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    Abstract   

 This chapter reviews evidence that natural selection is acting or has acted 
on indigenous high-altitude populations of the Andean, Tibetan and East 
African plateaus and resulted in distinctive biological characteristics con-
ferring vigor and health. It describes the results of classic era and genomic 
era approaches to detecting natural selection. Genomic era evidence of 
natural selection on high-altitude populations is accumulating rapidly and 
broadly supports that from the classic era. An important remaining step is 
to associate phenotypic with genomic variation and to associate them with 
survival and reproduction, the demographic currency of natural selection.  
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       Now, can it be doubted, from the struggle each 
individual has to obtain subsistence, that any min-
ute variation in structure, habits, or instincts, 
adapting that individual better to the new condi-
tions, would tell upon its vigour and health? In the 
struggle it would have a better chance of surviving; 
and those of its offspring which inherited the varia-
tion, be it ever so slight, would also have a better 
chance. ….. Let this work of selection on the one 
hand, and death on the other, go on for a thousand 
generations, who will pretend to affi rm that it 
would produce no effect…? ([ 1 ] p. 49) 

      Introduction 

 Individuals moving to high altitude gradually 
encounter the “new condition” of hypobaric 
hypoxia and their responses vary widely. Darwin 
would have predicted that descendants from such 
a population resident at high altitude for a “thou-
sand generations” would differ in “structure, hab-
its, or instincts” from their colonizing ancestors. 
Consistent with such expectations, the “Andean 
man” – Quechua and Aymara populations resid-
ing on the altiplano – described by Carlos Monge 
C. and Alberto Hurtado starting in the 1930s had 
distinctive biological characteristics of [ 2 – 4 ]. 
The hypothesis that those distinctive characteris-
tics result from evolution by natural selection has 
been considered formally since the 1960s [ 5 ]. 
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 This chapter reviews evidence that natural 
selection is acting or has acted on indigenous high- 
altitude populations of the Andean, Tibetan and 
East African plateaus and resulted in distinctive bio-
logical characteristics conferring vigor and health. 
It examines briefl y the state of knowledge up to the 
end of the last century reviewed by Niermeyer et al. 
in the  predecessor to this volume [ 6 ]. They provided 
an insightful analysis of phenotypic evidence lead-
ing to the inference that natural selection has acted 
or is acting on high altitude populations. Because 
natural selection works on phenotypes with genetic 
variance, the rapid growth of genetic data and inves-
tigation since then has enabled new advances in our 
understanding. This chapter presents fi rst the classic 
strategies—relying largely on phenotypes and pro-
tein sequences—and then the genomic strategies 
relying on DNA variation and sequences alone or in 
combination with phenotypes.  

    Background 

 Some elements of the process of evolution by 
natural selection are straightforward at high alti-
tude. The unavoidable stress of hypobaric hypoxia 
is clear and so is the presence of distinctive traits 
such as the very high hemoglobin concentrations 
of Andean or exhaled nitric oxide levels of Tibetan 
highlanders [ 7 ,  8 ]. Other elements of the process 
are more challenging to detect: identifying inher-
ited variation in traits offsetting high-altitude 
hypoxia and associating them with survival and 
reproduction. As a result, the intriguing hypothe-
sis that high altitude hypoxia has been or is an 
agent of natural selection on highlanders remains 
the subject of intense work. 

 The laboratories for testing the natural selec-
tion hypothesis are the highland areas of the 
world populated by the more than 83 million 
people in 35 countries who live at 2,500 m or 
above, an altitude commonly used as a threshold 
for physiological response to hypobaric hypoxia. 
The estimate is based on census data from 1990 
to 2005 matched to a global elevation grid (see 
Appendix). The majority of those people live 
between 2,500 and 3,000 m (Figs.  19.1  and  19.2 ). 
The relatively few residents of the highest 
 altitudes where the altitude difference from 

sea level is largest and the stress is most severe 
are particularly informative for studies of natural 
selection.

    Another important consideration is the length 
of time, and number of generations, that natural 
selection has had the opportunity to act on resident 
populations. Long-term human occupation of 
high-altitude environments varies globally. People 
have been using the Tibetan Plateau for a very 
long time. A recent authoritative review stated that 
“Although the data are sparse, both archaeology 
and genetics suggest that the  plateau was occupied 
in the Late Pleistocene, perhaps as early as 
30,000 yr ago, and that these early peoples have 
left a genetic signature in modern Tibetans. ….. 
Three areas of the plateau…have evidence of per-
manent settlements dating from ca. 6500, 5900, 
and 3750 yr ago, respectively” ([ 9 ] p. 141). The 
Andean Plateau has been occupied for some 
11,500 years [ 10 ]. Maternal and paternal DNA 
link Andean skeletal remains from 650 to 1100  ad  
to modern highlanders [ 11 ]. The large, deep chest 
morphology of pre-contact skeletons also link 
ancient inhabitants to modern highlanders [ 12 ]. 
Less is known about the East African plateau 
where there is evidence of occupation at 2,300–
2,400 m in Ethiopia as long ago as 70,000 years 
ago although only as recently as 5,000 years ago at 
2,500 m or more [ 10 ,  13 ]. East Africa could have 
the longest or the shortest period of human adapta-
tion of the three plateaus. There is insuffi cient 
 evidence to reliably link these sites with any of the 
many modern ethnic groups in Ethiopia. 

 Considering a conservative model of 11,000 
years or 440 human generations of 25 years each, 
a mutation occurring at a frequency of 1/10,000 
or 0.0001 could reach a frequency of 1/2 or 0.5 if 
it increased in frequency by ~2 % each genera-
tion. Alternatively, if a founding population 
arrived with a pre-existing allele having a fre-
quency of 1/100 or 0.01 and if the allele were 
benefi cial at high altitude, it could reach a fre-
quency of 0.5 if it increased by ~1.5 % each gen-
eration. These increases are in the range reported 
for the lactase persistence allele that reached a 
frequency of 77/100 or 0.77 among northern 
Europeans in 5–10,000 years [ 14 – 16 ]. Therefore, 
there has probably been suffi cient length of resi-
dence on all three plateaus for a new mutation or 
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  Fig. 19.1    Map of areas of the world where people live at 2,500 m or higher       

  Fig. 19.2    The number of people estimated to live at various altitudes       
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an existing allele at a polymorphic locus to reach 
high frequencies in the indigenous populations. 

 Adaptive traits at high altitude, at least those 
we know about, are quantitative and continu-
ously varying rather than present or absent as in 
the case of the lactase persistence phenotype. 
Some continuous traits are infl uenced by a single 
gene with a large quantitative effect, while others 
are infl uenced by many loci with small effects as 
well as by environmental factors. An example of 
the former is the protein level and activity of 
angiotensin-converting enzyme (ACE). About 
45 % of the variance in ACE levels at sea level 
can be explained by an insertion/deletion poly-
morphism at a single locus [ 17 ,  18 ]. Height 
exemplifi es the latter, complex, type of trait. Just 
3 % of the variance in height is explained by the 
top 20 of 54 identifi ed associated chromosomal 
regions [ 19 ]. In practice with natural populations 
having long lifespans and generations, such as 
humans, it is easier to detect natural selection on 
traits infl uenced by a single or a few loci with 
large effects because the potential change in a 
trait from one generation to the next is directly 
proportional to the large heritable variance.  

    Research Strategies 

    Classic Era 

     1.    A classic strategy to detect natural selection 
correlates variation in traits with variation in 
the selective factor to infer that it is or was 
operating [ 20 ]. A large altitude range provid-
ing a wide range of the selective factor is 
desirable for such studies. Most studies 
implicitly or explicitly consider that  hypobaric 
hypoxia is the selective factor although tem-
perature, ultraviolet radiation, and infectious 
disease are among other potential selective 
factors that generally vary with altitude. 
Altitude gradients of a phenotype can be 
impractical for a single investigator to assem-
ble. As a result, many studies contrast one or 
two high altitudes with a low altitude control 
or combine the results of studies at various 
altitudes to produce a composite gradient. 
Phenotypic variation across altitude gradients 

is well-documented for many traits. For 
example, birth weight declines linearly [ 21 ] 
while hemoglobin increases exponentially 
with altitude in the Andes [ 22 ,  23 ].     
 In contrast to the many phenotypic examples, 

decades of attempts to identify altitude gradients 
in allele frequencies were unsuccessful. For 
example, analyses of 22 protein coding loci and 
seven loci involved in red blood cell glycolysis 
assayed in nearly 2,100 people along an altitude 
gradient from 300 to 4,000 m in the Chilean 
Andes found no allele frequency gradient [ 24 , 
 25 ]. Similarly, there was no gradient in genetic 
variance of four quantitative red blood cell traits 
(hemoglobin concentration, hematocrit, 
2,3-diphosphoglycerate (DPG), and adenosine 
triphosphate (ATP) levels) as would be expected 
if natural selection had reduced variance at high 
altitude [ 26 ]. 

 The authors’ suggested reasons for failing to 
detect an altitude gradient remain relevant for 
designing and interpreting studies nowadays and 
bear repeating. They wrote “Not fi nding evidence 
for genetic selection may be because of several 
factors. The physiological responses seen in resi-
dents of high altitudes and assumed to be adap-
tive may simply be within the normal range of 
physiological response in human populations. 
The Aymara migration from the altiplano 
[Andean plateau] to lower altitudes may be too 
recent for genetic changes to be detected. Finally, 
the particular genetic loci studied may be too 
remotely related to the physiology of high alti-
tude adaptation to be used in studying adaptation 
to hypoxia” ([ 24 ] p. 101). 

 Two recent successful instances of identifying 
an altitude gradient in allele frequency showed 
that important genes in crucial pathways can 
evolve. These genes were in a pathway that regu-
lates oxygen homeostasis in multicellular animals 
[ 27 ]. The HIF1 pathway is named after the master 
regulator of oxygen homeostasis, the hypoxia 
inducible factor 1 (HIF) discovered a decade or 
more after those early studies of altitude gradients. 
One study reported that certain variants in a key 
oxygen sensor  EGLN1  in the oxygen homeostasis 
system were more frequent among high- than low-
altitude Tibeto-Burman samples in India [ 28 ]. 
 EGLN1  is also known as  PHD2 . Table  19.1  lists 
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the genes mentioned in this chapter along with 
their names and chromosomal locations. The sec-
ond recent study confi rmed variation in  EGLN1  
along an altitude gradient among East Asian sam-
ples and added variation in  EPAS1  (also known as 
HIF2a or hypoxic inducible factor 2) [ 29 ].  EPAS1  
binds to another protein to form HIF2, a second 
transcription factor regulating the expression of 
hundreds of loci involved in the response to 
hypoxia [ 30 ] such as the erythropoietin ( EPO ) 
locus.
    2.     A second classic strategy involves perturbing 

natural populations in order to infer the past 
action of natural selection. This is imple-
mented in human populations with the 

“migrant model” comparing residents and 
migrants from one altitude to another [ 31 ]. It 
interprets differences between high altitude 
residents and upward migrants in the mean 
values of a trait associated with good func-
tion or offsetting hypoxia as evidence for a 
genetic basis for the trait in the high-altitude 
population. This strategy is somewhat like 
comparing the phenotypes of contemporary 
high-altitude populations after thousands of 
years of opportunity for natural selection with 
those of the early colonists adapting to high 
altitude by acclimatization or development. 
An informative illustration is a comparison 
of two samples of highland Andean ancestry 

   Table 19.1    Genetic loci mentioned in this chapter and identifi ed by the HUGO gene nomenclature committee (HGNC) 
(available at   http://www.genenames.org    )   

 Approved 
symbol for gene 

 HGNC 
gene ID #  Name or alias 

 Chromosome 
location 

 General role in hypoxia 
sensing or responding to HIF 

  ACE    2707  Angiotensin I converting 
enzyme (peptidyl- 
dipeptidase A) 1 

 17q23  HIF induced 

  HIF1A    4910  Hypoxia inducible factor 1, 
alpha subunit (basic 
helix-loop-helix transcription 
factor) 

 14q23.2  Hypoxia stabilizes 

  EPAS1    3374   HIF2A , endothelial PAS 
domain protein 1 

 2p21-p16  Hypoxia stabilizes 

  EGLN1    1232   PHD2 , egl nine homolog 1 
( C. elegans ) 

 1q42.1  Tags HIF-alpha for binding 
to VHL 

  VHL    2687  VHL1, von Hippel-Lindau 
tumor suppressor, E3 
ubiquitin protein ligase 

 3p25.3  Targets HIF1A for 
degradation 

  PRKAA1    9376   AMPKa1 , protein kinase, 
AMP-activated, alpha 1 
catalytic subunit 

 5p12  Along with HIF1A regulates 
energy metabolism 

  NOS2A    7873   iNOS , nitric oxide synthase 
2, inducible 

 17q11.2-q12  HIF1 induced 

  NOS3    7876   eNOS , nitric oxide synthase 
3 (endothelial cell) 

 7q36  Hypoxia down-regulates 

  EPO    3415  Erythropoietin  7q21  HIF1 induced 
  EDN1    3176  Endothelin-1,  ET1   6p24.1  HIF1 induced 
  CBARA1    1530  Mitochondrial calcium 

uptake 1 
 10q22.1  No known association with 

HIFs 
  VAV3   12659  vav 3 guanine nucleotide 

exchange factor 
 1p13.3  No known association with 

HIFs 
  ARNT2   16876  Aryl-hydrocarbon receptor 

nuclear translocator 2 
 15q25.1  Protein forms dimer with 

HIF1A 
  THRB   11799  Thyroid hormone receptor, 

beta 
 3p24.2  No known association with 

HIFs 
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born and raised at high and at low altitude 
with two samples of lowland European ances-
try born and raised at high and at low altitude. 
It revealed that both populations had larger 
forced vital capacities if they grew up at high 
altitude. However, a larger effect among those 
of Andean descent indicated that both devel-
opmental exposure and genetic ancestry con-
tributed to the trait of large forced vital 
capacity at high altitude [ 32 ].    
  Relying largely on evidence obtained using 

these two strategies, Niermeyer et al. [ 6 ] identi-
fi ed seven “differences in adaptive success 
between natives and newcomers….” To the extent 
possible, those authors took care to consider the 
alternative hypothesis that developmental adapta-
tion or acclimatization accounted for the differ-
ences. The differences in all traits were in the 
direction of better function for the indigenous 
high-altitude populations. The traits were less 

intrauterine growth retardation, better neonatal 
oxygenation and involution of fetal cardiopulmo-
nary characteristics, enlarged lung volumes and 
decreased alveolar-arterial oxygen diffusion gra-
dients, higher maximal work capacity, better 
maintained increase in cerebral blood fl ow dur-
ing exercise, lower hemoglobin concentrations 
(Tibetans only), and less susceptibility to chronic 
mountain sickness (CMS) (Tibetans only) among 
natives than among newcomers (Table  19.2 ).

   Subsequent work has added two more traits to 
the list: higher nitric oxide levels among high-
landers (Tibetans only) and higher uterine artery 
blood fl ow and oxygen delivery during preg-
nancy. Acute exposure to hypoxia in lowlanders 
causes a decrease in exhaled nitric oxide fol-
lowed by a return to baseline or slightly above 
[ 33 – 38 ], however they do not elevate levels to 
those observed among Tibetan highlanders [ 8 ,  37 ]. 
Similarly, women who migrated themselves or 

      Table 19.2    Differences in adaptive success between lifelong high-altitude natives and acclimatized newcomers 
(updated from ([ 6 ], p. 84)), types of supportive evidence for the past action of natural selection, and disease indicators 
of unsuccessful adaptation. The differences favor better function among natives and seem to differ from the normal 
range of homeostatic response to hypoxia. These patterns form a major body of evidence that natural selection has 
modifi ed the biological characteristics of high-altitude natives   

 Altitude natives—acclimatized 
newcomer differences 

 Altitude gradient 
evidence 

 Altitude extremes 
evidence 

 Diseases indicating unsuccessful 
adaptation 

 Source: Niermeyer et al. [ 6 ] 
 Less intrauterine growth 
retardation 

 Present  Present  Low birthweight, pre-eclampsia 
[ 131 ,  132 ] 

 Better neonatal oxygenation and 
involution of fetal cardiopulmonary 
characteristics 

 Not enough data  Present  Elevated pulmonary artery 
pressure, increased prevalence of 
patent ductus arteriosus [ 133 ,  134 ] 

 Enlarged lung volumes and 
deceased alveolar-arterial oxygen 
diffusion gradients 

 Not enough data  Present  – 

 Higher maximal exercise capacity  Present  Present  – 
 Better maintained increase in 
cerebral blood fl ow during exercise 

 Not enough data  Present  – 

 Lower hemoglobin concentration 
(Tibetans only) 

 Present  Present  Andean excessive erythrocytosis 
[ 135 ] 

 Less susceptibility to chronic 
mountain sickness (CMS) 
(Tibetans only) 

 Not enough data  Present  Chronic mountain sickness 

 Update since [ 6 ] 
 Higher exhaled nitric oxide 
(Tibetans only) 

 Not enough data  Present  Excessive hypoxia pulmonary 
vasoconstriction [ 38 ] 

 Physiological responses to 
pregnancy favor good outcome 

 Not enough data  Present  Higher neonatal mortality [ 39 , 
 136 ] 
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whose recent ancestors migrated, do not increase 
uterine artery blood fl ow to the same degree as 
highland women [ 39 ]. Table  19.2  also lists some 
diseases of the reproductive, cardiovascular, and 
hematological systems refl ecting unsuccessful 
adaptation that may have beset early colonists 
such as pre-eclampsia, pulmonary hypertension, 
congenital heart anomalies, excessive erythrocy-
tosis, and CMS. Genetic variants contributing to 
the differences in adaptive success would likely 
have increased in frequency along with those 
associated with decreased vulnerability to the 
diseases. 

 The “admixture model” adapts the migration 
strategy to take advantage of gene fl ow occurring 
in the Andes over the past 500 years of European 
and indigenous highlanders’ co-residence and 
potential for intermarriage. Blending classic and 
genomic strategies, it quantifi es individuals’ 
 proportion of Native American ancestry on a scale 
ranging from 0 to 100 % as assessed by a panel of 
ancestry informative single nucleotide polymor-
phisms (SNPs) [ 40 ]. For example, a sample of 
low-altitude natives with an average estimated 
“Native American Ancestry Proportion” (NAAP) 
of 85 % was perturbed by a trip to 4,338 m and 
tested after 10–12 h there. Higher NAAP corre-
lated with lower hypoxic ventilatory response 
after 10 min of experimental hypoxia at high alti-
tude and with lower ventilation during exercise, 
both characteristics of Andean highlanders that 
differ from those of Tibetans. The authors 
asserted that this was “the fi rst direct evidence 
that ventilatory traits, probably unique to 
Andeans, have a population genetic basis. Our 
quantifi cation of ancestry as an independent vari-
able has led us to infer both a genetic mechanism 
and an evolutionary origin for these traits” ([ 40 ] 
p. R232). Continuing with that study design, low-
landers with a high proportion of Andean ances-
try experienced a smaller fall in maximal oxygen 
consumption tested within 24 h at 4,338 m [ 41 ]. 
However, there was no similar evidence for 
forced vital capacity or maximal oxygen con-
sumption [ 42 ]. Those results imply that natural 
selection produced a distinctive Andean gene 
pool at unknown loci infl uencing some although 
not all distinctive Andean traits.

    3.    A third classic strategy to detect natural 
selection is the cross-population strategy 
comparing multiple indigenous populations 
exposed to the same environment [ 43 ]. If phe-
notypes differ among populations exposed to 
the same stress, after taking into account 
potential confounding factors, it suggests that 
natural selection favored different responses. 
Table  19.3  presents the compilation by 
Niermeyer et al. [ 6 ] summarizing phenotypic 
differences between Tibetan and Andean 
highlanders. It includes less intrauterine 
growth retardation, greater reliance on redis-
tribution of blood fl ow than elevated arterial 
oxygen content to increase uteroplacental 
oxygen delivery during pregnancy, higher 
resting ventilation and hypoxic ventilatory 
responsiveness, less hypoxic vasoconstriction 
as measured by lower pulmonary arterial pres-
sure and  resistance, less susceptibility to CMS 
among Tibetan than among Andean highlanders.
       Additions to that list include evidence of 

higher nitric oxide levels among Tibetans than 
among Andean highlanders and the direct asso-
ciation of nitric oxide levels with pulmonary and 
systemic blood fl ow among Tibetans [ 38 ,  44 ,  45 ]. 
Another addition may be higher cerebral blood 
fl ow among Tibetan than among Andean high-
landers [ 46 ]. The addition of lower percent of 
oxygen saturation of hemoglobin refl ects fi nd-
ings of studies using the same protocol [ 47 ,  48 ]. 
A possible deletion is lower pulmonary artery 
pressure among Tibetans than Andean highland-
ers. Two recent studies of minimally elevated 
pulmonary artery pressure in samples of healthy, 
non-miners of Andean ancestry reported values 
very similar to the low values among Tibetans 
[ 49 ,  50 ]. The explanation for the difference 
between those and earlier studies of pulmonary 
hypertension among Andean highlanders could 
be that many, although not all, early studies of 
this trait were conducted with samples of miners 
in the Central Andes. There they may have been 
confounded by non-altitude-related environmen-
tal factors. Later studies found elevated cobalt 
levels in the water that exaggerated the hemoglo-
bin concentration levels and have caused 
 cardiomyopathy and elevated pulmonary artery 
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pressure at low altitude [ 51 ,  52 ]. Similarly, 
experimental evidence shows that iron status 
infl uences hemoglobin levels at high altitude [ 53 ] 
and that iron supplementation may reduce pul-
monary artery pressure under hypoxia [ 54 ]. 
Those fi ndings emphasize the need for consider-
ing a growing number of known confounding 
factors in order to have the most informative 
 phenotypic data. 

 Information on East African highlanders, spe-
cifi cally of the Amhara ethnic group of Ethiopia, 
is sparse although accumulating. Consider the 
evidence for differences in adaptive success 
between high-altitude natives and acclimatized 
newcomers (Table  19.2 ), Amhara highlanders 
have large lung volumes, lower hemoglobin con-
centrations and higher oxygen saturations of 
hemoglobin [ 55 ,  56 ]. Considering the cross- 
population differences among highlanders 
(Table  19.3 ), the evidence remains sparse. With 
respect to intrauterine growth retardation as mea-
sured by birthweight, publications from Ethiopia 

are not very informative about altitude. They 
generally do not distinguish among ethnic 
groups, are usually put into the context of prob-
lems and interventions to raise birthweights and 
are available for the relatively low and narrow 
altitude range of 1,300–2,300 m. Mean birth-
weights for healthy singleton hospital deliveries 
were in the 3.1–3.3 kg range [ 57 – 63 ]. A focused 
study of altitude effects on intrauterine growth in 
East African would be valuable. The birthweights 
are 100–200 g lower than predicted for Tibetan, 
Andean or European populations at the corre-
sponding altitudes although they are higher than 
predicted for Han Chinese [ 64 ]. 

 The Amhara have the highest systolic pulmo-
nary artery pressures among samples of the three 
populations along with high pulmonary blood fl ow 
and low pulmonary vascular resistance [ 65 ]. That 
pattern of high pressure accompanied by high fl ow 
and low resistance is different from the  classic pat-
tern based on the Andean model of high pressure 
and resistance owing to pulmonary  vasoconstriction. 

      Table 19.3    Differences in adaptive success between Tibetan and Andean highlanders (updated from [ 6 ]), and relevant 
measures of genetic variance and fi ndings from genomic studies. The measures inform about the possibility of ongoing 
selection for the traits because selection works on variation than can be inherited. This information guides study inter-
pretation by directing attention to information needed to study ongoing natural selection   

 Tibetan and Andean highlanders—differences  Presence of genetic variance 

 Source: Niermeyer et al. [ 6 ] 
 Tibetans have less intrauterine growth retardation  No data 
 Tibetans have greater reliance on redistribution of blood 
fl ow than elevated arterial oxygen content to increase 
uteroplacental oxygen delivery during pregnancy 

 No data 

 Tibetans have higher levels of resting ventilation and 
hypoxic ventilatory responsiveness 

 h 2  for resting ventilation is 0.32 and insignifi cant; for 
hypoxic ventilatory responsiveness it is 0.35 and 0.22, for 
Tibetans and Andean highlanders respectively; admixture 
studies identify Andean adaptations [ 40 ,  41 ,  91 ] 

 Tibetans have less hypoxic vasoconstriction as measured 
by lower pulmonary arterial pressure and resistance 

 No data 

 Tibetans have lower hemoglobin concentration  h 2  is 0.61 and 0.89 for Tibetans and Andean highlanders; 
respectively; Tibetans have high frequencies of alleles 
associated with lower hemoglobin concentration [ 89 – 91 ] 

 Tibetans are less susceptible to chronic mountain sickness  No data; variance in some loci associated with 
hemoglobin are excluded for Andean highlanders, 
genome-wide analyses found no associations [ 114 ] 

 Update since [ 6 ] 
 Tibetans have lower percent of oxygen saturation of 
hemoglobin when measured using the same protocol 

 h 2  ranges from 0.33 to 0.47 for Tibetans and is insignifi cant 
for Andean highlanders; ACE and other genotypes 
contribute to variation among Andean highlanders [ 41 ,  118 ] 

 Tibetans have higher exhaled nitric oxide  No data 
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Continuing a trend of investigating blood fl ow, a 
study found that the cerebral  circulation of Amhara 
was relatively insensitive to hypoxia as compared 
with Andean highlanders and concluded that such a 
response could contribute to high cerebral blood 
fl ow at altitude rather than the usual response of 
reducing cerebral blood fl ow [ 66 ]. 

 With respect to hematological traits, early evi-
dence suggested that Amhara adapted like the 
Tibetans in the sense of having little altitude- 
associated increase in hemoglobin concentration 
and uniquely in the sense of having little decrease 
in oxygen saturation of hemoglobin. Later work 
has shown that Amhara can increase hemoglobin 
concentration and decrease oxygen saturation 
somewhat at altitudes above 3,500 m [ 55 ,  65 ,  67 ]. 
That suggests that the Amhara threshold for 
hematological response lies in between Andean 
and Tibetan populations. However, excessive 
erythrocytosis measured in terms of very high 
hemoglobin concentration has not been observed. 

 Although measures of exhaled nitric oxide 
have not been made, urinary measures of total 
body nitric oxide synthesis show that Amhara at 
high and low altitude [ 65 ] have lower synthesis 
than Tibetans. Finally on the list evaluating pos-
sible population differences, a report on physio-
logical responses to pregnancy found 
pre-eclampsia at about 5 % [ 68 ] in a hospital at 
2,300 m. The rate in the US varies from roughly 
1 to 5 % depending on ethnicity [ 69 ]. Because 
pre-eclampsia is generally more prevalent in 
developing countries [ 70 ], it is probably inappro-
priate to infer with these data any association 
with altitude. Overall, although data are sparse, 
they suggest the possibility that Amhara high- 
altitude natives in Ethiopia may represent a third 
pattern of population adaptation to high altitude, 
one with distinctive hematological and cardio-
vascular characteristics.
    4.    Quantitative and statistical genetics tech-

niques are additional classic strategies. 
Quantitative genetics estimate the heritability 
(h 2 ), the proportion of total variance in a trait 
that is accounted for by biological kinship 
among individuals in a population. It may 
range from 0 to 1.0 with zero indicating no 
genetic contribution and one indicating no 
non-genetic contribution to variation in the 

trait. Because natural selection requires 
genetic variance, a signifi cant h 2  indicates the 
potential for ongoing natural selection. A lack 
of genetic variance indicates no current poten-
tial for ongoing selection, perhaps because a 
past selective sweep removed it or perhaps 
another trait is preventing its expression. 
Tibetan samples generally have higher genetic 
variance, in the range of 0.3–0.7 commonly 
considered moderate to high levels, than 
Andean samples with the exception of hemo-
globin concentration for which both have high 
variance (Table  19.3 ). Research using genomic 
techniques described below confi rmed and 
extended that evidence of genetic variance.    
  Complex segregation analyses test the hypoth-

esis that levels of a quantitative trait are inherited 
in Mendelian fashion. Such analyses detected a 
major gene at an unknown locus with an autoso-
mal dominant mode of inheritance among Tibetans 
associated with 6–10 % higher percent of oxygen 
saturation of hemoglobin. Tibetan women esti-
mated with high probability to have one or two 
copies of the inferred autosomal dominant allele 
had more than twice as many living children as 
compared with women estimated to be homozy-
gous recessive for the low saturation allele [ 71 ]. 
That evidence linking inferred genotypes with off-
spring survival suggests that very strong natural 
selection is increasing the frequency of the inferred 
allele at the unknown locus. 

 The cross-species strategy compares multiple 
species exposed to the same environment [ 43 ]. 
Traits common to a wide range of organisms with 
long histories of high-altitude habitats may indi-
cate expression of a common inherited response. 
The few data about our closest biological rela-
tives, other primate species, come from Old World 
monkeys. Upon acute exposure, pig-tailed 
macaques increase hemoglobin concentration 
[ 72 ], suggesting an inherited response in common 
with human visitors to altitude and Andean high-
landers. Mitochondrial DNA shows evidence of 
altitude differences in allele frequencies among 
snub-nosed macaques resident at 4,000 m [ 73 ]. 

 Data are relatively abundant for more distantly 
related species. An illustration is deer mice 
 populations resident along an altitude gradient in 
the Rocky Mountains of the U.S. that exhibit a 
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parallel gradient of higher frequency at higher 
altitude of alleles in the beta chain of hemoglobin 
that increase oxygen affi nity [ 74 ]. High oxygen 
affi nity of hemoglobin has been reported for numer-
ous high-altitude species and is accomplished by at 
least two different mechanisms, although people on 
the Andean and Tibetan Plateaus do not have the 
trait [ 75 – 78 ]. Instead, visitors, Tibetan and Andean 
highlanders achieve lower oxygen affi nity as a 
result of high levels of the red blood cell enzyme 2, 
3 DPG that lowers oxygen binding to hemoglobin 
[ 79 ]. High affi nity enhances pulmonary loading 
while low affi nity enhances tissue offl oading of 
oxygen. That response, however, is offset by higher 
ventilation [ 76 ]. 

 An infl uential cross-species analyses by 
Monge and Leon-Velarde proposed that high- 
altitude animals such as llamas and yak are 
“genotypically adapted” while others such as 
cows introduced in the past few 100 years are 
“phenotypically adapted” [ 80 ]. According to 
their analysis, genotypically adapted organisms 
have high hemoglobin affi nity, moderate or 
absent polycythemia, low venous pO 2 , thin- 
walled pulmonary vascular trees that respond 
moderately to hypoxia, and the absence of CMS. 
Table  19.4  presents the fi ve traits characterizing 
the two categories of adaptations and indicates 
the phenotypic resemblance of Tibetan and 
Andean highlanders to one or the other category 
of adaptation. Tibetans exhibit three of the geno-
typically adapted phenotypic features—moder-
ate or absent polycythemia, thin-walled 

pulmonary vasculature, little CMS, do not exhibit 
high hemoglobin affi nity, and there are no data 
on venous pO 2 . In contrast, Andean highlanders 
exhibit four of the phenotypically adapted phe-
notypic features but not a fi fth, low venous pO 2  
[ 81 ]. The concept of cryptic adaptive evolution 
has been proposed to explain the contrast between 
genotypically and phenotypically adapted spe-
cies. It reasons that “In cases in which the accli-
matization response to hypoxia is maladaptive, 
selection will favor an attenuation of the induced 
phenotypic change” ([ 79 ] p. 4125). Benefi cial 
outcomes include maintaining adaptability to 
further stress and avoiding the costs of sustained 
acclimatization responses. Some of the Tibetan—
Andean contrasts can be interpreted with this 
concept, for example the relatively dampened 
hemoglobin response and relatively low pulmo-
nary artery pressures of the Tibetans. That is, 
those phenotypes may resemble those of low-
landers as a result of selection at high altitude.

   Thus, a large body of mainly phenotypic data 
supports the hypothesis that natural selection has 
acted on indigenous highland populations of the 
Andean and Tibetan Plateaus. There are links with 
reproductive success. The situation on the East 
African Plateau is not clear because of lack of 
information. These informative studies have gen-
erally not dealt with specifi c genetic loci or vari-
ants. Thus it has not been possible to test formal 
population genetics “null models” of no selection. 
That situation has changed rapidly with the imple-
mentation of genomic strategies [ 82 – 85 ].  

   Table 19.4    Characteristics of genotypically and phenotypically adapted high-altitude animals (categories identifi ed by 
[ 80 ]) compared with cross-population evidence about Tibetan and Andean high-altitude native phenotypes. Tibetans 
share several traits in the genotypically adapted category while Andean highlanders share all but one of the traits in the 
phenotypically adapted category. This was further evidence that past natural selection might be more evident among 
Tibetans   

 Trait 

 Genotypically 
adapted high-altitude 
animals 

 Tibetan 
high-altitude 
natives 

 Andean 
high-altitude 
natives 

 Phenotypically 
adapted high-altitude 
animals 

 High hemoglobin affi nity (low p50)  Present  Absent  Absent  Absent 
 Moderate or absent polycythemia  Present  Present  Absent  Absent 
 Low venous pO 2   Present  No data  Present  Absent 
 Thin-walled pulmonary vascular tree 
that responds moderately to hypoxia 

 Present  Present  Absent  Absent 

 Absence of chronic mountain sickness 
(CMS) 

 Present  Present  Absent  Absent 
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    Genomic Era 

    Genomic-Wide Approach 
 Since the completion of the fi rst survey of the 
human genome in 2000 and especially since the 
publication of the fi rst haplotype map of the 
human genome in 2005 [ 86 ], the genomic era is 
providing an abundance of new strategies to 
detect “signals of natural selection” in the 
genome [ 83 ,  86 – 88 ]. The genomic era burst onto 
the high-altitude scene in 2010–2011 with the 
publication of seven articles reporting signals of 
selection detected in Tibetan samples, three of 
which also reported specifi c genotypes that asso-
ciated with the distinctively low hemoglobin con-
centration of Tibetans [ 29 ,  89 – 95 ]. Extensive 
analysis and commentary followed as did a report 
on an East African sample [ 79 ,  95 – 103 ]. 

 It is extraordinary that every one of the seven 
studies of Tibetans identifi ed  EPAS1  ( HIF2A ) and 
four identifi ed  EGLN1  ( PHD2 ) loci as playing a 
role that population’s genetic adaptation to high 
altitude. More than a dozen samples of Tibetans 
across a wide swathe of the plateau provided evi-
dence. It is extraordinary for the degree of con-
sensus and replication among studies with 
different designs and analyses as well as extraor-
dinary because those two loci are central to the 
pathways regulating oxygen homeostasis in all 
vertebrates [ 104 – 106 ]. This ancient homeostatic 
biochemical system that participates in many bio-
chemical pathways has apparently tolerated adap-
tive variants [ 107 ]. A change in HIF regulation by 
oxygen could be one route to effi ciently cause 
many adaptive responses. Yet the results of that 
cascade and others it initiates could be too far-
reaching and have maladaptive consequences. So 
far it appears that the Tibetan population benefi ts. 
The causal mutation(s) (and whether it is indeed 
new or unique to Tibetans) and the functional 
links between genotype and phenotype remained 
to be discovered. The extent to which hemoglobin 
levels are the target of selection or a pleiotropic 
manifestation of selection on another trait is 
another important point to address in future work. 

 Such genomic strategies differ fundamentally 
from the classic strategies seeking to discover and 
explain the distinctive phenotypes of high- altitude 

natives. Genomic strategies are potentially useful 
for identifying inductively areas of the genome 
and thus certain loci under selection that may 
underlie distinctive high-altitude phenotypes 
traits or even suggest new phenotypes to investi-
gate. That is, they can be applied without prior 
knowledge of the relevant loci or phenotypes. 
This may be counterintuitive to many scientists 
studying high-altitude adaptations who are 
intensely interested in the phenotypes involved in 
maintaining homeostasis under severe and 
chronic stress. Yet, the two strategies are comple-
mentary and ask related questions using different 
data and outcome measures. 

 The basic concept of genomic signals of natu-
ral selection involves interpreting patterns of sim-
ilarity or differences in variation emerging after 
genotyping SNPs at (usually) hundreds of thou-
sands or even more than a million loci throughout 
the entire genome of individuals in samples of 
one or more populations. “This approach is based 
on the idea that natural selection introduced a 
local perturbation in the patterns of neutral genetic 
variation surrounding an advantageous allele rela-
tive to regions where variation is shaped only by 
genetic drift” ([ 83 ] p. 198). 

 Analyzing signals of natural selection can 
involve (a) one of several measures of allele fre-
quency differences between two or more samples, 
ideally including the ancestral and descendent 
populations or (b) identifying haplotypes, mea-
suring haplotype frequencies, and haplotype 
homozygosity within or between samples. 
Haplotypes are combinations of polymorphisms 
along a stretch of DNA; in the case of SNPs, 
many regions of the genome have just a few com-
binations. For the purposes of analyzing natural 
selection, haplotypes are generally identifi ed as 
groups of alleles on a chromosome that are inher-
ited together as a block because “they are 
descended from a single ancestral chromosome” 
[ 83 ]. A high frequency of a distinctive haplotype 
is evidence of past positive natural selection for a 
mutation in that group of SNPs inherited together. 
The causal mutation could be in a measured SNP 
or an unmeasured one inherited in the same block. 
If the haplotype is universal in a sample then that 
is evidence that a selective sweep occurred. 
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 Genome-wide signals have different strengths 
to detect selection depending on what happened. 
A variety of signals of natural selection were 
measured in the studies of Tibetans because there 
was no prior knowledge of what had happened. 
Relevant features to consider when designing and 
interpreting studies include whether the current 
frequency of the selected allele or haplotype is 
moderate (50–80 %) or high (more than 90 %), 
whether selection occurred on standing or on new 
variants, and the length of time an allele existed 
before selection and how long since selection 
began [ 83 ,  108 ,  109 ]. For example, some alleles 
with frequencies in the range of 50–80 % in 
Tibetan samples had frequencies of just 10–30 % 
in the HapMap Han sample [ 94 ]. The moderately 
high frequency in the Tibetan samples means that 
an approach relying solely on cross-population 
analysis of haplotypes might have been unsuc-
cessful because there is less statistical power 
when allele frequencies are moderate. However, 
 EPAS1  alleles associated with lowered hemoglo-
bin concentration among Tibetans had larger dif-
ferences with allele frequencies of 80 % or more 
among Tibetans and 20 % or lower among the 
HapMap Han [ 89 ]. That is in the range where 
cross-population extended haplotype homozy-
gosity measures have the most statistical power 
[ 108 ,  109 ]. The SNP analyses in that study were 
based on a custom array designed to genotype 
 EPAS1  as a candidate locus. Many of those SNPs 
are not included on commercial arrays. 

 With respect to the age of the allele, some of 
the variants found in high frequency among 
Tibetans are found globally which implies that 
they are very old. If so, then selection had a long 
time to act before the ancestral population 
migrated to Tibet and for recombination to occur 
that would remove some types of selection sig-
nals. Similarly, because at least some Tibetans 
have been at altitude for tens of millennia, there 
would have been time for haplotypes to decay due 
to recombination. Both historical features could 
compromise approaches based on haplotype 
length [ 29 ,  109 ]. For such reasons, most studies 
report the results of multiple signals of selection. 

 The effect of the high-frequency-in-Tibetans 
alleles on hemoglobin concentration varied among 

samples. The largest was a 1.7 g/dL decrease in 
hemoglobin concentration with each additional 
copy of the Tibetan haplotype. That was reported 
for a sample that included people who would have 
been excluded from a study of normal variation 
because of low values in the range of anemia and 
high values in the range of polycythemia [ 90 ]. The 
smallest effect, yet still appreciable at around one-
half a standard deviation, was 0.8 g/dL lower 
hemoglobin with each additional copy of the 
Tibetan SNP allele. That was reported for a sample 
that had been extensively screened to include only 
normal, healthy individuals outside the normal 
range of variation [ 89 ]. Both fi ndings among 
Tibetans contrast with those from a genome-wide 
analysis among more than 24,000 low altitude 
Europeans. It detected tiny associations with hemo-
globin concentration ranging only as high as 
0.06 g/dL [ 110 ] and did not identify the loci that 
emerged as infl uential among Tibetans. The con-
trast illustrates again information based on loci 
identifi ed or excluded on the basis of associations 
at low altitude may not apply to high-altitude popu-
lations. Interestingly, the loci associated with 
hemoglobin concentration among Tibetans varia-
tion was not associated with percent of oxygen 
saturation of hemoglobin [ 90 ,  91 ]. 

 Similar genomic analyses of an Andean sam-
ple identifi ed  EGLN1 ,  PRKAA1 , and  NOS2A  as 
possible candidates for having undergone selec-
tion although no tests of association with high- 
altitude phenotypes have been reported [ 92 ,  93 ]. 
The Andean highlanders from two ethnic groups 
were compared with highland Tibetans, lowland 
Mesoamericans, Europeans, and East Asians. 
The SNPs identifi ed in  EGLN1  in the Andean 
samples were not the same as those identifi ed in 
the Tibetan samples described above. Those anal-
yses are consistent with the known pattern of dif-
ferent phenotypic patterns among highland 
Tibetan and Andean natives (Table  19.3 ). 

 A highland Amhara population from Ethiopia 
was compared with two unrelated lowland popula-
tions and four completely different loci were iden-
tifi ed as candidates for having undergone 
selection— CBARA1 ,  VAV3 ,  ARNT2 , and  THR . 
Those results support a hypothesis of a different 
history of natural selection. Tests of association 
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with hemoglobin concentration were undertaken 
without fi nding signifi cant results, perhaps because 
more than half of one of the low altitude samples 
had hemoglobin levels below the usual cutoff for 
anemia [ 96 ]. A different highland Amhara sample 
from Ethiopia was compared with an Amhara low-
land sample. The samples were screened for 
potential confounding factors that could infl uence 
hemoglobin concentration. The study found no 
evidence that  EPAS1  or  EGLN1  variants associ-
ated with hemoglobin concentration or oxygen 
saturation of hemoglobin. Instead, using a genome-
wide analysis, it detected a single variant at another 
locus not associated with a currently known gene 
that associated with hemoglobin concentration at 
both high and low altitudes [ 56 ]. These fi ndings 
suggest the possibility of convergent evolution on 
the same phenotype of dampened hematological 
responses to high-altitude hypoxia using different 
genetic pathways. 

 In contrast to the genome-wide approaches, 
candidate gene approaches are hypothesis-driven 
and have been described succinctly as follows. 
“Such studies rely on intelligent reviews of all the 
available scientifi c literature and the proposal of a 
system thought to be of relevance (the  candidate 
system ).” From this, a key component is chosen 
(perhaps a rate-limiting enzyme) and its gene iden-
tifi ed (the  candidate gene ). A polymorphic variant 
is then identifi ed in the gene …. ([ 82 ] p. 125). 

 The HIFs and their target genes have been the 
focus of candidate analysis. The target genes are 
inducible by the family of transcription factors 
including HIF1 and HIF2 described above. 
Before publication of the evidence about  EPAS1 , 
attention focused on  HIF1A . 

 A case–control study of Sherpas tested for an 
association of  HIF1A  and  VHL  variants with 
Acute Mountain Sickness symptoms at extremely 
high altitude. The VHL protein targets HIF1A 
and EPAS1 for ongoing degradation when oxy-
gen levels are normal for low altitude. The study 
found no association, although it did acknowl-
edge that it had low statistical power owing to the 
small sample size of 49 cases and 54 controls 
[ 111 ]. Another study reported a new sequence in 
the  HIF1A  gene among Sherpas as compared with 
Japanese and also reported other allele frequency 

differences at that locus [ 112 ]. In contrast, the 
 HIF1A  sequence of Andean highlanders did not 
differ from that of low-altitude controls [ 113 ]. A 
case–control study examining a number of genes 
involved in the response to hypoxia found no 
association with CMS in an Andean sample 
[ 114 ]. The Sherpa results suggested tentatively 
the possibility of a new adaptive mutation while 
the Andean did not. However, none of the studies 
of genome-wide variation identifi ed  HIF1A  vari-
ants as likely to have undergone selection at alti-
tude in either population. An explanatory 
hypothesis reasons that because HIF1 is expressed 
in all tissues, it may have little latitude for varia-
tion whereas HIF2 is expressed in fewer tissues 
and could have more focused effects [ 98 ]. 

 With respect to variance in the response to HIF, 
the candidate gene fi rst examined among high-alti-
tude populations was  ACE . It has a polymorphism 
associated with athletic ability and in some cases 
with successful adaptation to acute exposure to high 
altitude [ 115 ]. The variants are called the insertion 
(I, associated with better endurance and with meta-
bolic effi ciency) and deletion (D, associated with 
power and strength) alleles. At high altitude, I allele 
genotypes were associated with lower pulmonary 
artery pressure—better functional adaptation—in a 
sample of lowlanders acutely exposed [ 116 ]. 
However, they were associated with increased risk 
of pulmonary hypertension in a sample of Kyrgyz 
highlanders [ 117 ] and were not associated with pul-
monary artery pressure in a sample of Amhara 
highlanders [ 65 ]. The contrasts may illustrate 
another example of the differences in adaptive suc-
cess between lifelong high-altitude natives and 
acclimatized newcomers summarized in Table  19.2 . 
Alternatively, they could indicate that ACE I/D 
polymorphism may be closely linked to another 
locus that is the true infl uence on phenotypes. 

 In contrast to the Kyrgyz and similar to the 
acutely exposed highlanders, Andean residents 
from high and low altitude with the ACE II geno-
type had some benefi ts. They had higher oxygen 
saturations of hemoglobin at rest and during exer-
cise at 4,300 m [ 118 ]. ACE genotype accounted 
for ~4 % of the variance in oxygen saturation phe-
notype. That study quantifi ed the proportion of 
Native American Ancestry for each participant in 
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order to establish genetic homogeneity of the two 
samples and increase confi dence that the I allele 
or a linked locus accounted for the difference in 
oxygen saturation. The  ACE  locus was not identi-
fi ed by the genome-wide studies as having been 
subject to natural selection at high altitude. 

 Other candidate genes such as some involved in 
pulmonary vascular tone have been analyzed 
including endothelin-1 ( EDN1 ) and  NOS3  (also 
known as  eNOS ). Their proteins code for the vaso-
constrictor endothelin and for an enzyme catalyz-
ing the synthesis of the vasodilator nitric oxide, 
respectively. For example, two polymorphisms of 
 NOS3  were analyzed to test the hypothesis that 
alleles associated with higher rates of nitric oxide 
synthesis at low altitude would be associated with 
higher rates at high altitude and with less vasocon-
striction among high-altitude Sherpas. One poly-
morphism at the  NOS3  locus was associated with 
higher levels of nitric oxide metabolites and one 
with lower levels while neither was associated 
with blood pressure as might be expected from a 
vasodilator [ 119 ]. This may be another illustration 
that candidate gene—phenotype associations 
identifi ed in low-altitude Europeans samples may 
not be replicated in high-altitude, non-European 
samples. The  NOS2  locus rather than the  NOS3  
locus was identifi ed as a possible candidate for 
selection in the Andean population [ 92 ]. 

 However, factors in addition to—or perhaps 
instead of—population differences can contribute 
to the outcome of genome-wide or candidate- gene 
analyses. One is the selection of appropriate con-
trols that are likely to provide the clearest evidence 
of what happened. For example, the Yi population 
is more closely related to the Tibetans than the 
HapMap Han sample and may be a better low-alti-
tude comparison sample [ 95 ]. Some studies address 
that issue with multiple control populations. 

 Another crucial factor infl uencing the detec-
tion of population differences is statistical power. 
Power to detect differences is lower with small 
sample sizes or small effects or when doing mul-
tiple statistical tests. The latter is particularly rel-
evant for genomic strategies testing hundreds of 
thousands of hypotheses, one for each SNP, for 
example. The Bonferroni adjustment is a widely 
used method of multiple-testing correction that 

can illustrate this point. If a signifi cance threshold 
of 0.05 is adopted and 20 separate tests of signifi -
cance are performed, then the Bonferroni adjust-
ment calls for dividing 0.05 by 20 for a p-value of 
0.0025 as the appropriate signifi cance threshold. 
If one million SNPS were tested for association 
with a single phenotype, then the 0.05 would be 
divided by 1,000,000 for a p-value of 0.000000005 
as the appropriate signifi cance threshold [ 120 ]. 
Going forward, it is very important to collect 
adequately sized samples. 

 Mitochondrial genotypes have been consid-
ered as well although with inconsistent results. 
One study concluded there was little evidence that 
mitochondrial mutations might contribute to suc-
cessful adaptation among Tibetans, while another 
hypothesized a contribution by one haplotype 
over-represented among Tibetans as compared 
with Han Chinese could contribute [ 121 ,  122 ]. 
Neither reported phenotypes. A study of Andean 
women giving birth at >3,800 m collected infor-
mation on mitochondrial DNA haplotypes and 
reproductive histories. Sixty-fi ve percent of the 
sample had mt haplotype B (42–80 % of Andean 
highland populations have this haplotype [ 123 ]) 
and the rest had other New World haplotypes. 
Compared to the reproductive histories of women 
with mt haplotype B, the women with non-B hap-
lotypes had more than three times the risk of los-
ing offspring between conception and 1 month 
post-partum, partly due to ten times higher risk of 
neonatal mortality [ 124 ]. This could refl ect very 
strong selection among Andean women.    

    Potential Confounding Factors 

 The classic and genomic strategies using pheno-
types rely on accurate refl ection of the response to 
hypoxia. Many studies carefully defi ned and con-
trolled for a number of other infl uences such as 
smoking or health status, yet still there was uncer-
tainty about the potential role of unknown con-
founding factors. Ironically some of the most 
relevant discoveries for discovering natural selec-
tion at high altitude may have come from recent 
gains in knowledge about potential confounding 
factors that infl uence expression of oxygen 
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homeostasis-associated loci or high-altitude 
phenotypes. These could foil attempts to associate 
genotypes with phenotypes or even efforts to dis-
tinguish differences between high and low alti-
tude. For example, a long-standing puzzle was the 
wide range of variation in mean hemoglobin con-
centration of samples of Andean highlanders. 
Samples from mining communities in the Central 
Peruvian Highlands were long known to have very 
high hemoglobin concentrations. High cobalt lev-
els were detected in the ground water in one min-
ing community. Cobalt stabilizes HIF1A; that 
could in turn induce transcription of target genes 
including  EPO , perhaps partly explaining the very 
high mean values of some samples. Men with high 
cobalt levels in that community had higher EPO 
levels and higher hemoglobin concentration [ 52 ]. 

 While cobalt can stabilize, iron is required to 
degrade HIF1A. Thus iron depletion or supple-
mentation can exacerbate or dampen high- 
altitude pulmonary hypertension [ 54 ] although it 
is not known whether naturally occurring varia-
tion in iron levels infl uences variation in pulmo-
nary blood pressure in natural populations. 

 Intergenerational infl uences on newborn phe-
notypes and perinatal origins of adult high- 
altitude phenotypes may further complicate 
efforts to link heritable variation to phenotype 
variation and survival to test the natural selection 
hypothesis. The relationship of birth weight to 
infant survival is appreciated as an example of 
balancing selection because newborns of very 
high or low birth weight have higher mortality 
[ 125 ]. Maternal effects on birth weight were 
demonstrated in a study of women of European 
ancestry delivering babies at 3,100 m in Colorado. 
Women born and raised at that altitude tended to 
give birth to infants of lower weight than migrant 
women [ 126 ], a suggestive sign of intergenera-
tional epigenetic effects. Paternal effects on birth 
weight were demonstrated in a study of babies 
born to Andean, European or mixed parents that 
found that having an Andean father raised the 
birth weight slightly but signifi cantly. The authors 
suggested that genomic imprinting—
“modifi cation of gene expression through the 
addition of molecules … to specifi c genes affect-
ing intrauterine growth, based upon parental ori-
gin” ([ 127 ] p. 596) may be the mechanism. 

 Furthermore, perinatal events may infl uence 
adult phenotype. Retrospective data on a sample of 
young men with excessive erythrocytosis at 
3,700 m in Bolivia indicated that they had had par-
ticularly low birth weights and all but one had 
experienced perinatal hypoxia [ 128 ]. Andean high-
landers whose mothers had had pre- eclampsia had 
higher pulmonary artery pressures as teenagers 
than those who mothers had had normal pregnan-
cies [ 50 ]. Similarly, Europeans who experienced 
hypoxia during the fi rst week of life at low altitude 
had a larger pulmonary vascular response to acute 
high-altitude hypoxia as adults [ 129 ]. Unusual 
hypoxia perinatally may be over- represented 
among high-altitude residents with relatively 
unsuccessful adaptations. Thus, other environmen-
tal factors and individual life-history events may 
contribute to phenotype variance and confound the 
search for natural selection at high altitude.  

    Summary 

 In summary, indigenous high-altitude popula-
tions comprise an informative case study of evo-
lution because they seem likely to have 
experienced natural selection favoring adapta-
tions to the unavoidable, severe stress of hypo-
baric hypoxia. Beginning in the 1960s, scientists 
used classic strategies to detect natural selection 
in such populations [ 20 ]. A large body of evi-
dence of distinctive phenotypes at high altitude, 
along with altitude gradients, cross-population 
and cross-species comparisons suggested the 
action of natural selection. 

 Recently, purely genomic strategies have been 
developed along with others that integrate genomic 
with phenotypic information. Recently fi ndings 
from such studies confi rmed that natural selection 
has occurred, thus supporting and expanding the 
large body of earlier evidence. So far, the genomic 
evidence is strong for one trait in one population—
hemoglobin concentration among Tibetans. It is 
more indirect for Andean and East African popula-
tions and to a large extent rests on the failure to 
replicate the Tibetan fi ndings. Detecting positive 
information on the genetic and phenotypic bases 
for the long-term success of these two populations 
is an important goal. 

19 Human Evolution at High Altitude



372

 Future work integrating genomic and classical 
strategies will expand the phenotype–genome 
associations with the aim of building thoroughly 
integrated cases of natural selection linking phe-
notypic variation to heritable variation to survival 
at high altitude. That work will help explain the 
extent to which Andean, Tibetan, and East 
African differences in phenotypes as due to lon-
ger Tibetan residence [ 6 ], to chance difference in 
the natural experiments of colonization [ 130 ] or 
other reason to be discovered. 

 The key remaining gap in understanding the 
process of natural selection at high altitude is 
associating phenotypic with genomic variation 
and then determining that the “variation be it ever 
so slight, would also have a better chance….of 
survival” ([ 1 ] p. 49). 

 In summary,  Natural selection is not easy to 
detect  ([ 20 ] p. 97), however progress is under 
way.      

    Appendix: Global Population 
Estimates 

 The global population estimates were obtained 
by Ann Holstein, Manager of GIS Systems and 
Numeric Data Services at the Kelvin Smith 
Library, Case Western Reserve University using 
ESRI’s ArcGIS Desktop 9.3 Geographic 
Information System (GIS) software. The follow-
ing data sets were merged.
    1.    Global Digital Elevation Model (GTOPO30), 

developed by USGS EROS Data Center in 
1996, represents gridded 30 arc seconds (+- 
1 km) elevation for the world (available at 
  http://www1.gsi.go.jp/geowww/globalmap- 
gsi/gtopo30/gtopo30.html    ).   

   2.    Gridded population of the world, version 3 
(GPWV3) centroids, were acquired from 
SEDAC—Socioeconomic Data and 
Applications Center (available at   http://sedac.
ciesin.columbia.edu/    ). Each centroid includes 
a population value attribute for P05A, the 
UN-adjusted population estimates for 2005.     
 The spatial analysis methods were as follows. 

Contour lines were derived from the Global 

Digital Elevation Model at 500 m intervals. Line 
data were converted to polygons (areas), where 
the area located between two contour lines was 
defi ned and calculated by the software. Population 
centroids spatially located within polygons iden-
tifi ed as over 2,500 m elevation were retained. 
The sum of the P05A fi eld of centroids for each 
country having populations living above 2,500 m 
was calculated. These population values are 
listed in the table below.

 Global population at Elevations above 2,500 m 
 2005 Population 
Estimate 

 AFRICA   12,849,539  
 Congo  740,595 
 Ethiopia  10,874,518 
 Kenya  616,229 
 Lesotho  123,225 
 Rwanda  182,515 
 Tanzania  268,912 
 Uganda  43,545 

 ASIA   31,869,915  
 Afghanistan  3,234,170 
 Bhutan  609,298 
 China  16,018,246 
 India  7,428,994 
 Kyrgyz Republic  608,636 
 Mongolia  96,718 
 Myanmar  4,436 
 Nepal  1,397,479 
 Pakistan  1,408,409 
 Russia  21,761 
 Tajikistan  872,514 
 Uzbekistan  169,254 

 NORTH AMERICA   9,516,326  
 Greenland  537 
 Guatemala  1,098,961 
 Mexico  8,028,898 
 United States  387,930 

 SOUTH AMERICA   29,143,068  
 Argentina  417,503 
 Bolivia  5,071,377 
 Chile  289,843 
 Colombia  10,426,067 
 Ecuador  4,120,668 
 Peru  8,456,051 
 Venezuela  361,559 

  TOTAL    83,378,848  
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