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Analysis of variation in whole-animal performance can shed light on causal connections between specific
traits, integrated physiological capacities, and Darwinian fitness. Here, we review and synthesize information
on naturally occurring variation in physiological performance capacities and how it relates to environmental
adaptation in deer mice (Peromyscus maniculatus). We discuss how evolved changes in aerobic exercise capacity
and thermogenic capacity have contributed to adaptation to high elevations. Comparative work on deer mice
at high and low elevations has revealed evolved differences in aerobic performance capacities in hypoxia.
Highland deer mice have consistently higher aerobic performance capacities under hypoxia relative to lowland
natives, consistent with the idea that it is beneficial to have a higher maximal metabolic rate (as measured by
the maximal rate of O, consumption, VO, ) in an environment characterized by lower air temperatures and
lower O, availability. Observed differences in aerobic performance capacities between highland and lowland deer
mice stem from changes in numerous subordinate traits that alter the flux capacity of the O,-transport system,
the oxidative capacity of tissue mitochondria, and the relationship between O, consumption and ATP synthesis.
Many such changes in physiological phenotype are associated with hypoxia-induced changes in gene expression.
Research on natural variation in whole-animal performance forms a nexus between physiological ecology and
evolutionary biology that requires insight into the natural history of the study species.

El andlisis de la variacién en el desempefio de un animal puede dilucidar las conexiones causales entre rasgos
especificos, capacidades fisioldgicas integradas y aptitud darwiniana. En este trabajo se revisan y sintetizan
informacién sobre la variacién natural de las capacidades de desempefio fisiol6gico y cémo se relacionan con la
adaptacién ambiental en ratones ciervos (Peromyscus maniculatus). Se discuten cdmo los cambios evolutivos en
la capacidad de ejercicio aerébico y la capacidad termogénica contribuyen a la adaptacién a grandes altitudes.
Estudios comparativos de ratones ciervos de alta y baja altitud revelan diferencias evolutivas en la capacidad
de desempefio aerébico durante la hipoxia. Los nativos de las tierras altas tienen capacidades de desempefio
aerdbico consistentemente mads altas en estado de hipoxia que los nativos de las tierras bajas, lo que coincide
con la idea de que es beneficioso tener una tasa metabdlica maxima mds alta (medida como la tasa méaxima de
consumo de O,, VO, ) en un ambiente caracterizado por menores temperaturas y menor disponibilidad de
O,. Las diferencias observadas en la capacidad de desempefio aerébico entre ratones ciervos de tierras altas y
bajas, provienen de cambios en numerosos rasgos subordinados que alteran la capacidad de flujo del sistema de
transporte de O,, la capacidad oxidativa de las mitocondrias y la relacion entre el consumo de O, y la sintesis de
ATP. Muchos de estos cambios en el fenotipo fisioldgico estan asociados con los cambios en la expresion génica
inducidos por la hipoxia. La investigacién sobre la variacién natural en el completo desempefio de los animales
crea un nexo entre la ecologia fisioldgica y la biologia evolutiva que requiere del conocimiento de la historia
natural de las especies estudiadas.
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Whole-animal performance, defined as “...a quantitative mea-
sure of how well an individual performs a dynamic, ecologi-
cally relevant task” (Lailvaux and Husak 2014:286), is often
positively associated with success in foraging, escaping preda-
tors, and competing for mates, and is therefore a strong predic-
tor of lifetime reproductive success. For this reason, measures
of whole-animal performance represent an obvious point of
focus in studies of phenotypic evolution (Arnold 1983; Huey
1983; Djawdan and Garland 1988; Pough 1989; Bennett and
Huey 1990; Bennett 1991; Djawdan 1993; Irschick and Garland
2001; Irschick et al. 2008; Careau and Garland 2012). In stud-
ies of terrestrial vertebrates, the most commonly examined
performance capacities relate to aspects of locomotor activ-
ity such as burst speed (the greatest velocity an animal attains
over a short distance), maximal exertion (the work output dur-
ing activity to rapid exhaustion), and endurance (the length
of time a given activity can be sustained—Bennett and Huey
1990; Bennett 1991; Irschick and Garland 2001). These vari-
ous performance capacities may depend on somewhat different
physiological and anatomical support systems but together they
define a “locomotor performance space” that bounds most of
the ecologically relevant behaviors and activities of an animal
(Bennett and Huey 1990; Bennett 1991).

In endotherms, many ecologically relevant measures of
physiological performance, such as the capacity for sustained
exercise and the ability to be active in the cold, are directly
related to aerobic metabolism. Given that O, is required for
ATP synthesis via oxidative phosphorylation involving the
mitochondrial electron transport system, an animal’s rate of
aerobic metabolism can be measured as the rate of O, con-
sumption (VO,). In homeothermic endotherms, the maximum
metabolic rate, MMR (measured by the maximal rate of O, con-
sumption, VO, ) can be elicited by challenging an animal’s
aerobic capacity via forced exercise (Weibel et al. 2004) or
by challenging their thermoregulatory capacity via acute cold
exposure (Rosenmann and Morrison 1974a; Rosenmann et al.
1975; Hinds et al. 1993). In response to cold exposure, most
eutherian mammals maintain a constant body temperature by
increasing metabolic heat production. If the cold stress is suffi-
ciently severe, it will elicit the maximal rate of heat production,
which, since it is fueled by aerobic metabolism, is reflected
by the maximal rate of O, consumption (also referred to as
“summit metabolism”). Measures of VO, elicited by aerobic
exercise or cold exposure are often quite similar, particularly
in small animals, although observed discrepancies may reflect
training or acclimation effects, or differences in the physiologi-
cal or anatomical support systems involved in locomotor exer-
cise and thermostatic heat production (Chappell 1984; Conley
et al. 1985; Hayes 1989a, 1989b; Hinds and Rice-Warner
1992; Hinds et al. 1993; Hammond et al. 2002; Chappell and
Hammond 2004; Chappell et al. 2007; McClelland et al. 2017).
Whereas exercise-induced VO, s directly related to the oxi-
dative capacity of skeletal muscle (Mitchell and Blomqvist

1971; Armstrong et al. 1992; Weibel and Hoppler 2005), cold-
induced VO, is related to capacities of the tissues involved
in both shivering thermogenesis (the sustained, nonlocomo-
tory contraction of skeletal muscle that produces metabolic
heat as a by-product) and nonshivering thermogenesis (which,
in eutherian mammals, involves metabolic heat production in
skeletal muscle and brown adipose tissue [BAT]—Cannon and
Nedergaard 2004).

Performance measures such as exercise- or cold-induced
VO, .. can be expected to provide strong, causal links between
integrated physiological capacities and Darwinian fitness
(Huey and Stevenson 1979; Bennett and Huey 1990; Bennett
1991). The adaptive significance of some physiological perfor-
mance capacities is likely to be highly environment-specific.
At high elevation, for example, the reduction in the ambient
partial pressure of O, (PO,) can impose severe constraints on
aerobic metabolism, and can therefore impair capacities for
sustained locomotion and thermogenesis (Segrem and Hart
1967; Rosenmann and Morrison 1974b, 1975; West 1984).
In the case of small, winter-active rodents living in alpine or
subalpine environments, a sustained capacity for aerobic ther-
mogenesis may often be critical for survival during periods of
extreme cold. When challenged with the combined stressors
of cold and hypoxia, individuals that are capable of attaining
a higher VO,  (i.e., those with a higher capacity for aerobic
thermogenesis) can maintain a constant body temperature at
lower ambient temperatures. Such individuals can therefore
expand the active period of the torpor cycle, increasing oppor-
tunities for foraging, mating, etc., and should be less likely to
die of hypothermia. Measurements of field metabolic rates of
deer mice (Peromyscus maniculatus) living in the high alpine
revealed that these animals are often operating close to their
aerobic performance limits (Hayes 1989a, 1989b) and, even
during summer months, thermoregulatory demands may
exceed VO,  (Conley and Porter 1986; Hayes and O’Connor
1999). For rodents living at high elevation, the combination of
increased thermoregulatory demand (due to low temperature)
and reduced capacity for aerobic thermogenesis (due to low
PO,) suggests that variation in cold-induced VO,  should
have important fitness consequences.

Here, we review and synthesize information about how
evolved changes in aerobic exercise capacity and thermogenic
capacity in deer mice have contributed to their ability to sur-
vive and function in high-elevation environments. Deer mice
are a model species for the study of environmental adaptation
(MacMillen and Garland 1989; Storz and Nachman 2003; Storz
and Hoekstra 2007; Bedford and Hoekstra 2015), and they are
especially well-suited to the study of adaptive differentiation
across elevational gradients. This is because deer mice have
the broadest elevational distribution of any North American
mammal, and can be surprisingly abundant in high alpine envi-
ronments at elevations of ~4,300 m above sea level, the high-
est attainable elevation within the species’ geographic range.
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We begin by explaining the physiological challenges of life
at high elevations, and how evolved changes in physiological
performance capacities enable deer mice to meet these chal-
lenges. We also review and synthesize what is known about
the physiological mechanisms underlying evolved changes in
performance capacities in deer mice that are native to differ-
ent elevations. We then address a number of questions about
the evolution of such performance traits by natural selection: Is
physiological performance capacity variable in natural popula-
tions? Are performance measures stable and consistent through
time? Is performance capacity heritable? Is variation in perfor-
mance capacity associated with variation in Darwinian fitness?

THE PHYSIOLOGICAL CHALLENGE OF LIFE AT
HicH ELEVATIONS

High-elevation environments are characterized by low PO,, low
temperature, high winds, high solar radiant energy, and low pri-
mary productivity, and therefore pose a number of physiologi-
cal challenges to small endotherms like mice. To the extent that
the elevational ranges of mammals are limited by physiological
tolerances, O, availability is likely to be an especially important
factor. The decline in ambient PO, with elevation results in a
corresponding decline in the PO, of inspired air in the lungs
(alveolar PO,), so compensatory changes in the O, transport

pathway are required to minimize the corresponding reduction
in O, delivery to the cells of respiring tissues.

The O, and CO, transport cascades.—The cardiorespiratory
system adjusts tissue O, delivery in response to changes in O,
availability and metabolic demand via dynamic changes in sev-
eral interacting transport steps. O, from inspired air diffuses
from terminal air spaces within the lungs (alveoli) into the arte-
rial blood and is then transported convectively by the blood to
the tissues. O, then diffuses from the capillary blood into the
cells of metabolizing tissues where it is used for respiration by
mitochondria. The transport of O, from inspired air to the tis-
sue mitochondria involves four transfer steps that are arranged
in series (Fig. 1A): 1) pulmonary ventilation, the convective
movement of inspired tidal air into the residual lung volume;
2) diffusion of O, across the alveolar membrane (the blood-gas
interface); 3) convective movement of arterial blood to the cap-
illaries of perfused tissues (with nearly all O, chemically bound
to hemoglobin [Hb]); and 4) diffusion of O, from capillary
blood to the mitochondria of tissue cells, where it is then used
to generate ATP via oxidative phosphorylation. Differences in
PO, provide the driving force for O, movement across each of
the diffusive steps, and they account for much of the overall
pressure gradient between the ambient PO, of the outside air
and the PO, in the mitochondria (Fig. 1B). There is a reverse
multistep pathway for the transport of CO, from the cells, where
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Fig. 1.—The O, and CO, transport cascades. (A) Diagrammatic representation of compartments of respiratory gas transport in the mammalian
cardiopulmonary system. O, is transported from atmospheric air to the tissue mitochondria along a pathway with several diffusive and convec-
tive steps. The rate of O, transport in the air compartment of the lungs is determined by the product of ventilation rate and the inspired-alveolar
difference in PO,. The rate of O, transport across the blood-gas interface is determined by the product of pulmonary O, diffusion capacity and
the alveolar-blood PO, difference. The remaining steps include convective transport of O, by hemoglobin (schematically depicted as a tetrameric
[four-subunit] protein that reversibly binds up to four O, molecules) and O, diffusion across the blood-tissue interface to the mitochondria, cul-
minating in the utilization of O, to generate ATP via oxidative phosphorylation. (B) Diffusive O, flux is driven by differences in PO, between one
compartment and the next. Blood PO, declines from the afferent inlet of the tissue capillary bed to the efferent (venous) outlet as Hb unloads O,
to the perfused tissue. PO, also declines with distance from the capillaries, so there should be a gradient of cellular PO, reflecting variation in
capillary PO, and diffusion distance. There is an equivalent multistep pathway for the transport of CO, in the reverse direction. Modified from

Taylor and Weibel (1981) and Ivy and Scott (2015).
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it is produced as a by-product of oxidation, to the lungs, where
it is expired (Fig. 1B). The pulmonary ventilation, alveolar dif-
fusion, and tissue diffusion steps shown for O, are essentially
the reverse as those for CO,. However, the circulatory convec-
tion step is different because the majority of CO, is transported
in the blood as bicarbonate (HCO,"), formed from the reaction
of CO, and H,O in red blood cells, and a much smaller amount
is transported as a carbamino compound via direct binding to
Hb. In principle, acclimatization or adaptation to hypoxia could
involve modifications of any number of the convective or dif-
fusive steps in the O, transport cascade (Storz et al. 2010b; Ivy
and Scott 2015; McClelland and Scott, in press). It is instructive
that genetically based changes in some of these same steps have
contributed to an increased VO, _ in rats that were selected for
endurance running capacity (Henderson et al. 2002; Howlett
et al. 2003, 2009; Gonzalez 2006a, 2006b; Kirkton et al. 2009).

THE MECHANISTIC BASIS OF VARIATION IN
PHYSIOLOGICAL PERFORMANCE UNDER HyrPoxia

Comparative work on high-elevation deer mice from the
Southern Rockies and low-elevation conspecifics from the
Great Plains has revealed evolved differences in both aerobic
exercise capacity and thermogenic capacity under hypoxia
(Cheviron et al. 2012, 2013, 2014a; Lui et al. 2015; Lau et al.
2017; Tate et al. 2017; Fig. 2). Compared to lowland mice,
highland natives have consistently higher aerobic performance
capacities under hypoxia, consistent with the idea that it is ben-
eficial to have a higher VO, in an environment characterized
by lower air temperatures and lower PO,. As explained below,
available evidence indicates that the observed differences in
hypoxic VO,  between deer mice from low and high eleva-
tions stem from changes in numerous subordinate traits that
alter the flux capacity of the O -transport system, the oxidative
capacity of tissue mitochondria, and the relationship between
O, consumption and ATP synthesis. Many such changes in
physiological phenotype are associated with hypoxia-induced
changes in gene expression. By elucidating causal connections
between changes in gene expression and changes in perfor-
mance-related physiological traits, it is possible to identify and
characterize components of the genomic transcriptional pro-
gram that mediate the adaptive response to hypoxia (Storz and
Cheviron 2016).

Changes in the cardiorespiratory system.—Changes in
the cardiorespiratory system of highland deer mice appear
to involve a range of steps in the O, transport cascade.
Highland deer mice maintain higher O, saturation in arterial
blood than their lowland counterparts during hypoxia, both
at rest and at VO, _ (Ivy and Scott 2017; Tate et al. 2017).
This could arise if highlanders have a greater capacity for O,
diffusion from alveolar air into the blood within the lungs.
This has not yet been examined in highland deer mice, but
studies in other highland mammals (including humans) and
birds suggest that highlanders often have greater lung vol-
umes or surface areas for gas exchange than lowlanders
when compared in their native environment (Pearson and
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Fig. 2.—High-elevation deer mice (Peromyscus maniculatus) have
higher aerobic capacities in hypoxia in comparison to lowland con-
specifics. Performance capacities in hypoxia were measured as the
maximal rate of O, consumption (VO,_ ) during thermogenesis (A) or
exercise (B). The absolute VO, data (in units of ml/min) were cor-
rected for body mass using a residual approach (see Lui et al. 2015 and
Tate et al. 2017 for details) and are here divided by the body mass of
an average-sized mouse (data represent means + SE). Significant main
effects of native elevation and hypoxia acclimation are denoted by *
and f, respectively, in two-way ANOVA (P < 0.05).

Pearson 1976; Scott et al. 2011; Brutsaert 2016; Maina et al.
2017; York et al. 2018).

The higher arterial O, saturation of highland mice also likely
stems from an evolved increase in Hb-O, affinity (Snyder
et al. 1982; Snyder 1985; Storz 2007; Storz et al. 2009, 2010a;
Natarajan et al. 2013, 2015a). In conjunction with potential
variation in breathing or pulmonary O, diffusion, an increased
Hb-O, affinity ensures that the arterial blood leaving the lungs
is more highly saturated with O, before it is delivered to the tis-
sues. Deer mice native to the high alpine of the Rocky Mountains
have evolved a significantly higher Hb-O, affinity relative to
lowland conspecifics from the prairie grasslands to the east
(Storz et al. 2009, 2010a; Natarajan et al. 2015a; Jensen et al.
2016). This evolved change in Hb function involved an increase
in intrinsic O, affinity in combination with a suppressed sen-
sitivity to the inhibitory effects of allosteric cofactors that are
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present in the red blood cell (Fig. 3). The allelic differences in
Hb-O, affinity are attributable to the additive and nonadditive
effects of multiple amino acid mutations in the a- and -chain
subunits of the tetrameric ((12|32) Hb protein (Natarajan et al.
2013, 2015a).

Experimental studies of wild-derived strains of deer mice
revealed that genetically based variation in Hb-O, affinity is
associated with whole-animal measures of both aerobic exercise
capacity and thermogenic capacity under hypoxia (Chappell
and Snyder 1984; Chappell et al. 1988). Complementing
experimental studies of genetic variation in Hb function and its
association with hypoxic VO, ., population genetic analyses
of nucleotide variation at the underlying o~ and 3-globin genes
have provided corroborative evidence for a history of spatially
varying selection on Hb polymorphism between deer mouse
populations that are native to different elevational zones (Storz
and Kelly 2008; Storz et al. 2009, 2010a, 2012; Natarajan et al.
2015a). These results provide an additional line of evidence sup-
porting the adaptive significance of the elevation-related varia-
tion in Hb function. Comparative studies suggest that evolved
increases in Hb-O, affinity have contributed to hypoxia adapta-
tion in a diverse range of mammals and birds (Projecto-Garcia
et al. 2013; Galen et al. 2015; Natarajan et al. 2015b, 2016,
2018; Tufts et al. 2015; Storz 2016, 2019; Jendroszek et al.
2018; Zhu et al. 2018), though there are exceptions (Revsbech
et al. 2013; Cheviron et al. 2014b; Janecka et al. 2015).

The capacity for circulating blood to the tissues also appears
to be enhanced in highland deer mice. Hypoxia acclimation
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Fig. 3.—Highland deer mice (Peromyscus maniculatus) from the
Rocky Mountains have a higher Hb-O, affinity than lowland mice
from the Great Plains, as indicated by lower values of P, (the PO, at
which Hb is 50% saturated). O, equilibria were measured at pH 7.40,
37°C, in the presence and absence of allosteric cofactors that modulate
Hb-O, binding ([CI7], 0.10 mol/l; [HEPES], 0.1 mol/I; DPG:tetrameric
Hb ratio, 2.0: [heme], 0.2-0.3 mmol/l). P, values (= SE) are reported
for stripped Hbs in the absence of added anions, in the presence of
CI" alone (added as KCl), in the presence of DPG alone, and in the
presence of both anions combined. This latter “KCI+DPG” treatment
is most relevant to in vivo conditions in mammalian red blood cells,
but measurements of O, affinity under each of the four treatments pro-
vide insights into the functional mechanism responsible for observed
differences in P Data from Natarajan et al. (2015a) (for addi-
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tional details, see Storz et al. 2009, 2010a and Jensen et al. 2016).

increases the maximal heart rates achieved at VO, in both
highland and lowland deer mice, but highlanders appear to
have evolved higher maximum stroke volumes, as indicated by
a higher quotient of VO,  and heart rate, which reflects the
O, extracted from the blood per heartbeat (Tate et al. 2017).
Highlanders also maintain higher heart rates than lowland-
ers during exposure to deep hypoxia at rest (Ivy and Scott
2017). These observations suggest that highlanders can sus-
tain high cardiac outputs (the total rate of blood flow that is
pumped by the heart) to help support intense aerobic activity
or hypoxia resistance. Hematocrit (the ratio of the volume of
red blood cells to the total volume of blood) also increases in
response to chronic hypoxia (Tufts et al. 2013; Lui et al. 2015),
which has long been considered a beneficial acclimatization
response because it helps augment the O, carrying capacity
of blood (Siebenmann et al. 2017). However, many now con-
sider an increased hematocrit to be nonadaptive at high eleva-
tion because it increases blood viscosity, which can decrease
cardiac output and, hence, tissue O, delivery (Winslow et al.
1985; Storz 2010; Storz et al. 2010b; Simonson et al. 2015;
Moore 2017). The rise in hematocrit appears to be blunted in
high-elevation deer mice, such that they have lower hematocrit
than lowlanders after hypoxia acclimation (Lui et al. 2015). In
principle, this reduction in hematocrit may be attributable to a
reduction in erythropoiesis (red blood cell production) or an
expansion of blood plasma volume. The observed patterns in
deer mice are consistent with observations in other high-ele-
vation species. Tibetan humans, for example, achieve higher
maximal cardiac outputs and stroke volumes during exercise
in hypoxia than Han Chinese lowlanders (Ge et al. 1995; Chen
et al. 1997), and they have much lower blood Hb concentra-
tions at high elevations (Beall and Reichsman 1984; Simonson
2015; Moore 2017). In deer mice and in numerous other high-
land taxa, the circulatory system is altered in several ways to
optimize tissue O, delivery in hypoxia.

The ability to extract O, from the blood appears to be aug-
mented in highland deer mice due to evolved increases in the
morphological capacity for O, diffusion in skeletal muscles.
Highlanders have greater capillary surface areas in both loco-
motory (gastrocnemius) and respiratory (diaphragm) muscles,
as well as a higher volume density of mitochondria nearest to
the capillaries (subsarcolemmal mitochondria) that reduces
intracellular O, diffusion distances (Figs. 4A and 4B; Lui
et al. 2015; Scott et al. 2015; Lau et al. 2017; Mahalingam
et al. 2017; Dawson et al. 2018). These evolved traits do not
appear to exhibit significant plasticity, as they are unaffected by
chronic hypoxia exposure during parental development (Nikel
et al. 2017) and during adulthood (Lui et al. 2015; Dawson
et al. 2018). These findings are consistent with studies in other
mammals and birds, in which highlanders have been found to
exhibit greater capillarity in skeletal muscle than lowlanders
when compared in their native environment (Kayser et al. 1991;
Ledn-Velarde et al. 1993; Mathieu-Costello et al. 1998; Scott
et al. 2015). The mechanisms underlying increases in muscle
capillarity and O, extraction in highland deer mice are not
entirely clear, but we have shown that they are associated with
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Fig. 4.—Differences between highland and lowland deer mice (Peromyscus maniculatus) in the gastrocnemius muscle with respect to: (A) capil-
lary surface density (um™), (B) total and subsarcolemmal mitochondrial volume densities (%), and (C) areal density of slow (Type I) oxidative
fibers (%). Data are presented as trait means (+ SE) measured in first-generation mice that were born and raised at sea level in laboratory condi-
tions and acclimated for at least 6 weeks to hypobaric hypoxia equivalent to 4,300 m elevation (Lui et al. 2015; Mahalingam et al. 2017).

differential expression of genes involved in energy metabolism,
muscle development, and vascular development (Cheviron et al.
2014a; Scott et al. 2015), as described in more detail below.

Changes in metabolism.—At the cold temperatures that are
characteristic of alpine and subalpine environments, sustained
heat production requires the oxidation of lipids (mainly in
the form of free fatty acids—Weber 2011; McClelland et al.
2017). The elevated cold-induced VO,  in highland deer
mice is accompanied by elevated rates of fatty acid oxidation
(Cheviron et al. 2012), and these rates are much higher than the
maximal rates that can be achieved during exercise (Schippers
et al. 2014; Lau et al. 2017). In contrast, highland native mice
show a greater reliance on carbohydrate oxidation than lowland
mice at equivalent intensities of submaximal exercise. Under
hypoxia, carbohydrate oxidation is more efficient than lipid
oxidation in terms of O, economy, as it results in a greater yield
of ATP per mole O, consumed (Brand 2005). Since skeletal
muscle is a primary consumer of O, and metabolic substrates
during exercise (Armstrong et al. 1992; Weibel and Hoppler
2005) and shivering thermogenesis (Nespolo et al. 1999; Van
Sant and Hammond 2008), variation in muscle metabolism
might provide insights into the physiological underpinnings of
changes in whole-body fuel use.

Many studies treat the gastrocnemius as a representa-
tive skeletal muscle that is used in both locomotion (Pearson
et al. 2005) and shivering thermogenesis (Oufara et al. 1987).
This muscle shows a greater capacity for fatty acid oxidation
in highland deer mice, likely due to higher areal densities of
oxidative Type I muscle fibers and greater mitochondrial vol-
ume densities (Fig. 4C), and is associated with enhanced ther-
mogenic capacities (Cheviron et al. 2012; Lau et al. 2017).
Interestingly, maximal activity of the fatty acid [-oxidation
enzyme 3-hydroxyacyl-CoA dehydrogenase (HOAD) is consti-
tutively higher in muscle of highlanders (Fig. 5A), but remains
unchanged in response to hypoxia and cold acclimation (Lau
et al. 2017). In comparisons between highland and lowland

mice, there is a good correspondence between the capacity for
[-oxidation (HOAD activity) and whole-animal fatty acid oxi-
dation, but such differences do not account for enhancements
of performance due to acclimation. This suggests that other
muscle traits involved in cellular uptake, cytosolic transport,
and mitochondrial transport of fatty acids might be more labile
in response to environmental stress.

Surprisingly, highland and lowland deer mice show little
correspondence between exercise fuel use and the capacity
for glycolytic flux in skeletal muscle. Highland deer mice and
highland species of leaf-eared mice (genus Phyllotis) from
the Andes do not show higher activities of several glycolytic
enzymes despite exhibiting higher exercise carbohydrate use
(Schippers et al. 2012; Lau et al. 2017). The exception is the
enzyme hexokinase (HK), which showed increased maxi-
mal activity in highland deer mice after hypoxia acclimation
(Fig. 5B), in conjunction with an increased reliance on carbo-
hydrate use during exercise (Lau et al. 2017). In muscle, HK is
responsible for the phosphorylation of blood-borne glucose and
it is an important determinant of cellular uptake capacity that is
linked to greater running endurance in laboratory mice (Fueger
et al. 2005; Wasserman et al. 2010). Highland deer mice also
tend to show an increased capacity for glucose production via
gluconeogenesis in the liver compared to lowlanders (Lau
et al. 2017), suggesting that an enhanced circulatory glucose
supply is accompanied by an increased capacity for muscle
uptake. These traits in highland deer mice are likely accom-
panied by other changes in the glucose oxidation pathway. For
instance, the mitochondrial enzyme pyruvate dehydrogenase
(PDH) directs pyruvate toward oxidative phosphorylation and
is tightly regulated according to cellular energy supply and
demand (LeMoine et al. 2011). However, whether PDH is dif-
ferentially regulated during exercise in deer mice at high eleva-
tions is currently unknown.

With regard to population differences in vascular substrate
supply, the higher surface densities of muscle capillaries of
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Fig. 5.—Population differences in enzyme activities in the gastrocnemius muscle of highland and lowland deer mice (Peromyscus maniculatus).
Apparent maximal activities (V__in pmoles of substrate per g tissue per minute) of (A) hexokinase (HK) and (B) $-hydroxyacyl-CoA dehydroge-
nase (HOAD). Data are presented as mean activities (+ SE) measured in first-generation mice that were born and raised at sea level in laboratory
conditions and acclimated for at least 6 weeks to hypobaric hypoxia equivalent to 4,300 m elevation (Lau et al. 2017).

highland mice would increase surface area and conductance
of metabolic substrates (Vock et al. 1996) in addition to
increasing O, diffusion capacities (Lui et al. 2015; Scott et al.
2015). The higher volume density of subsarcolemmal mito-
chondria also reduces the diffusion distances of substrates
to the oxidative machinery of the cell (Mahalingam et al.
2017). These traits would increase the capacity for flux of
both glucose and fatty acids. However, it is still unclear how
the pathways for these two main substrates are differentially
regulated in muscle fibers to ensure high rates of fatty acid
oxidation during shivering and enhanced glucose oxidation
during submaximal locomotion.

Changes in gene expression that underlie observed changes
in physiological traits.—Many of the physiological differences
between highland and lowland deer mice are associated with
differences in the expression of genes that participate in func-
tionally relevant pathways. As mentioned above, the elevated
thermogenic capacity of highland deer mice is associated with
an increased capacity to oxidize lipids as a primary fuel source
during aerobic thermogenesis (Cheviron et al. 2012). These
whole-animal differences in lipid catabolic capacities are in turn
associated with differences in the activities of skeletal muscle
enzymes that influence flux through fatty acid oxidation and oxi-
dative phosphorylation pathways, and with concerted changes in
the expression of genes in these same pathways. Highland deer
mice exhibit a concerted upregulation of genes across lipid oxi-
dation and oxidative phosphorylation pathways in comparison
with their lowland counterparts (Cheviron et al. 2012, 2014a).
Common-garden experiments have revealed evidence that many
of the observed expression differences between populations
are genetically based. Highland and lowland mice exhibit dif-
ferences in the constitutive expression of dozens of genes that
are strongly associated with differences in thermogenic capacity
in hypoxia (Cheviron et al. 2014a; Lui et al. 2015; Scott et al.
2015; Lau et al. 2017). However, aerobic performance improves
with hypoxia acclimation in both highland and lowland mice

(Cheyviron et al. 2013; Lui et al. 2015; Velotta et al. 2016; Lau
etal. 2017; Tate et al. 2017). This improvement in performance is
associated with environmentally induced changes in the expres-
sion of hundreds of genes, and these transcriptional responses
are common to both highland and lowland natives (Cheviron
et al. 2014a; Lui et al. 2015; Velotta et al. 2016).

The expression of a total of 1,127 genes in skeletal muscle
was associated with variation in thermogenic performance in
an experiment comparing wild-caught mice with the captive-
bred progeny of wild-caught mice that were born and reared in
a common-garden lab environment at low elevation (Cheviron
etal. 2014a). Of these 1,127 genes, only 69 (6.1%) were differ-
entially expressed between highland and lowland mice in both
conditions. Within this subset, a number of genes participate in
lipid metabolic processes, which were consistently upregulated
in highlanders, mirroring whole-animal differences in lipid
catabolic capacities and HOAD activity (Cheviron et al. 2012,
2014a; Lau et al., 2017). The remaining genes (93.9%) were
differentially expressed between rearing conditions regardless
of population of origin. Similarly, elevational differences in
the capacity for nonshivering thermogenesis were largely envi-
ronmentally induced, as were the associated changes in tissue-
specific gene expression (Velotta et al. 2016). Together, these
results suggest that while some of the observed population dif-
ferences in thermogenic capacity are attributable to genetic dif-
ferences in gene expression, transcriptomic changes also play
an important role in the acclimatization responses that are com-
mon to both highland and lowland mice.

Different measures of thermogenic performance are asso-
ciated with expression changes in overlapping sets of genes.
Cheviron et al. (2014a) identified a total of five groups of co-
expressed genes (co-expression modules) in skeletal muscle
that were associated with different measures of thermogenic
performance. Variation in total thermogenic capacity was
associated with differential regulation of three of these mod-
ules, and thermogenic endurance (the amount of time that
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individuals can maintain 90% of VO, —Cheviron et al. 2013,
2014a) was associated with four. Two modules were associated
with both performance measures, and all of the performance-
associated modules were enriched for genes that participate in
similar biochemical/physiological processes, including tissue
vascularization, skeletal muscle growth, metabolic fuel use,
and mitochondrial oxidative capacity. These results suggest
that the transcriptional underpinnings of thermogenic capacity
and endurance are similar, a surprising result given that the two
alternative measures of thermogenic performance exhibit dif-
ferent levels of plasticity (Cheviron et al. 2013).

Although highland and lowland deer mice exhibit persistent
differences in thermogenic capacity, differences in thermogenic
endurance are only evident in wild-caught mice (Cheviron et al.
2013). Moreover, thermogenic capacity and endurance are not
correlated in the adult progeny of either highland or lowland
mice that are born and reared at low elevation (Cheviron et al.
2013), suggesting that there may be a functional uncoupling
of these two measures of performance. Similarity in the tran-
scriptomic underpinnings of thermogenic capacity and endur-
ance suggests that this functional uncoupling does not stem
from gene expression differences in skeletal muscle. Instead,
it may stem from regulatory variation that underlies plasticity
in the nonshivering components of thermogenesis, or plasticity
in upstream steps of the transport pathways for O, or metabolic
substrates.

In addition to the associations between transcriptomic varia-
tion and whole-organism performance, elevational differences
in a number of subordinate traits have also been shown to be
associated with a combination of plastic and genetically based
differences in gene expression. For example, environmentally
induced increases in the capacity for nonshivering thermogen-
esis under hypoxia is associated with upregulation of UCPI
in BAT as well as several other genes that positively regulate
its expression (e.g., C/EBPb, CREB5, CREB3l1, CREB314—
Velotta et al. 2016). Hypoxia-induced hypertrophy of the right
ventricle is associated with the differential expression of genes
that participate in interferon signaling pathways (Velotta et al.
2018), and different aspects of gastrocnemius muscle pheno-
type are also associated with gene expression differences (Lui
et al. 2015; Scott et al. 2015). For example, the increased capil-
lary surface area of highland deer mice is associated with con-
stitutive differences in the expression of over 50 genes (Scott
et al. 2015), including two (Cadherin-7 and Notch4) that play
well-documented roles in angiogenesis (Hayward et al. 2011;
Lv etal. 2013). Muscle fiber composition of the gastrocnemius,
however, is associated with both constitutive expression differ-
ences and environmentally induced changes that are common
to both populations. The numerical density of oxidative fibers,
for example, is associated with two co-expression modules,
one of which is comprised of 50 genes that exhibit constitutive
expression differences, and the other is comprised of 274 envi-
ronmentally sensitive genes that differ in expression among
rearing conditions regardless of population of origin (Scott
et al. 2015). Included within this group of genes are Ppargcla
and Tfam, two regulators of mitochondrial biogenesis whose

expression levels are positively correlated with the density of
oxidative fibers. However, neither of the two genes exhibit dif-
ferences in constitutive expression between highland and low-
land mice (Lui et al. 2015; Scott et al. 2015). In sum, these
results suggest that aspects of both genotypic specialization
and phenotypic plasticity in aerobic performance are associ-
ated with transcriptional variation at multiple levels biological
organization.

EvoLUTION OF PHYSIOLOGICAL PERFORMANCE
CAPACITIES

For a given trait to evolve by natural selection, it has to exhibit
variation among individuals, the variation must be associated
with fitness, and it must have a heritable basis. As described
below, lab- and field-based studies of deer mice and other
rodents have documented that capacities for aerobic exercise
and thermogenesis meet each of these conditions.

Variability and heritability of physiological performance
capacities in natural populations.—The skeletal and cranial
traits that are routinely measured by mammalogists have high
heritabilities (e.g., Lofsvold 1986, 1988), which is one reason
why such characters have proven utility in systematics and tax-
onomy. By contrast, measures of whole-animal physiological
performance tend to be far more labile, reflecting changes in
transient physiological states and environmental conditions,
and can be quite variable through the course of an individual’s
lifetime. Thus, to assess the potential for performance traits to
evolve by natural selection, it is necessary to confirm that mea-
sured values for individuals are stable and consistent through
time and that some fraction of the observed interindividual
variation has an additive genetic basis.

With regard to individual consistency through time, VO,
is highly repeatable with lab-reared deer mice (Hayes and
Chappell 1986, 1990) and with wild-caught mice taken directly
from the field (Hayes and O’Connor 1999). With regard to her-
itability, quantitative genetic experiments and artificial selec-
tion experiments involving house mice (Mus domesticus), rats
(Rattus norvegicus), and bank voles (Myodes glareolus) have
documented ample levels of additive genetic variance for exer-
cise-induced VO, and other measures of aerobic metabolism
(Dohm et al. 1996, 2001; Swallow et al. 1998, 2009; Koch
and Britton 2001; Sadowska et al. 2005, 2008; Gonzalez et al.
2006a; Meek et al. 2009; Wone et al. 2009, 2015; Stawski et al.
2015). Deer mice are unlikely to be very different in this regard.
Moreover, as explained above, many of the subordinate traits
that contribute to variation in VO,  have a well-documented
genetic basis (e.g., Hb-O, affinity), and must therefore contrib-
ute to the heritability of whole-animal performance capaci-
ties. Finally, in the case of between-population differences in
performance capacities between deer mice from high and low
elevations, common-garden experiments have demonstrated
that a large fraction of observed population differences in mean
VO, .. persist after wild-caught animals are acclimated to the
lab environment (which controls for effects of physiological
plasticity during adulthood) and the differences also persist in
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the progeny of lab-born and lab-reared mice (which controls
for effects of developmental plasticity—Cheviron et al. 2012,
2013, 2014a; Lui et al. 2015; Lau et al. 2017).

Physiology, performance, and fitness.—If a performance trait
like VO, is variable among individuals and if some fraction
of that variation is heritable, then it is possible to measure the
sign and magnitude of phenotypic selection in contemporary
time (Arnold 1983; Bennett and Huey 1990; Husak 2015). This
can be accomplished by measuring the statistical relationship
between a given trait and estimates of organismal fitness or
individual components of fitness (e.g., survival, mating suc-
cess, or fecundity). The key parameter is the selection differ-
ential, defined as the difference in mean trait values between
individuals who successfully reproduce in a given generation
(actual parents) and the larger, more inclusive set of all poten-
tial parents. At the phenotypic level, selection describes the sta-
tistical change in trait means within the parental generation.
Inheritance of the trait in question then determines the genetic
response to selection, i.e., the change in the trait mean that is
manifest in the next generation.

A multivariate approach can also be used to quantify the
direct and indirect effects of selection that act simultaneously
on multiple traits (Lande 1979; Lande and Arnold 1983).
With estimates of additive genetic variances and covariances
of the measured traits (estimated from genetic crosses) and
observational data on selection (shifts in trait means within
the parental generation), multivariate selection theory can be
used to predict changes in trait means from one generation to
the next. To predict the evolutionary response to selection on
multiple traits, the single-trait selection differential is replaced
by the “directional selection gradient,” which measures the
direct effect of selection on a given trait while statistically
controlling for correlated effects on other measured traits. The
selection gradient can be measured as the partial regression of
relative fitness on a given trait, holding all other traits constant.
The value of the multivariate framework is that it can reveal
how selection on one trait can produce correlated responses in
unselected traits due to genetic correlations. Such correlated
responses can provide insights into the causes of trade-offs and
constraints that have always been of interest to physiologists
(Arnold 1987; Garland and Carter 1994; Careau and Garland
2012; Storz et al. 2015).

Hayes and O’Connor (1999) performed an analysis of
phenotypic selection on naturally occurring variation in ther-
mogenic capacity in high-elevation deer mice in the White
Mountains of eastern California. Deer mice are well-suited
to studies of this kind because they often occur at relatively
high population density, which facilitates repeated longitudinal
sampling of individuals at specific field sites. These researchers
measured cold-induced VO, in deer mice sampled from an
alpine fellfield habitat at ~3,800 m elevation. Estimates of sur-
vivorship based on a mark-release-recapture protocol revealed
strong directional selection for increased thermogenic capac-
ity in one out of three seasons. Hayes and O’Connor (1999)
calculated the ambient air temperature at which an 18-g mouse
in winter pelage would become hypothermic, and, based on

their survivorship data, they estimated that the average survivor
would have been able to avoid hypothermia at air temperatures
a degree or two colder than the average nonsurvivor. They con-
cluded that air temperatures during the course of their study
would have been more than low enough to restrict aboveground
activity, and that mice that went aboveground during the cold-
est times would have been at risk of death due to hypothermia.

A key question in such studies concerns the ecological rel-
evance of the measured performance phenotype (Pough 1989;
Irschick 2003). As pointed out by Bennett and Huey (1990:255),
measurements of running speed and other aspects of locomotor
performance “...define not only the limits of locomotor capacity
per se, but also of behavioral ‘work’ of any type within a given
metabolic mode. For example, maximal exertion may provide
information on the ability to repel an intruder or perhaps to dig
a burrow, not just on the ability to outrun a predator.” As an
example of this reasoning, Hayes and O’Connor (1999:1285)
suggested that the adaptive significance of thermogenic capac-
ity in high-elevation deer mice may relate to the physiology of
daily torpor, not just the ability to stave off hypothermia: ...
if high VO,  was correlated with the ability to rewarm from
torpor, mice that rewarmed more rapidly might be better able to
exploit brief temporal windows when thermal conditions were
warm enough for them to forage aboveground.” A high VO,
may also be associated with an increased capacity to recover
from exercise-induced O, debts.

Phenotypic evolution, organismal biology, and natural
history.—Arnold (1987) discussed a number of reasons why the
measurement of physiological performance capacities should be
especially valuable in real-time studies of phenotypic selection
and evolution. Bennett and Huey (1990:252) argued that physi-
ologists can bring to such studies “...a thorough understanding
of organismal function, an appreciation for the organism as an
integrated unit, and the ability to analyze complex interactive
effects of environmental factors on organismal capacities and
performance. Most importantly, they can structure and execute
experiments to test specific hypotheses about organismal func-
tion.” Research on natural variation in performance capacities
forms a nexus between ecology, evolution, and diverse fields of
functional biology (Bartholomew 1958). Such research plays to
the strengths of mammalogists and other organismal biologists
because it places a high premium on understanding the natural
history of the study animal.
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