figure
out how.
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