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Tibetan and Andean Patterns of Adaptation to High-Altitude 
Hypoxia 

CYNTHIA M. BEALL1 

Abstract Understanding the workings of the evolutionary process in 
contemporary humans requires linking the evolutionary history of traits 
with their current genetics and biology. Unusual environments provide 
natural experimental settings to investigate evolution and adaptation. The 
example of high-altitude hypoxia illustrates some of the progress and 
many of the remaining challenges for studies of evolution in contem- 
porary populations. Current studies exemplify the frequently encountered 
problem of determining whether large, consistent population differences 
in mean values of a trait reflect genetic differences. In this review I de- 
scribe 4 quantitative traits that provide evidence that indigenous popu- 
lations of the Tibetan and Andean plateaus differ in their phenotypic 
adaptive responses to high-altitude hypoxia. These 4 traits are resting 
ventilation, hypoxic ventilatory response, oxygen saturation, and hemo- 
globin concentration. The Tibetan means of the first 2 traits were more 
than 0.5 standard deviation higher than the Aymara means, whereas the 
Tibetan means were more than 1 standard deviation lower than the Ay- 
mara means for the last 2 traits. Quantitative genetic analyses of within- 
population variance revealed significant genetic variance in all 4 traits in 
the Tibetan population but only in hypoxic ventilatory response and he- 
moglobin concentration in the Aymara population. A major gene for 
oxygen saturation was detected among the Tibetans. These findings are 
interpreted as indirect evidence of population genetic differences. It ap- 
pears that the biological characteristics of sea-level humans did not con- 
strain high-altitude colonists of the 2 plateaus to a single adaptive re- 
sponse. Instead, microevolutionary processes may have operated 
differently in the geographically separated Tibetan and Andean popula- 
tions exposed to the same environmental stress. Knowledge of the genetic 
bases of these traits will be necessary to evaluate these inferences. Future 
research will likely be directed toward determining whether the popula- 
tion means reflect differences identified at the chromosomal level. Future 
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research will also likely consider the biological pathways and environ- 
mental influences linking genotypes to phenotypes, the costs and benefits 
of the Tibetan and Andean patterns of adaptation, and the question of 
whether the observed phenotypes are indeed adaptations that enhance 
Darwinian fitness. 

Human adaptability studies in physical anthropology analyze contemporary 
populations to understand the process of evolution and adaptation. The goal 
is to relate the ultimate evolutionary explanation for the existence of certain 
traits in a population with the proximate biological explanation for the ex- 
pression of those traits in individuals. The example of human adaptation to 
the stress of high-altitude hypoxia illustrates some of the progress and many 
of the remaining challenges for studies of ongoing evolution. In particular, 
high-altitude studies encounter issues common to many such studies: inter- 
preting population differences in quantitative traits in terms of genetic dif- 
ferences, even though the genetic bases of the traits are unknown and envi- 
ronmental factors are also known to influence the trait. 

The purpose of this review is to describe adaptive phenotypes of in- 
digenous populations on the Tibetan and Andean plateaus. Because both pop- 
ulations have long histories of high-altitude residence, natural selection has 
had the opportunity to increase the frequency of heritable traits that enhance 
fitness in their environment. I summarize evidence from 4 traits that dem- 
onstrates that indigenous Tibetan and Andean populations differ in their phe- 
notypic adaptive responses to high-altitude hypoxia. I also describe knowl- 
edge of the heritable bases of these traits and then suggest fruitful directions 
for future research to relate these observations to the process of natural 
selection. 

High- Altitude Hypoxia 

The stress at high altitude is hypobaric hypoxia resulting from the low- 
ered barometric pressure. It is unavoidable, unmodifiable, and uniform for 
everyone at any given altitude. Organisms at altitude must adapt to the stress 
of limited oxygen availability relative to sea level and still sustain aerobic 
metabolic processes. For example, at an altitude of 4,000 m (13,200 ft) the 
concentration of oxygen in 1 liter of inspired air is 21% oxygen, just as at 
sea level, but because of the lower barometric pressure, 1 liter of air at 4,000 
m contains just 63% of the number of oxygen molecules at sea level. Nev- 
ertheless, oxygen-requiring physiological processes must be maintained. The 
homeostatic processes that enable oxygen delivery under that stress result 
from evolution by natural selection in the sea-level ancestral population, the 
high-altitude colonizing population, or both. Thus high-altitude environments 
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provide natural experimental settings to investigate human evolution and 
adaptation. 

Research into adaptation to high-altitude hypoxia has used study designs 
contrasting sea-level natives at sea level, sea-level natives during high-altitude 
stays of varying duration, and indigenous natives at high altitude. The rea- 
soning is that varying duration of exposure may elicit qualitatively or quan- 
titatively different adaptive homeostatic responses. Of particular interest to 
evolutionary biologists is the possibility that natural selection has acted to 
produce genetically adapted high-altitude natives. The first wave of studies 
testing evolutionary hypotheses began in the 1960s and contrasted indigenous 
inhabitants of the Andean plateau with sea-level natives and migrants of Eu- 
ropean ancestry. The Andean highlanders had a long history of exposure and 
opportunity for natural selection and adaptation, whereas the Europeans did 
not. Thus, when highlanders differed from sea-level populations or their im- 
mediate descendents in ways that indicated better oxygen delivery, the infer- 
ence was that natural selection had acted on the high-altitude population 
(Baker and Little 1976). 

The second wave of studies testing evolutionary hypotheses began in 
the 1970s when indigenous populations of the Tibetan plateau and its environs 
became accessible. Those studies added a new dimension to the previous 
pairing of potentially selected and unselected populations. They added com- 
parison of 2 populations with a long history of opportunity for natural selec- 
tion and introduced the concept of testing the hypothesis that natural selection 
had acted on the same traits and with the same outcome in the 2 populations 
adapting to the same stress. Comparisons of these 3 types of populations - 
low-altitude natives with no evolutionary history of adapting to chronic hyp- 
oxia and 2 separate high-altitude native populations with long histories of 
exposure to chronic hypoxia - create a natural experiment in evolution (Har- 
rison 1966). Data presented later indicate that the outcomes of this natural 
experiment are different. 

Comparisons of mean values of many traits involved in oxygen trans- 
port demonstrate 1 pattern of adaptation among populations indigenous to the 
Tibetan plateau and another pattern among populations indigenous to the 
Andean plateau. These contrasts have raised the important question of 
whether the population differences in the mean values of adaptive traits are 
due to population genetic differences. The answer to that question is crucial 
to evolutionary interpretations of the population differences. If the different 
phenotypes reflect genetic differences, then the case for natural selection is 
strengthened. If they do not, then some other process causes the population 
contrast. As described later, identifying the genetic bases of the adaptive traits 
is just beginning. 

Tibetan and Andean Patterns of High- Altitude Adaptation 
The following description of the 2 patterns of adaptation is based pri- 

marily on data from a comparative study conducted by 1 set of investigators 
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(C.M. Beali and co-workers). It used the same recruitment processes and 
measurement and analytical techniques to compare large samples of Tibetan 
and Andean high-altitude natives living at the same altitude and under the 
same hypobaric stress. The study included 428 Tibetan highlanders of Tibetan 
ethnicity and the 608 Andean highlanders of Aymara ethnicity. The partici- 
pants ranged from 9 to 94 years of age. The study communities were rural 
agropastoral village areas located at a median altitude of 4,000 m in the Tibet 
Autonomous Region of China and in Bolivia. The study design was selected 
to maximize comparability of data. 

The comparative study investigated 4 oxygen transport traits widely 
reported in studies of high-altitude adaptation: resting ventilation, hypoxic 
ventilatory response, oxygen saturation of arterial hemoglobin (the percentage 
of hemoglobin molecules carrying oxygen, Sao2), and hemoglobin concen- 
tration. These pulmonary and hematological traits are components of oxygen 
transport from the lungs to the tissue. They are thought to participate in the 
proximate biological processes of high-altitude adaptation because changes 
in these traits can offset hypoxic stress. The findings have been reported in 
detail elsewhere [resting ventilation and hypoxic ventilatory response by 
Beali, Brittenham et al. (1997); percentage of oxygen saturation of arterial 
hemoglobin by Beali, Strohl et al. (1997) and Beali et al. (1999); and he- 
moglobin concentration by Beali et al. (1998)]. The following discussion 
focuses on the Tibetan- Aymara study because of the comparability of the data 
and because of the analytical techniques employed. Many other recent studies 
contrast various populations and various traits at high altitude (Brutsaert et 
al. 1999; Chen et al. 1997; Ge et al. 1995; Ge, Qiuhong et al. 1994; Ge, Chen 
et al. 1994; Niermeyer et al. 1995; Sun et al. 1990; Zhuang et al. 1993, 1996). 

Increased resting ventilation relative to sea level is an immediate com- 
ponent of sea-level natives' short-term adaptation to high altitude. It offsets 
ambient hypoxia somewhat by increasing the volume of air taken into the 
lungs per unit time. High resting ventilation is characteristic of Tibetan but 
not Aymara lifelong high-altitude adaptation (Beali, Brittenham et al. 1997). 
Figure 1 is a scatterplot comparing the Tibetans and Aymara on the basis of 
resting ventilation for males and females from early adolescence through old 
age. The 2 populations' data were plotted on the same scale to illustrate the 
quantitative and qualitative contrast. Tibetan resting ventilation was roughly 
50% higher than Aymara resting ventilation. For example, male Tibetans had 
an average resting ventilation of 19.7 L/min compared with an average of 
13.4 L/min for male Aymara. 

Current knowledge of the genetic bases for resting ventilation requires 
an indirect approach to identifying any population genetic differences. Such 
large differences in mean values of a biological trait are generally interpreted 
as evidence of population genetic differences after likely potential relevant 
environmental factors have been excluded. The logic is that both environ- 
mental and genetic factors influence the expression of traits and that control- 
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Figure 1. Scatterplot of resting ventilation with age comparing Tibetan and Aymara high-altitude 
natives at a median altitude of 4,000 m. Filled circles, males; open circles, females. 
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ling for environmental influences can reveal the influence of unknown genes. 
A shortcoming of this approach is the implicit assumption of genetic homo- 
geneity at relevant loci in both samples and the explicit assumption that en- 
vironmental sources of variation are known and uniform. Actually, many loci 
are polymorphic within populations and knowledge of environmental influ- 
ences is incomplete. However, the indirect approach is an informative first 
step for analyzing quantitative traits. An informative second step is analysis 
of the variation within a population to determine whether variation is distrib- 
uted consistently with known patterns of genetic inheritance. 

Quantitative genetic techniques analyze the phenotypic variation within 
a population to detect the likelihood that genetic factors contribute to the 
variation. The approach can be applied to traits such as resting ventilation 
that are probably influenced by more than 1 unknown locus and allele and 
by individual characteristics such as age and sex and environmental factors 
such as cigarette-smoking behavior and household factors. Application to 
large data sets containing biological relatives allows the testing of hypotheses 
about the potential sources of phenotypic variance, including variance re- 
sulting from genetic factors, covariates, shared households, and random en- 
vironmental factors. 

A frequently reported summary value is the proportion of total pheno- 
typic variance that is attributable to nonindependence resulting from biologi- 
cal relationships among individuals in the sample (Falconer 1989). This is 
reported as the heritability (A2), calculated as the proportion of variance at- 
tributable to genetic relationships among individuals. One form of heritability 
is the residual heritability (residual A2), calculated as the proportion of vari- 
ance attributable to genetic relationships among individuals relative to the 
total variance minus the variance resulting from covariates such as age and 
sex. Theoretically, h 2 can assume values from 0 to 1, that is, from none to all 
of the variance being attributable to genetic factors. Heritability estimates are 
specific to the population from which the sample was drawn, just as estimates 
of the mean are specific to the population from which the sample was drawn. 

Applying quantitative genetic analyses to the samples described in Fig- 
ure 1 revealed significant genetic variance in resting ventilation in the Tibetan 
but not the Aymara sample. That is, a significant portion of the resting ven- 
tilation variance was attributable to biological kinship among individuals 
rather than to factors such as age, sex, body size, or household of residence 
(Beali, Brittenham et al. 1997). The residual h 2 for Tibetan resting ventilation 
was 32% compared with a statistically insignificant 6% for the Aymara. This 
difference in residual h 2 is indirect evidence of population genetic differences. 
One interpretation of the difference is that the Tibetan population with sig- 
nificant genetic variance may have alleles absent in the Aymara population 
without genetic variance. An alternative explanation is that the same alleles 
are expressed differently because of some unknown accentuating or damp- 
ening environmental factor. 
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Figure 2. Scatterplot of published mean values of resting ventilation with altitude for samples of 
10 or more natives or long-term residents with a mean age of 10 years or older. Filled 
circles, Tibetans; open circles, Andeans; filled triangles, Americans and Europeans. 

Figure 2 puts these 2 samples into larger perspective with a scatterplot 
of published sample means of resting ventilation measured in indigenous 
Tibetan and Andean and long-term residents at a range of altitudes. It illus- 
trates that the population contrasts found in the comparative study are con- 
sistent with other published findings. It also illustrates that, compared with 
sea-level samples from the United States and Europe (populations with no 
history of high-altitude residence), Tibetans have high resting ventilation. In 
contrast, Andean highlanders have low to normal resting ventilation. Tibetans 
tend to depart further from the unselected sea-level phenotype in a direction 
that appears advantageous in the high-altitude environment. Therefore Tibet- 
ans seem more likely to be genetically different from sea-level residents. 

High Tibetan resting ventilation compared with sea-level values in com- 
bination with the presence of Tibetan intrapopulation genetic variance sug- 
gests that natural selection, either alone or in combination with random ge- 
netic drift, has acted in the past to increase the frequency of alleles resulting 
in a high resting ventilation. In contrast, the similarity of Aymara resting 
ventilation to sea-level values and the absence of Aymara genetic variance 
suggest that natural selection has not acted on resting ventilation because there 
was no heritable variation on which to act. The hypothesis would be strength- 
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ened if future studies of h 2 find no genetic variance in low-altitude popula- 
tions. Nowadays, there is potential for natural selection on resting ventilation 
in the Tibetan but not the Aymara population because significant genetic 
variance is a prerequisite for natural selection (Falconer 1989). 

One possible explanation for the Tibetan-Andean contrast in resting 
ventilation involves differences in the physiological control of ventilation. 
One measure of ventilatory control is assessed as the size of the reflexive 
increase in ventilation on exposure to hypoxia, a measure called the hypoxic 
ventilatory response (HVR). HVR is studied by experimentally inducing a 
standard hypoxic stress, usually a brief period of breathing air with a low 
oxygen concentration, and measuring the change in ventilation. HVR can be 
measured at any altitude; at high altitude the experimental hypoxia is added 
to the ambient hypoxia. 

Figure 3 is a scatterplot comparing the Tibetan and Aymara samples on 
the basis of HVR. The y- axis units are liters of increase in ventilation per 
percentage decrease in oxygen saturation. Tibetan HVR was roughly double 
the Aymara HVR. For example, a 10% fall in the percentage of oxygen sat- 
uration of arterial hemoglobin resulted in an average 9.3 L/min increase in 
ventilation among Tibetan men compared with a 4.5 L/min increase among 
Aymara men. The residual h 2 of HVR in the Tibetan sample was 35% com- 
pared with just 22% in the Aymara sample. Although there is significant 
genetic variance in both samples, a larger proportion of the HVR variance is 
attributable to genetic factors in the Tibetan sample. 

Figure 4 compares the Tibetan and Aymara samples with published 
mean HVRs from samples of Tibetan and Andean natives and long-term 
residents at a range of altitudes. The wide range of variation in HVR at any 
altitude is noteworthy. Tibetan mean HVRs are generally in the middle of the 
range of HVRs reported for sea-level samples, whereas high-altitude Andean 
HVRs are at the bottom of or below the range. 

Tibetans have mean HVR values similar to sea-level HVR values, and 
both Tibetan and sea-level populations have significant genetic variation in 
HVR (Moore et al. 1976; Saunders et al. 1976; Collins et al. 1978; Kawakami 
et al. 1981, 1984). These findings suggest that sea-level genetic variation has 
been maintained in the Tibetans, perhaps by stabilizing natural selection or 
perhaps because no evolutionary forces have acted to change allele frequency. 
In contrast, the low Aymara mean HVR compared to sea-level values and the 
relatively low genetic variance suggest that some of the sea-level genetic 
variation has been lost in the Andean population and that alleles for high 
genotypic mean values of HVR have been lost. It seems unlikely that natural 
selection would act against alleles for high HVR because the alternative low- 
HVR alleles would seem likely to exacerbate ambient hypoxia. This reasoning 
suggests that random genetic drift may have acted. Both populations retain a 
potential for natural selection on HVR because both have significant genetic 
variance. 
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Figure 3. Scatterplot of hypoxic ventilatory response with age comparing Tibetan and Aymara 
high-altitude natives at a median altitude of 4,000 m. Filled circles, males; open circles, 
females. 
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Figure 4. Scatterplot of published mean values of hypoxic ventilatory response with altitude for 
samples of 10 or more natives or long-term residents with a mean age of 10 years or 
older. Filled circles, Tibetans; open circles, Andeans; filled triangles, Americans and 
Europeans. 

Higher Tibetan resting ventilation and HVR would seem likely to be 
more effective at offsetting the ambient hypoxia. This was assessed by mea- 
suring oxygen saturation (Sao2), the percentage of hemoglobin carrying ox- 
ygen. Contrary to expectation, the Tibetan highlanders had lower Sao2 (i.e., 
greater arterial hypoxia) than the Aymara at the same altitude and with the 
same hypoxic stress (Figure 5). The average Sao2 of the Tibetan sample was 
89% compared with 92% among the Aymara (Beali, Strohl et al. 1997; Beali 
et al. 1999). The 50% higher resting ventilation (bringing 50% more oxygen 
molecules into the lungs each minute) did not result in hemoglobin carrying 
more oxygen among the Tibetans. 

The residual heritability of Sao2 in the Tibetan sample was 35%, and 
evidence for a major gene was detected using segregation analyses to identify 
the contribution of unknown genes with large effects (Beali, Strohl et al. 
1997). A major gene is an inferred allele with a large quantitative effect at a 
segregating autosomal locus (Weiss 1993). The major gene for Sao2 is an 
autosomal dominant allele for 5-6% higher Sao2. Figure 6 presents the ob- 
served phenotypic distributions in the sample and the theoretical distributions 
for each Sao2 genotype. Homozygotes for the recessive low-Sao2 allele (de- 
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Figure 5. Scatterplot of percentage of oxygen saturation of arterial hemoglobin with age comparing 
Tibetan and Aymara high-altitude natives at a median altitude of 4,000 m. Filled circles, 
males; open circles, females. All Tibetans are denoted by filled circles because there 
were no sex differences in Sao2 in that sample. 
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Figure 6. Observed Sao2 and theoretical genotypic distributions of 3 Sao2 genotypes in a Tibetan 
sample at 3,800-4,065 m [from Beali, Brittenham et al. (1997, p. 602); reprinted with 
permission]. 

noted AA in Figure 6) had a mean Sao2 of 82.6%, whereas heterozygotes 
(denoted Aa) and homozygotes (denoted aa) for the dominant high-Sao2 allele 
had means of 87.6% and 88.3%, respectively. This was the second Tibetan 
sample for which a major gene for Sao2 has been detected (Beali et al. 1994). 
The difference between the low and high Sao2 genotypic means was about 
the same in the 2 samples, which suggests that the same locus is involved. In 
contrast, there was no significant genetic variance in Sao2 in the Aymara 
sample (Beali et al. 1999). 

Figure 7 plots published mean values of Sao2 measured in samples of 
indigenous Tibetan and Andean highlanders and long-term residents at a 
range of altitudes. It illustrates a general trend toward lower Sao2 at higher 
altitudes and the population contrast. The lower Sao2 at higher altitudes was 
expected because this measure is often used to quantify the physiological 
hypoxia resulting from exposure to ambient hypoxia. That is, this trait is used 
both as a measure of stress and as a measure of response. Unexpected was 
the nonrandom variation in arterial hypoxia within a population of individuals 
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Figure 7. Scatterplot of published mean values of percentage of oxygen saturation of arterial 
hemoglobin with altitude for samples of 10 or more natives or long-term resident adults 
with a mean age of from 10 to 50 years of age and measured by pulse oximetry. Filled 
circles, Tibetans; open circles, Andeans; filled triangles, Americans and Europeans. 

exposed to the same ambient hypoxia as in the case of the major gene. Also 
unexpected was the finding that Tibetan samples had lower mean Sao2 than 
their Andean counterparts up to about 4,000 m. However, at 4,300 m there 
were several low Andean mean values. They could reflect sample character- 
istics or could signal a reversal of a genuine population contrast. With respect 
to sample characteristics the sample at 4,300 m with the lowest Sao2 described 
women who had recently given birth (Moore et al. 1990), a subpopulation 
that may have particularly low Sao2. In the Andean sample for the compar- 
ative study at 4,000 m women had lower Sao2 than men, and women who 
had given birth in the previous year had lower Sao2 than those who had not 
(Beali et al. 1999). This example further illustrates the challenges of com- 
paring and interpreting population means. More samples from a range of high 
altitudes will be required to determine whether there is a consistent population 
contrast at various altitudes. 

In the comparative study Tibetan mean Sao2 values departed further 
from sea-level values than Aymara means, and there was significant genetic 
variance in the Tibetans but not in the Aymara. These findings suggest that 
natural selection may be acting to increase the allele frequency for the higher 
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saturation allele in the Tibetan sample. The higher mean saturation of the 
Aymara was closer to sea-level values and reflects less arterial hypoxia. Thus 
the absence of Aymara genetic variance may be due to the past action of 
natural selection favoring an allele with a high genotypic mean that has now 
reached fixation. 

The lower Sao2 of the Tibetans could be offset by higher hemoglobin 
concentration in order to achieve similar arterial oxygen content (a function 
of both Sao2 and hemoglobin concentration). However, this does not occur. 
Figure 8 illustrates that the Tibetans had a lower hemoglobin concentration 
than the Aymara. Tibetan males had a mean hemoglobin concentration of 
15.6 g/dl compared with 19.2 g/dl for Aymara males. The Tibetan male and 
female means were virtually the same as those found at sea level in the United 
States (Beali et al. 1998). The residual h2 of hemoglobin concentration was 
64% in the Tibetan sample and 89% in the Aymara sample. These high re- 
sidual h 2 values mean that both populations have a high potential for response 
to natural selection. 

Figure 9 summarizes published sample means for hemoglobin concen- 
tration among males from indigenous Tibetan and Andean samples and from 
long-term residents at a range of altitudes. (A single, large US national sample 
from the Third National Health and Examination Survey is plotted as the sea- 
level reference in this figure. Small clinical samples were plotted as the sea- 
level references in Figures 2, 4, and 7 because there were no national samples 
for those variables.) Tibetan highlanders consistently have lower hemoglobin 
concentration than their Andean counterparts. Tibetan samples as high as 
4,000 m do not generally exhibit an increase over sea-level values, although 
they do so above 4,500 m. This demonstrates a capacity to respond hema- 
tologically to hypoxia when the hypoxic stimulus is sufficiently severe, al- 
though the response remains smaller than that of Andean highlanders at the 
same altitude. 

Tibetans have a mean hemoglobin concentration similar to sea-level 
concentrations, and both populations have significant genetic variance (Pe- 
russe et al. 1987; Whitfield and Martin 1985). These findings suggest that 
sea-level genetic variation has been retained in the Tibetan population through 
stabilizing selection or because no evolutionary forces have acted to change 
allele frequency. In contrast, the Aymara have high hemoglobin concentration 
relative to sea level, a change in the direction of higher oxygen transport, and 
have high genetic variance. These findings suggest that directional selection 
and/or random genetic drift has acted to increase the frequency of alleles with 
high genotypic means. 

Figure 10 summarizes and standardizes the Tibetan- Andean contrasts 
in mean values of the 4 oxygen transport variables. It plots the effect size of 
the 4 traits, calculated as the difference in the mean values of 20-29-year-old 
males divided by their pooled standard deviation. The effect sizes of resting 
ventilation and HVR are large and positive (Tibetan means are larger than 
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Figure 8. Scatterplot of hemoglobin concentration with age comparing Tibetan and Aymara high- 
altitude natives at a median altitude of 4,000 m. Filled circles, males; open circles, 
females. 
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Figure 9. Scatterplot of published mean values of hemoglobin concentration with altitude for 
samples of 10 or more natives or long-term resident males with a mean age of 15 years 
or older. Filled circles, Tibetans; open circles, Andeans; filled triangles, Americans and 
Europeans. 

Aymara means), and the effect sizes of Sao2 and hemoglobin concentration 
are large and negative (Tibetan means are smaller than Aymara means). 

Figure 1 1 summarizes the residual h 2 measures. Tibetans have signifi- 
cant residual h2 for all 4 traits, whereas the Aymara have significant residual 
h2 for HVR and hemoglobin concentration only. An inference of population 
genetic differences can be made for resting ventilation and Sao2 because 
Tibetans have significant genetic variance and the Aymara do not and because 
there is a major gene for higher Sao2 in the Tibetans. For HVR and hemo- 
globin concentration such an inference is uncertain because both populations 
have significant residual A2. The population differences in the h of these 2 
traits could be due to different allele frequencies. 

One explanation for the differences in h 2 is a difference in the number 
of alleles, in the allele frequencies, or in the number of gene loci. An alter- 
native explanation is the existence of pleiotropy, a situation in which another 
locus or other loci influence the expression of genetic variance in the trait of 
interest. In this situation the internal environment resulting from 1 locus in- 
fluences the expression of traits at another locus. For example, if there are 
alleles for high Sao2 in the Aymara population, then they might influence the 
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Figure 10. Effect size comparison of Tibetan and Aymara samples for 4 oxygen transport traits. 

expression of resting ventilation and HVR alleles. No information on plei- 
otropy is available for these traits. 

The following scenario is advanced to explain the evolution of the Ti- 
betan and Aymara contrasts. It assumes that there are population genetic dif- 
ferences resulting from natural selection on mean values for oxygen transport 
traits. Sea-level mammals, including sea-level humans, the ancestral popu- 
lation, have adaptations to the transient hypoxia encountered routinely at sea 
level. Sensors in a variety of cells detect hypoxia and initiate cell-specific 
homeostatic responses. A sensor in the carotid body detects transient falls in 
partial pressure of oxygen of arterial blood such as that which occurs when 
breathing slows during sleep (Gonzalez et al. 1994). It initiates an immediate 
HVR and restoration of normal oxygenation within seconds. A sensor in the 
kidney detects low arterial oxygen content of blood such as that caused by 
traumatic blood loss. It initiates an increase in erythropoietin production 
within hours and an increase in the number of hemoglobin-containing red 
blood cells within weeks (Bunn and Poyton 1996). These immediate (venti- 
latory) and delayed (hematological) responses are part of the evolutionary 
heritage taken to high altitude by visitors today and by the past colonizers of 
the 2 plateaus. Contemporary high-altitude visitors exhibit both the immediate 
increase in ventilation and the delayed increase in hemoglobin concentration 
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Figure 11. Comparison of Tibetan and Aymara heritability estimates for 4 oxygen transport traits. 
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(Ward et al. 1989). Among contemporary high-altitude natives with lifelong 
hypoxia at altitudes as high as 4,000 m, it appears that the Tibetan highlanders 
have retained the immediate ventilatory response but not the delayed hema- 
tological response. In contrast, it appears that across the range of altitudes 
surveyed the Andean highlanders have not retained the immediate ventilatory 
response but have retained the delayed hematological response. That is, the 
Tibetans continuously express the ventilatory response expected for an acute 
stress while the Aymara continuously express the hematological response 
expected for an acute stress. 

This model will remain highly speculative until it is demonstrated that 
population genetic differences underlie the Tibetan- Andean phenotypic con- 
trasts. Quantitative genetic analysis and segregation analysis provide inter- 
mediate results and information on the relative influence of genetics and en- 
vironments within populations. Parallel comparative population analyses such 
as those described provide indirect evidence about the relative size of genetic 
and environmental influences in the 2 samples but no specific information on 
either and no information on population means. 

Future Studies 

Key to any ultimate explanation of the evolutionary processes and to 
any proximate explanation of the biological processes producing the Tibetan 
and Andean phenotypes is the identification of the relevant genetic loci. With- 
out this knowledge statements about genetic differences cannot definitively 
exclude alternative explanations. The quantitative genetic analyses summa- 
rized here do not identify chromosomal locations, loci, and alleles. Thus 1 
crucial line of future research to explain the existence of the Tibetan- Andean 
contrasts in mean values of the 4 oxygen transport traits should focus on 
using molecular genetic approaches to discover the underlying genetic factors 
identified by quantitative genetic analyses. 

One approach is a candidate gene approach. This approach tests hy- 
potheses that allelic variation in genes in known biochemical pathways is 
associated with phenotypic variation. Likely gene candidates might include 
those in the oxygen-regulated genetic cascade initiated by a transcription fac- 
tor called the hypoxia inducible factor (HIFI) (Guillemin and Krasnow 1997). 
When a cell is exposed to hypoxia, HIFI is manufactured and induces the 
transcription of many genes, including genes leading to ventilatory and he- 
matological responses, depending on the type of cell. For example, in certain 
carotid body cells HIFI induces the transcription of a gene for tyrosine hy- 
droxylase (TH), a rate-limiting enzyme in the neural pathway leading to in- 
creased ventilation and the HVR. In certain kidney cells HIFI induces the 
transcription of erythropoietin (EPO), a hormone that eventually causes an 
increase in hemoglobin concentration. These genetic pathways have been 
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investigated in the context of identifying the molecular patterns of response 
to hypoxia (Bunn and Poyton 1996; Czyzyk-Krzeska 1997) and linking them 
to systemic response (Guillemin and Krasnow 1997). In the context of the 
Tibetan- Andean contrast investigation of polymorphisms in genes in the HIFI 
cascade is an important avenue of research. For example, the hypothesis of 
no population differences in HIFI alleles is suggested by the finding that both 
populations respond to hypoxia. The hypothesis of population differences in 
the TH pathway and the EPO pathway is suggested by the population differ- 
ences in mean values of HVR and hemoglobin concentration. 

Another approach to identifying the underlying genetic factors is a ge- 
nome scan. This approach may identify many loci, including those with un- 
known function, affecting the observed intrapopulation genetic variation. For 
example, a genome scan might look for the chromosomal location of the 
inferred major gene for Sao2 detected in 2 Tibetan samples. As another ex- 
ample, Andean populations do not have elevated erythropoietin concentra- 
tions consistent with the elevation of hemoglobin concentration relative to 
sea level (Winslow et al. 1990). This suggests that another, presently unknown 
pathway regulates hemoglobin concentration in the Andean population. Such 
a locus might be identified by a genome scan. 

Genetic research will likely include mtDNA studies and nuclear DNA 
studies because mtDNA codes for the synthesis of proteins with a major role 
in cellular energetics and oxygen use (Wallace 1995). All 3 genetic ap- 
proaches - candidate gene, genome scan, and mtDNA - will probably be used 
to identify the loci and alleles underlying the genetic variance in these traits. 

Knowledge of the genetic loci and their allelic variants in sea-level 
populations and in the 2 high-altitude populations will provide input for a 
second line of research: developing population genetic models of evolutionary 
change from the sea-level ancestral population. Such models will require in- 
formation on allele frequencies in ancestral populations, the strength of nat- 
ural selection, and the operation of other microevolutionary processes such 
as random genetic drift. In addition, knowledge of the length of time of oc- 
cupation of the Tibetan and Andean plateaus will be essential for any such 
evolutionary models. Currently, there are no chronometric dates for the likely 
earliest inhabitants of the Tibetan plateau. Numerous undated archeological 
sites with ancient looking stone tools have been used to claim great antiquity 
of habitation there [e.g., (Niermeyer et al. (1995, p. 1,248) state "approxi- 
mately 25,000 years"]. However, the earliest chronometrically dated site is a 
village site on the eastern Qinghai-Tibetan plateau, estimated to date to 7,000 
years B.p. (Chang 1986). It is not known whether there were earlier hunter- 
gatherers or pastoral inhabitants there. In contrast, the length of habitation of 
the Andean plateau is better documented. There is evidence of habitation of 
the Andean plateau by hunters and gatherers after 1 1,000 years b.p. (Dillehay 
1999). 
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This question of the natural history of the Tibetan-Andean contrast is 
crucial to evaluating alternative evolutionary interpretations of the population 
contrasts. For example, some interpretations assert that Tibetans are better 
adapted to high-altitude hypoxia than Andean highlanders because Tibetans 
have been living at altitude for longer and have been subject to natural se- 
lection for longer (Moore et al. 1992; Zhuang et al. 1993). As mentioned, the 
current chronometric data do not support this. The genus Homo has a longer 
prehistory in Asia than in the New World (Hein 1999). However, that is not 
evidence that the Asian high-altitude plateau has been occupied for longer 
than the Andean plateau. An alternative but not mutually exclusive hypothesis 
is that there were chance differences in the low-altitude ancestral populations 
providing the high-altitude colonists. Nuclear and mitochondrial DNA evi- 
dence suggests that present-day Tibetans and native Americans had an an- 
cestral population in northern Asia in the general area of present-day Mon- 
golia (Torroni et al. 1994; Chu et al. 1998; Crawford 1998). If this is the case, 
then during the migration south to the Tibetan plateau and east to the New 
World (South America and the Andean plateau), descendent populations may 
have accumulated genetic variability not found in the ancestral populations. 
Subsequent drift, mutation, and natural selection may have all contributed to 
form different founding gene pools that in turn resulted in the contrasting 
Tibetan and Andean phenotypes. 

Future research should also focus on relating genotypes to phenotypes 
at different stages of the life cycle. Studies integrating the molecular genetic 
investigations with the physiological pathways should be designed to provide 
a proximate explanation for the development of 1 adaptive phenotype rather 
than another. Such studies will need to identify the environmental factors 
causing intrapopulation variance in order to understand the relationship be- 
tween genotypes and phenotypes. 

A different line of future research should focus on analyses of the costs 
and benefits of the 2 patterns of adaptation. A cost of the Andean pattern is 
increased risk of chronic mountain sickness (CMS), a loss of adaptation char- 
acterized by further pathological decreases in ventilation, HVR, and Sao2 and 
an increase in hemoglobin concentration (Ward et al. 1989). Studies will be 
needed to identify the risk factors and natural history of CMS by addressing 
questions such as whether the risk of CMS has a genetic component and 
whether certain ranges or combinations of these phenotypes have higher risk 
of developing CMS. CMS may be a cost of a beneficial high mean hemoglo- 
bin concentration. If so, then the situation would be analogous to that of some 
populations adapting to the stress of endemic falciparum malaria: There is 
the simultaneous cost of homozygotes for sickle cell hemoglobin and benefit 
of heterozygotes for sickle cell and normal hemoglobin (Wiesenfeld 1967). 
An unexplored potential cost of the Andean pattern is the paradoxical finding 
that arterial oxygen content is higher than at sea level, despite the ambient 
hypoxia. The arterial oxygen content may be calculated as 1.39 X (hemo- 
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globin concentration in g/dl) X Sao2%/100 (West 1985). The mean arterial 
oxygen content of the Andean men in the sample was 24.4 ± 2.9 (SD) ml 
02/100 ml blood ( n = 62) compared with 21.2 ml 02/100 ml blood (n = 

10) at sea level (Altman and Ditmer 1972-1974) and 19.2 ± 1.7 ml 02/100 
ml blood ( n = 68) for the Tibetan men in the sample. A potential cost of 
more oxygen in the blood is greater oxidative damage to proteins (Berlett and 
Stadtman 1997). Still another potential cost to Andean highlanders is a high 
need for iron to sustain the high hemoglobin concentration. 

The costs of the Tibetan pattern of adaptation should also be considered. 
A potential cost of the generally lower mean Sao2 and mean hemoglobin 
concentration that result is the risk of low arterial oxygen content for some 
individuals. They may have poorer function under conditions requiring ele- 
vated oxygen delivery, such as exercise. In addition, the severe hypoxia re- 
quired to initiate a hematological response to hypoxia might result in a less 
vigorous response to and perhaps a longer time to recover from blood loss 
resulting from trauma and childbirth. Still another potential cost is the ener- 
getic cost of maintaining high ventilation. 

Despite these different patterns, there has been a long-term survival 
benefit for both high-altitude populations, and in that sense both the Tibetans 
and the Aymara are well adapted. Nevertheless, we can consider the hypoth- 
esis that 1 population has benefited more. For example, the question, Are 
Tibetans better adapted? was answered in the affirmative in a study of 5 
Tibetan men that reported on their oxygen transport characteristics and com- 
pared them with newcomers to altitude and Andean natives (Moore et al. 
1992). Although the small sample size is inadequate for testing such a broad 
generalization, the question of relative benefit could be addressed with ap- 
propriately designed, large comparative studies. 

Another approach to identifying benefits would be to ask whether sur- 
vival and reproduction are linked to variance in any of these traits. The high 
h 2 of hemoglobin concentration in both the Tibetan and the Aymara popu- 
lations coupled with the large difference in population means suggests that 
studies identifying optimal hemoglobin phenotypes could be informative 
(Tufts et al. 1985). Tests of the hypothesis that the major gene for Sao2 in 
Tibetan populations is associated with higher survival and reproduction are 
underway. 

A final issue is whether any of these phenotypic characteristics are ac- 
tually adaptations - traits that have evolved to enable humans to survive at 
high altitude. These traits correspond with altitude in 1 or both populations, 
as illustrated in Figures 2, 4, 7, and 9. However, evidence is not yet available 
to demonstrate that natural selection has occurred and that individuals with 
phenotypes characteristic of a particular population at a particular altitude 
have higher Darwinian fitness than those with other phenotypes. An alter- 
native hypothesis is that these traits exemplify evolutionary quirks - traits 
selected for in sea-level ancestors that are simply chronically expressed in 
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chronically hypoxic populations (Nesse and Williams 1994). Another alter- 
native hypothesis is that these traits exemplify exaptations - ancestral traits 
whose current function differs from the ancestral function (Gould and Vrba 
1982). 

Summary 

These findings demonstrate that there is no single human adaptive re- 
sponse to lifelong high-altitude hypoxic stress. Although the universal prob- 
lem at high altitude is delivering enough oxygen to maintain aerobic metab- 
olism under conditions of reduced oxygen availability, the solution to that 
problem is different for Tibetan and Andean high-altitude natives. There is 
evidence of 2 patterns of oxygen transport traits in these populations from 2 
geographic areas with long, separate histories of high-altitude residence. In- 
termediate steps have been taken to provide indirect evidence of a genetic 
basis of the 2 patterns. Future research should be designed to provide direct 
evidence of the genetic loci and alleles underlying these traits, to determine 
the history of any population differences, to develop an understanding of the 
biological processes leading from genotype to phenotype, to consider costs 
and benefits of the 2 patterns, and to explicitly test hypotheses about 
adaptation. 

Received 7 June 1999; revision received 17 September 1999. 
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