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A B S T R A C T   

Important questions about mechanisms of physiological adaptation concern the role of phenotypic plasticity and the extent to which acclimatization responses align 
with genetic responses to selection. Such questions can be addressed in experimental studies of high-altitude vertebrates by investigating how mechanisms of 
acclimatization to hypoxia in lowland natives may influence genetic adaptation to hypoxia in highland natives. Evidence from high-altitude mammals suggest that 
evolved changes in some physiological traits involved canalization of the ancestral acclimatization response to hypoxia (genetic assimilation), a mechanism that 
results in an evolved reduction in plasticity. In addition to cases where adaptive plasticity may have facilitated genetic adaptation, evidence also suggests that some 
physiological changes in high-altitude natives are the result of selection to mitigate maladaptive plastic responses to hypoxia (genetic compensation). Examples of 
genetic compensation involve the attenuation of hypoxic pulmonary hypertension in Tibetan humans and other mammals native to high altitude. Here we discuss 
examples of adaptive physiological phenotypes in high-altitude natives that may have evolved by means of genetic assimilation or genetic compensation.   

1. Introduction 

The role of phenotypic plasticity in adaptive evolution is a subject of 
longstanding debate, and a key question concerns the extent to which 
plasticity generally facilitates or hinders directional natural selection 
(Ghalambor et al., 2007). This question can be profitably addressed in 
studies of high-altitude adaptation because physiological mechanisms of 
hypoxia acclimation and acclimatization have been intensively studied 
in humans and other vertebrates that have predominantly lowland an
cestries. Insights into mechanisms of plasticity in hypoxia-responsive 
phenotypes of lowland natives suggest testable hypotheses about ge
netic mechanisms of evolved phenotypic changes in high-altitude 
natives. 

High-altitude mammals and birds exhibit a characteristic suite of 
derived changes in respiratory, cardiovascular, and metabolic traits 
compared to their closest low-altitude relatives (Ivy and Scott, 2015; 
McClelland and Scott, 2019; Storz et al., 2019; Storz and Scott, 2019; 
Storz et al., 2010). In most cases we do not know what fraction of the 
observed trait differentiation is genetically based and what fraction is 
environmentally induced (during development or adult life). For 
example, comparative studies of human populations suggest that high
land natives in the Andean Altiplano and the Tibetan Plateau have 
generally higher aerobic performance capacities in hypoxia relative to 
lowland natives, but it is not clear to what extent such differences are 

attributable to genetic effects (Brutsaert, 2016; Brutsaert, 2008). In the 
case of deer mice (Peromyscus maniculatus), genetic crosses and 
common-garden experiments have revealed that highland natives have 
evolved a genetically based enhancement of aerobic capacity in hypoxia 
relative to lowland conspecifics (Chappell and Snyder, 1984; Cheviron 
et al., 2012; Cheviron et al., 2013; Cheviron et al., 2014; Lau et al., 2017; 
Lui et al., 2015; Storz et al., 2019; Tate et al., 2017; Tate et al., 2020). 
The superior aerobic performance of highlanders relative to lowlanders 
is attributable to accentuated plasticity in response to chronic hypoxia in 
some subordinate traits in conjunction with evolved changes in the 
mean values of other non-plastic traits (Cheviron et al., 2012; Cheviron 
et al., 2014; Lau et al., 2017; Lui et al., 2015; Tate et al., 2017; Tate et al., 
2020). However, hypoxia-induced responses in subordinate traits do not 
necessarily make uniformly positive contributions. The acclimatization 
response at the level of whole-animal performance may reflect a mosaic 
of positive and negative effects of plasticity in underlying subordinate 
traits. Key questions concern the nature of interactions between plastic 
and evolved changes in different traits and whether such interactions are 
synergistic or antagonistic with regard to whole-animal performance 
capacities. 

A plastic response to a given environmental stressor is adaptive if the 
induced change moves the mean phenotype closer to the environment- 
specific optimum favored by selection. Consider the new selection 
pressures encountered by members of a low-altitude species that 
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colonize a high-altitude environment. Due to the lower PO2 at high 
altitude, the phenotypic optima of some physiological traits (e.g., pul
monary ventilation, pulmonary O2 diffusing capacity, cardiac output, 
etc.) may be shifted relative to the optimum in the ancestral, lowland 
environment (Fig. 1). For a given trait, if plasticity alone is sufficient to 
match the mean phenotype to the optimum of the newly colonized 
highland environment, then the environmentally induced change pre
cludes an opportunity for selection to produce genetically based adap
tation (Fig. 1B). Another possibility is that the plastic response moves 
the mean phenotype part way towards the new optimum, and selection 
on genetically based trait variation then closes the remaining gap 
(Fig. 1C). Plasticity is maladaptive if the induced change moves the 
mean phenotype further from the optimum, which then creates selection 
pressure to counteract the environmentally induced effect (Fig. 1D). Let 
us now explore how these different forms of plasticity might influence 
genetic mechanisms of hypoxia adaptation. 

If the hypoxia-induced expression of a given phenotype enables 
members of a lowland species to survive and function in a newly colo
nized high-altitude environment, constitutive expression of that same 
phenotype may be adaptive for permanent high-altitude residents, 
especially if plasticity has a cost. In such cases, the environmentally 
induced response can become canalized (genetically fixed) by selection, 
a phenomenon known as genetic assimilation. In the case of a colonizing 
population that is forced to adapt to chronic hypoxia, genetic assimila
tion of an adaptive plastic response results in a reduction or elimination 

of plasticity in the selected trait (Fig. 2A). By contrast, other physio
logical phenotypes may be characterized by a single global optimum 
across the altitudinal range of the species. In such cases, hypoxia- 
induced deviations from the global phenotypic optimum would be 
maladaptive, creating selection pressure to counteract the plastic 
response and restore the ancestral (lowland) phenotype (Fig. 2B,C). The 
process whereby selection on genetically based trait variation mitigates 
a maladaptive plastic response is known as genetic compensation 
(Grether, 2005). At high-altitude, mis-directed responses to hypoxia 
may occur in lowland species whose ancestors never encountered a 
situation where arterial hypoxemia and tissue hypoxia were caused by a 
reduced PO2 of atmospheric air (environmental hypoxia). In such cases, 
the sensing of reduced cellular O2 may be misinterpreted as a problem 
associated with pulmonary O2 exchange or convective O2 transport (e. 
g., hemorrhage or anemia). The misdirected physiological response to 
the hypoxic stimulus may be ineffectual, at best, or pathologically 
counterproductive, at worst (Dempsey and Morgan, 2015; Storz and 
Scott, 2019; Storz et al., 2010). 

In principle, genetic compensation can involve canalization of the 
ancestral phenotype (the slope of the reaction norm changes, but not the 
Y-intercept)(Fig. 2B). In this scenario, the canalized phenotype is un
conditionally beneficial (conferring highest fitness in both the high- and 
low-altitude environments) and the result is an evolutionary loss of 
plasticity. The other possibility is that genetic compensation involves an 
adaptive shift in the reaction norm without a net loss of plasticity (the Y- 
intercept of the reaction norm changes, but not the slope)(Fig. 2C). In 
this scenario, the induced phenotype confers highest fitness in the high- 
altitude environment, but the plastic response would be detrimental 
upon return to normoxic conditions at low altitude. Genetic compen
sation without canalization therefore represents an adaptive solution 
suited to high-altitude specialists, but not generalist species that would 
potentially be exposed to a range of altitudinal zones (either within 
individual lifetimes or across generations). 

Genetic assimilation and genetic compensation of hypoxia- 
responsive phenotypes result in patterns of altitudinal variation that 
can make it difficult to detect evolved changes in phenotype between 
populations. In the case of genetic assimilation, comparisons in the field 
would reveal a difference in phenotype between highland and lowland 
natives when measured in their native environments. However, a 
reciprocal-transplant experiment would be needed to reveal that the 
observed difference is attributable to an evolved loss of plasticity in the 
highland population (i.e., phenotypic differences would be manifest if 
highland and lowland natives were both raised at sea-level but not if 
they were both raised at high altitude; Fig. 2A, far-right panel). In the 
case of genetic compensation with canalization, no phenotypic differ
ences between highland and lowland natives would be apparent under 
field conditions. However, the reciprocal-transplant experiment would 
unveil a cryptic difference in phenotype that is only manifest if highland 
and lowland natives are raised at high-altitude (because the hypoxia- 
induced response is retained in lowland natives but is blunted in high
land natives; Fig. 2B, far-right panel). When the induced phenotype is 
not canalized, the reciprocal transplant experiment would unveil an 
even more pronounced difference in phenotype since highland and 
lowland natives would respond in opposite directions to changes in 
ambient PO2 in their nonnative environments (Fig. 2C, far-right panel). 

These theoretical possibilities suggest that high-altitude adaptation 
may often involve a combination of genetic assimilation of favorable 
plastic responses and genetic compensation of detrimental responses 
(McClelland and Scott, 2019; Storz and Cheviron, 2021; Storz and Scott, 
2019; Storz et al., 2010). With these possibilities in mind, let us now 
consider possible examples of adaptive traits in high-altitude natives 
that may have evolved by means of genetic assimilation or genetic 
compensation. 

Fig. 1. Role of phenotypic plasticity in adaptation to a newly colonized envi
ronment. (A) Hypothetical scenario in which fitness varies as a function of 
phenotypic trait values in an ancestral, lowland environment. The trait value 
that confers the highest fitness is denoted by a vertical dashed line. (B) In the 
high-altitude environment, the fitness function of the phenotype is shifted 
relative to that in the lowland environment. The high-altitude phenotypic op
timum is denoted by the solid vertical line. Upon colonization of the high- 
altitude environment, a plastic response (black arrow) moves the population 
mean phenotype to the new optimum. In this scenario, adaptive plasticity in the 
fitness-related phenotype eliminates the opportunity for selection on geneti
cally based trait variation. (C) A plastic response (black arrow) moves the 
population mean phenotype part way to the new optimum, and selection on 
genetically based variation (red arrow) then shifts it the rest of the way. (D) The 
fitness function of the phenotype is the same in both environments, but a 
maladaptive plastic response (black arrow) moves the population mean away 
from the optimum at high altitude. Selection on genetically based variation (red 
arrow) then compensates the environmentally induced change in phenotype. 
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2. Genetic assimilation of adaptive acclimatization responses to 
hypoxia 

Physiological studies have revealed numerous examples where 
highland natives constitutively express phenotypes that are similar to 
those expressed by hypoxia-acclimatized lowlanders, suggesting the 
possibility of genetic assimilation. For example, in lowland humans and 
other mammals, the typical acclimatization response to hypoxia 

involves an acute increase in ventilation that is amplified over several 
weeks of chronic exposure (Ivy and Scott, 2015; Pamenter and Powell, 
2016). However, regardless of prior acclimation, deer mice native to 
high altitude maintain a breathing pattern that is similar to that of 
hypoxia-acclimated lowland mice, characterized by high resting venti
lation and tidal volume across a range of inspired PO2 (Ivy and Scott, 
2017; Ivy and Scott, 2018). Likewise, metabolic features of skeletal 
muscle in Tibetan humans native to high altitude are similar to those of 

Fig. 2. Evolutionary changes in phenotypic plasticity and consequences for observed patterns of trait variation. (A) Genetic assimilation. The fitness function for the 
trait in question is different in the ancestral lowland environment and the newly colonized highland environment. The hypoxia-induced plastic response is adaptive 
(reaction norm illustrated with solid line) and becomes canalized by selection, resulting in the loss of plasticity. Far right panel: Hypothetical outcome of reciprocal- 
transplant experiment showing expression of the phenotype when highlanders and lowlanders are reared in native and nonnative environments. Arrow heads denote 
outcomes of reciprocal transplants (phenotypes expressed in the non-native environment). Highlanders and lowlanders exhibit a pronounced difference in phenotype 
(ΔP) when observed in their native habitats, and the reciprocal transplant reveals the loss of plasticity in highlanders. (B) Genetic compensation with canalization. 
Fitness function for the trait is the same in the lowland and highland environments. The hypoxia-induced plastic response shifts the mean trait value away from the 
global optimum. In highland natives, selection on genetically based trait variation counteracts the plastic change, thereby restoring the ancestral phenotype (i.e., the 
same phenotype expressed by lowland natives in the ancestral environment). Far right panel: Highlanders and lowlanders exhibit no difference in phenotype when 
observed in their native habitats (ΔP = 0), and the reciprocal transplant reveals the loss of plasticity in highlanders. (C) Genetic compensation without canalization. 
Same scenario as in B, but the highland population evolves a new reaction norm without a concomitant loss of plasticity (change in Y-intercept, but no change in 
slope). Far right panel: Highlanders and lowlanders exhibit no difference in phenotype when observed in their native habitats (ΔP = 0), and the reciprocal transplant 
reveals that they exhibit plastic responses in opposite directions when reared in nonnative environments. 
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acclimatized lowlanders (e.g., lower muscle mitochondrial densities and 
capacities for oxidative phosphorylation)(Horscroft et al., 2017). 

The possible examples of genetic assimilation mentioned above are 
currently nothing more than suggestive hypotheses, as causal mecha
nisms have yet to be elucidated. One example in which a mechanism of 
genetic assimilation has been clearly documented involves the evolution 
of an increased hemoglobin (Hb)-O2 affinity in the Tibetan antelope, 
Pantholops hodgsonii, a highly athletic species that is endemic to the 
Tibetan Plateau and lives at altitudes of 3600–5500 m (Signore and 
Storz, 2020). Under conditions of severe hypoxia, an increased Hb-O2 
affinity can help safeguard arterial O2 saturation at low inspired PO2, 
thereby improving circulatory O2 delivery (Storz, 2016, 2019). 

When exposed to hypoxia, adult bovid mammals such as goats and 
sheep upregulate a juvenile Hb isoform (with relatively high O2-affinity) 
at the expense of the normal adult isoform (with relatively low O2-af
finity), an isoform switch that produces a putatively beneficial increase 
in Hb-O2 affinity. A study that integrated comparative genomics and 
biochemical physiology revealed that Tibetan antelope evolved a 
derived increase in Hb-O2 affinity by truncating the ancestral ontogeny 
of globin gene expression such that the high-affinity juvenile Hb isoform 
completely supplanted the lower-affinity adult isoform that is expressed 
in the adult red blood cells of other bovids (Signore and Storz, 2020). 
This juvenilization of blood properties in Tibetan antelope – a form of 
‘biochemical pedomorphosis’ – illustrates how alteration of an existing 
mode of developmental regulation can provide a ready mechanism of 
adaptive evolutionary change. Comparative genomic analysis revealed 
that the developmental switch in Hb isoform expression became cana
lized via deletion of a ~ 45 kb chromosomal region in the middle of the 
Tibetan antelope β-globin gene cluster (Fig. 3). As a result of this chro
mosomal deletion, the adult-expressed β-globin gene was eliminated 
while the closely linked juvenile β-globin gene was left intact. Conse
quently, the high-affinity juvenile Hb isoform became the sole-expressed 
isoform in adult red cells. The chromosomal deletion in Tibetan antelope 
produced a drastic regulatory switch in Hb isoform expression such that 
a reversible acclimatization response to acute hypoxia (upregulation of 
the juvenile isoform at the expense of the adult isoform) became 
genetically assimilated as an irreversible adaptation to chronic hypoxia 
(Signore and Storz, 2020). 

3. Genetic compensation of maladaptive acclimatization 
responses to hypoxia 

Studies of high-altitude humans and other mammals have docu
mented several apparent examples of genetic compensation (McClelland 
and Scott, 2019; Storz and Cheviron, 2021; Storz and Scott, 2019; Storz 
et al., 2010; Velotta et al., 2018). One well-studied example in high- 
altitude natives is the attenuation of hypoxic pulmonary hypertension 
(HPH), a maladaptive response to chronic hypoxia with pathological 
effects in humans and other lowland mammals (Monge et al., 1992). In 
lowlanders at sea level, pulmonary arterial vessels constrict in response 
to low O2, which helps match regional variation in ventilation and blood 
flow across the lungs (‘V-Q matching’), and thus enhances gas-exchange 
efficiency. However, this vasoconstriction is counterproductive at high 
altitude because hypoxia occurs throughout the entirety of the lungs, 
leading to remodeling and thickening of pulmonary vessels that makes 
them less distensible, and increasing the pressure of pulmonary arterial 
blood (Shimoda and Laurie, 2014; Sylvester et al., 2012). HPH can 
impair O2 uptake and in severe cases can lead to life threatening pul
monary edema, right-ventricle hypertrophy, and heart failure (Sylvester 
et al., 2012). These pathological responses to chronic hypoxia do not 
occur in Tibetan humans nor in several other high-altitude taxa, which 
exhibit pulmonary arterial pressures in the range of lowlanders at sea 
level (Groves et al., 1993; Monge et al., 1992). In many previous studies 
of HPH, high-altitude taxa were studied in their native environment, so 
it has been difficult to distinguish whether there has been an evolved 
loss of plasticity (Fig. 2B) versus a maintenance of plasticity with a 
downward shift in the trait mean (Fig. 2C). However, recent common- 
garden experiments with deer mice provide support for both possibil
ities (Velotta et al., 2018; West et al., 2021). When exposed to chronic 
hypoxia, deer mice native to low altitude exhibit robust increases in 
pulmonary arterial pressure (reflected by systolic pressures in the right 
ventricle; Fig. 4A) that lead to right-ventricle hypertrophy (Fig. 4B). 
These responses are attenuated in deer mice native to high altitude, as 
they exhibit a shallower reaction norm for both traits in combination 
with a downshifted reaction norm for pulmonary arterial pressure. 
Highlanders also maintain V-Q matching in chronic hypoxia, unlike the 
greater V-Q mismatch experienced by lowlanders (West et al., 2021). 
This provides a physiological example of how highland natives appear to 
have evolved a means of mitigating maladaptive plastic responses to 
chronic hypoxia, although the underlying genetic mechanism has yet to 
be characterized. 

Fig. 3. Large-scale deletion in the β-globin gene 
cluster of Tibetan antelope is revealed by analysis of 
pairwise sequence matches with homologous chro
mosomal regions in other bovids. Cyan, green, and 
dark blue boxes represent members of triplicated gene 
blocks containing the genes that encode the β-type 
subunits of juvenile (βC), adult (βA), and fetal (βF) Hb 
isoforms, respectively. (a) Gray shading denotes 
percent sequence identity between homologous 
β-globin gene clusters. (b) A ~ 45 kb chromosomal 
deletion in the β-globin gene cluster of Tibetan ante
lope resulted in secondary loss of the βA-containing 
gene block. Modified with permission from Signore 
and Storz (2020). (For interpretation of the references 
to colour in this figure legend, the reader is referred to 
the web version of this article.)   
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4. Conclusions 

The role of phenotypic plasticity in genetic adaptation is a topic of 
longstanding interest in evolutionary biology and is highly relevant to 
the study of hypoxia adaptation in high-altitude animals. Common- 
garden experiments on species like deer mice have revealed that phys
iological adaptation to high-altitude hypoxia involves complex in
teractions among functionally integrated traits that exhibit varying 
levels of plasticity (Tate et al., 2017, 2020). Physiological studies of 
high-altitude humans and other mammals provide potential examples of 
genetic assimilation of adaptive plasticity as well as genetic compensa
tion of maladaptive plasticity. Experimental research on these under
explored modes of trait evolution is needed to identify and characterize 
causative genetic mechanisms, while comparative phylogenetic ap
proaches can potentially aid inferences about possible historical paths of 
phenotypic change. 
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