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Abstract There has been a clear decline in the volume of
oxygen in Earth’s atmosphere over the past 20 years.
Although the magnitude of this decrease appears small
compared to the amount of oxygen in the atmosphere, it is
difficult to predict how this process may evolve, due to the
brevity of the collected records. A recently proposed model
predicts a non-linear decay, which would result in an
increasingly rapid fall-off in atmospheric oxygen concentration, with potentially devastating consequences for
human health. We discuss the impact that global deoxygenation, over hundreds of generations, might have on
human physiology. Exploring the changes between different native high-altitude populations provides a paradigm of
how humans might tolerate worsening hypoxia over time.
Using this model of atmospheric change, we predict that
humans may continue to survive in an unprotected atmosphere for *3600 years. Accordingly, without dramatic
changes to the way in which we interact with our planet,
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Introduction
Human dominion over planet Earth is driving profound
changes that may culminate in extinction. Loss of natural
vegetation and the burning of fossil fuels are altering our
atmosphere at an alarming rate [1]. Two interconnected
themes have received the most attention: the accelerated
rise in atmospheric carbon dioxide concentration and the
escalation of global temperatures. These changes are
accompanied by natural phenomena with potentially
catastrophic consequences, such as increasingly unpredictable climate subsystems and rising sea levels from
polar ice cap recession [2–4]. If such environmental hazards were not a sufficient threat to the survival of Earth’s
7 billion plus human inhabitants, there is yet another
concerning change already underway, global deoxygenation. Although the current volume of oxygen in our
atmosphere is vast, it is diminishing inexorably, and yet
this does not appear to be a priority for environmental
concern. While the dynamics of oxygen decline is highly
contentious, a new model of its nonlinear nature predicts
total oxygen depletion within several thousand years [5].
This disruption of Earth’s fragile ecosystem could be the
final straw for humans and the many other forms of life that
rely on oxygen to generate energy. Here we discuss the
biological significance of atmospheric oxygen, the proposed model of its decline, and its potential impact on
human survival.
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Oxygen and Earth’s atmosphere
Molecular oxygen (O2) is arguably one of the most
important elements on Earth, particularly for the aerobic
organisms that depend on it to release energy from carbonbased macromolecules. The concentration of oxygen in the
atmosphere is 20.95% (209,460 ppm) but this has fluctuated markedly throughout history (Fig. 1). Earth is
*4.5 billion years old, and its early atmosphere contained
virtually no oxygen whatsoever. The primitive atmosphere
was instead formed mainly of hydrogen, with traces of
methane and ammonia. Volcanoes then leached nitrogen
and carbon dioxide into this mixture but it was not until the
‘great oxygenation event,’ *2.3 billion years ago, that
oxygen was released into the atmosphere by cyanobacteria
that used carbon dioxide and sunlight to generate energy
via photosynthesis [6, 7]. As photosynthesizing cells spread
across the planet, they eventually developed into complex
multi-cellular complex plants. This crucial event in the
developing ecosystem changed the world from a barely
habitable rock into the luscious green environment that we
recognize today. Over time, oxygen became the predominant mechanism for energy to be generated by non-photosynthesizing cells, through oxidative phosphorylation in
mitochondria. As billions of years passed by, an equilibrium was established whereby the concentration of oxygen
fluctuated within a habitable range, between about 15 and
35%, which has been maintained from the beginning of the
Cambrian period 540 million years ago until the present
day (Fig. 1). Each surge in the atmosphere’s oxygen concentration was accompanied by a new burst of life, while
the troughs were associated with downscaling and extinction of species. The oscillation of the atmospheric oxygen
concentration around a level that optimally promotes the
development of multicellular organisms is termed the
global oxygen cycle [8]—but what are the margins for the
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Fig. 1 Approximate change in the concentration of oxygen in Earth’s
atmosphere over the last 4 billion years [7]
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existence of complex life on Earth, particularly humans?
As global deoxygenation is a reality, understanding the
impact of declining atmospheric oxygen on human physiology is of increasing importance. Defining the lower limit
of atmospheric oxygen compatible with human survival
will inform predictions of how long our species can persist
on a planet undergoing progressive asphyxiation.

The decline in global oxygen concentration
Since 1989, detailed recordings from atmospheric air
have been taken in order to monitor global concentrations of carbon dioxide and oxygen. Observational
records of atmospheric oxygen concentration from several stations around the globe are maintained within the
Scripps Institute Oxygen Programme (http://scrippso2.
ucsd.edu/). Oxygen measurements are reported as changes in the oxygen/nitrogen (O2/N2) ratio of sampled air
relative to a reference (air pumped in the mid-1980s and
stored in the Scripps laboratory). The unit for these
measurements is ‘‘per meg’’, which means that a decline
of 1 per meg is equivalent to a 0.0001% decline of
oxygen concentration. Put another way, 1 per meg
indicates one molecule out of 1,000,000 oxygen molecules, or roughly one molecule in 4.8 million molecules
of air. Because natural variation of nitrogen concentration is much smaller than that for oxygen and its concentration is much higher, changes in O2/N2 ratio
primarily reflect changes in oxygen concentration [9].
According to the Scripps Institute, the oxygen concentration is currently declining by *19 per meg per year,
equivalent to 4 ppm per year (Fig. 2).
From the original Scripps Institute data, it was hypothesized that the decline in atmospheric oxygen concentration was linear, however, as the dataset grows, it has been
proposed that this may not be the case. One possible scenario is a parabolic decline [5]. Because the observed
records span only a few decades, projection of this decay is
highly uncertain and the complexity of the biogeochemical
interactions makes such a projection a challenging task.
However, this new mathematical model proposes that the
horizon of oxygen decline will be reached much sooner
than previously estimated from a linear model, leaving
only a few thousand years until total oxygen depletion [5].
If we apply this parabolic projection to the currently
available observed data, it predicts that the concentration of
oxygen in the atmosphere will reach zero in *4400 years,
passing beyond the halfway point in *3600 years (Fig. 2).
The dynamics of the oxygen decline is approximated by
using a stochastic model:
Z ðtÞ ¼ T ðtÞ þ AðtÞ cosð2puðtÞÞ þ sðtÞUðtÞ;
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Fig. 2 a The change in oxygen
concentration ration over time
recorded at ‘Alert Station’ in
Canada, with a parabolic fitted
decay curve [9]. b The projected
decline based in oxygen
concentration over time, using
data from nine recording station
in the Scripps Programme [9].
The uncertainty of the
projection, based on the nine
observational records around
the globe, is shown in the grey
shaded area. The red dotted line
denotes lowest oxygen
concentration likely to be
tolerated by humans and time
from now at which this will
occur. Both figures reproduced
with permission from [9]

Here, trend T(t) is a real-valued function, U(t) is a stationary generalized random process, and s(t) is a positive
real-valued smooth function used to model the
heteroscedasticity of the error term. As an example,
U(t) can be continuous autoregressive moving average
random process of order (p, q). The model realistically
reproduces oxygen data as a combination of a declining
global trend, seasonal periodicity, and smaller-scale fluctuations of higher frequency. This oscillating decline can
be clearly seen in the Scripps Institute data (Fig. 2) and
hypotheses to explain it have been previously been presented [10].

Why is atmospheric oxygen concentration
declining?
Earth’s atmosphere, like most biological systems, is in a
constant state of flux governed by oxygen’s generation and
destruction; natural processes that surround us every day
(Fig. 3). The primary source of oxygen on Earth is photosynthesis, the generation of carbohydrates from carbon
dioxide and water using sunlight as a catalyst (Eq. 1).
Higher plants, algae, cyanobacteria, and prochlorophytes
are all capable of photosynthesis. A tiny amount of
molecular oxygen is also produced by the photolysis of
water vapor in the upper atmosphere (Eq. 2). The end-users
of molecular oxygen are aerobic life forms, including
humans, which use it to generate the majority of their

energy requirements (Eq. 3). Oxygen is also used during
photorespiration, in which organic substrates are oxidized
to yield ATP for energetic processes, in some photosynthesizing cells. The atmosphere and sea act as the main
reservoirs for oxygen and major events such as natural fires
can alter the balance to a minor degree. Therefore, in
simple terms, if the number of plants decreases, the oxygen-generating capacity of the Earth is reduced; and if the
number of animals (including humans) increases, then
oxygen consumption will rise. Combustion of fossil fuels
has a major impact on oxygen and carbon dioxide levels in
the atmosphere, there being a correlation between fossil
fuel-related global warming and depletion of oxygen from
the oceans [11]. Furthermore, oxygen is consumed not only
when fossil fuels are used in combustion, so the relation
between decline of oxygen and rise in carbon dioxide is not
linear. For example, oxygen is consumed in many oxidation processes in industry for materials manufacturing,
where there is no direct combustion of fossil fuels. One of
the uncertain factors in the model of oxygen decline lies in
the rise of new technologies, which may appear ‘‘green’’ in
terms of carbon dioxide emissions but at the same time
would deplete oxygen—these need to be monitored in the
context of the atmospheric oxygen decline. Waning of
atmospheric oxygen concentration will also have knock-on
effects in the oceans. Henry’s law determines the amount
of gas that dissolves into a liquid and as the atmospheric
partial pressure of oxygen (PatO2) declines, oxygen will
diffuse out of the water leading to further oceanic
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Fig. 3 Processes that influence
the global oxygen cycle and
therefore the atmospheric
concentration of oxygen

deoxygenation, depriving the underwater world of the
oxygen it requires to survive. It has been estimated that
*70% of atmospheric oxygen is produced in the oceans by
photosynthesis in phytoplankton [12]. There is concern that
uncontrolled global warming could lead to a catastrophic
loss of this vital source of atmospheric oxygen through
inhibition of photosynthesis [13].
Photosynthesis:
6CO2 + 6H2 O ! 6O2 + C6 H12 O6 :

ð1Þ

such as respiratory and cardiovascular diseases. Humans
have the ability to adapt to hypoxemia, through a process
known as acclimatization, but the extent to which adaptation can compensate for the oxygen deficit depends on the
magnitude of the deficit, and the time over which it occurs.
Partial pressure of gas A ¼ barometric pressure
 fractional concentration of gas A:

ð4Þ

Photolysis:
2H2 O ! 4Hþ + e + O2 :

ð2Þ

Aerobic metabolism:
C6 H12 O6 + 6O2 ! 6CO2 + 6H2 O:

ð3Þ

Biological impact of atmospheric deoxygenation
The biological effect of a gas is determined by its partial
pressure, which, according to Dalton’s law, is equal to the
product of barometric pressure and the fractional concentration of the gas in the mixture (Eq. 4). For example, at
sea level, PatO2 is *21 kPa (sea level barometric pressure
101 kPa 9 fractional concentration of oxygen 0.21). Thus,
atmospheric hypoxia may result from either a decline in
oxygen concentration (normobaric hypoxia) or a reduction
in barometric pressure (hypobaric hypoxia). Differences in
the biological responses to these situations are subtle but
not completely insignificant [14]. For humans, the principal
consequence of a fall in PatO2 is hypoxemia (a lack of
oxygen in the blood), resulting in reduced delivery of
oxygen to the tissues (tissue hypoxia). This occurs during
ascent to high altitude, due to the exponential decline in
barometric pressure. Above *1500–2500 m, depending
upon the individual, hypoxemia can lead to altitude-related
illnesses, such as acute mountain sickness (AMS).
Hypoxemia and tissue hypoxia can also result from many
pathophysiological states that impair oxygen transport,
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Adaptation to acute hypoxia
No clear definitions exist to define time-related exposures
to hypoxia, but attempts have been made to unify the
language used [15]. A significant and abrupt fall in PatO2
cannot be tolerated for more than a few minutes before
cerebral hypoxia results in unconsciousness. Descriptions
of death following sudden oxygen deprivation were common amongst early high-altitude aviators during World
War II [16]. The ‘‘time for useful consciousness’’ on sudden exposure to a simulated altitude of 7620 m above sea
level (PatO2 *8 kPa) is *4–5 min) [17]. The rapidity of
the fall in PatO2 prevents any meaningful adaptation
beyond hyperventilation and tachycardia, a desperate
attempt to increase circulating blood oxygen levels. This
almost immediate physiological change is brought about
through oxygen sensing in the carotid bodies and their
subsequent effect on the respiratory and cardiovascular
centers of the brain.

Adaptation to subacute hypoxia
With a more gradual exposure to hypoxia, as might be
experienced by during a trek to high altitude, other biological systems have a chance to contribute through a
process known as acclimatization. In addition to augmented ventilatory and cardiovascular responses, hypoxia
is sensed at a cellular level, triggering the increased
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concentration of a gene regulator known as hypoxia inducible factor (HIF). The HIF complex up-regulates a variety
of specific genes, all pertinent to the survival of a sustained
hypoxic exposure (Fig. 4). This oxygen-sensing system is
one of the oldest and most robust cellular regulators and is
preserved throughout almost all life on Earth, signifying
the importance of the ability to rapidly respond to changes
in oxygen availability [18]. One important role of HIF is to
increase the number of circulating red blood cells through
the up-regulation of erythropoietin. This increases the
oxygen-carrying capacity of the blood over a period of
days to weeks and forms the backbone of short-term
hypoxic adaptation. It is through this process that the
summit of Mount Everest (8848 m), where PatO2 plummets to 7 kPa, can be reached without the use of supplemental oxygen [19].

Lifelong hypoxic exposure
Chronic disease or long-term residence at high altitude can
expose humans to a lifetime of hypoxemia. *140 million
people live permanently at high altitude (conventionally

Fig. 4 Examples of genes (in red) within the HIF pathway in which
positive selection has been identified in high-altitude populations.
Activation of the HIF response involves prolyl hydroxylases (PHD),
which, in the presence of oxygen, hydroxylates HIFa thus targeting it
for destruction by the ubiquitin–proteasome pathway. Under hypoxic
conditions, HIFa persists to combine with the constitutively present
HIFb, and this dimer acts as a transcription factor, influencing the
expression of over 100 genes, which possess hypoxia response
elements in their promoter regions, and play a role in the cellular and
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defined as [2500 m: the elevation that most people
demonstrate a drop in the oxygen saturation of hemoglobin,
SpO2) [20]; and whilst this is compatible with life, it is not
without consequences for many. With increasing altitude of
residence, chronic mountain sickness (CMS) and
intrauterine growth retardation (IUGR) become more
prevalent and an acceleration of pre-existing chronic respiratory diseases is observed [21]. Global atmospheric
deoxygenation would lead to such complications being
encountered at progressively lower elevations, and we
would expect their incidence and severity increase on a
global scale. CMS is characterized by excessive polycythemia, progressing to pulmonary hypertension, right
ventricular failure, and death [22]. There is limited information about the frequency of and mortality from this
disease in the present day as it is not a recognized classification in death certificates [21], but it will undoubtedly
generate a significant and progressive disease burden as
deoxygenation continues. The impact on human reproduction may have even more grave ramifications for population expansion and health. Fetal hypoxia, due to reduced
maternal oxygenation and uteroplacental blood flow,
reduces birth weight by an average of 100 g for every

systemic response to hypoxia. The HIF response involves increasing
oxygen delivery to hypoxic tissues (through effects on angiogenesis,
vascular tone, and erythropoiesis) as well as modifying cell
metabolism, proliferation, and survival pathways. High-altitude
positive selection has been demonstrated in all parts of this pathway,
but none of the alleles affected have been demonstrated in more than
one population. Data summarized from [31]. HIF hypoxia-inducible
factor, HRE hypoxia response elements, PHD prolyl hydroxylase
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1000 m above sea level [20, 23]. IUGR has wide-ranging
and severe consequences throughout life. Low birth
weights are linked to higher mortality in infancy, childhood, and later in life. Late (adult) morbidity and mortality
may be due to the heightened risk of systemic hypertension, coronary heart disease, and diabetes observed in lowbirth weight groups [24]. Decreasing PatO2 at altitude is
also associated with an increased prevalence of preeclampsia, a syndrome of maternal hypertension and proteinuria, which can progress to life-threatening seizures, as
well as IUGR [25]. Chronic lung disease follows an
accelerated course in hypoxic environments, resulting in a
shorter interval between onset and death, and further
increasing the incidence of right heart failure [26]. In short,
lifetime exposure to low PatO2 exerts detrimental effects
that may limit longevity, increase morbidity, and impair
human reproduction. However, some populations have
thrived at altitude and perhaps the survival of future generations of humans depends on the long-term adaptations
observed in these people.

Adaptation to hypoxia over generations
Populations that have occupied hypoxic environments for
hundreds of generations appear to have undergone genetic
adaptation leading to the expression of phenotypes that
convey an enhanced ability to survive and reproduce under
chronic hypoxic stress. Long-resident populations enjoy
reduced incidence and severity of the high-altitude complications such as CMS and IUGR [20] compared to nonancestral high altitude residents, and their superior physical
performance at altitude is widely reported anecdotally and
demonstrated by increased maximal oxygen consumption
on exercise testing [27, 28].
Three populations have occupied highlands of
3500–4000 m above sea level for millennia. Current best
estimates place Tibetan plateau settlement first
(25,000 years ago) followed by that of the Andean Altiplano (12,000 years ago) with a range of values given for
colonization of the Ethiopian plateau (between 5000 and
70,000 years ago), although we cannot prove genetic
continuity between original colonizers and modern-day
populations [29]. Specific physiological traits, related to
the oxygen transport pathway or oxygen utilization, have
been identified in these populations, but the composite of
traits is different in each. For example, hemoglobin concentration is elevated in high-altitude Andeans, but remains
close to typical lowlander values at sea level in Tibetan and
Ethiopian highlanders up to altitudes of 4000 m, with only
minimal increment upon further ascent [30]. On the other
hand, SpO2 is lower in high-altitude Tibetans and Andeans
compared to Ethiopians [30]. Tibetan and Andean
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highlanders have been the most extensively studied, with
comparatively limited information available about their
Ethiopian counterparts, and the main phenotypic differences between the three populations are summarized in
Table 1. There is a lack of consensus regarding some of
these differences, and we have much to learn about how
and to what extent each phenotype actually contributes to
improved function or survival in hypoxic conditions.
Many approaches have been applied to uncover the
genetic basis of these hypoxia-adapted phenotypes. Highaltitude populations appear to have undergone positive
selection in many genes that are involved in the HIF signaling cascade, which co-ordinates the cellular and systemic response to hypoxia. Examples of such genes are
summarized in Fig. 4. In most instances, the precise
function these genetic variants is yet to be revealed, but in
some instances, putative mechanisms are beginning to
emerge. For example, a variant of the EPAS1 gene (which
encodes the alpha subunit of the HIF-2 transcription factor)
has been demonstrated at increased frequency in highaltitude Tibetans. The selected variant actually down-regulates HIF targets, including erythropoietin, and is associated with lower hemoglobin concentrations [31]. It has thus
been proposed that it may promote survival in hypoxic
conditions by protecting against CMS and improving
microcirculatory flow and local oxygen delivery due to
reduced blood viscosity. The Tibetans inherited this gene
from an ancient human race called the Denisovans, prior to
their extinction 40,000 years ago [32]. It has been identified in only one other population on Earth, the Han Chinese, from which the Tibetans split less than 3000 years
ago. In this time, the frequency of the gene in the two
populations has diverged significantly: it is present in only
9% of Han but in 87% of Tibetans, the fastest known
example of Darwinian evolution of humans [32]. The
timeframe over which this significant genetic population
change occurred is roughly equivalent to the time over
which the model predicts global PatO2 to halve, and offers
some insight into how quickly humankind might be able to
adapt to the oncoming hypoxic selection pressure.
Any predictions about the nature of the human race in an
oxygen-deplete future using the genetics of present-day
high altitude populations is hampered by the fact that different genes appear to have undergone positive selection in
each, with no overlap in the variants expressed by the
Tibetans, Andeans, or Ethiopian highlanders [33]. Genomic analysis of Andean populations has revealed at least 40
candidate genes involved in the HIF pathway or hypoxiarelated genes, including PRKAA1 (which codes for a
subunit of adenosine monophosphate-activated protein
kinase, and may influence fetal growth) [33, 34]. Natural
selection in many genes involved in the same pathways has
been demonstrated in high-altitude Tibetans, but the
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Table 1 Physiological responses to sustained exposure to hypobaric hypoxia in different native populations (in comparison to values seen at sea
level) [29, 46, 47]. Adapted from [33]
Phenotype

Andean

Tibetan

Ethiopian

Resting ventilation

No increase

50% higher

Not reported

Hypoxic ventilatory response

Blunted (low)

Similar to sea level (high)

Not reported

Arterial oxygen saturation

Elevated

No increase

Elevated

Hemoglobin concentration

Elevated

No increase (up to 4000 m)

No increase (up to 4000 m)

Pulmonary arterial pressure

Elevated

Minimal increase

Elevated

Nitric oxide levels

Elevated

Markedly elevated

Not reported

Birth weight
CMS incidence

Elevated
Frequent

Elevated
Rare

Not reported
Very rare

specific genes are at different loci or constitute different
variants, such as EGLN1 (which encodes prolyl hydroxylase 2, the oxygen-dependent modulator of the HIF alpha
subunits [35]). Ethiopian highlanders show positive selection in different genes again, this time including
BHLHE41, which may be both a target and a modifier of
HIF-1 alpha [33, 36]. One possibility is that different
populations have followed different paths towards hypoxic
adaptation, influenced by other environmental variables in
each location (such as temperature or food availability),
and population factors such as the genetic variation in the
original settlers (contributing to genetic drift) and access to
other gene pools (contributing to genetic flow). A second
explanation is that they represent different time points on
the same journey towards an optimally adapted phenotype,
with duration and degree of hypoxic exposure different in
each region. If we accept the second explanation, then the
Tibetans, exposed to the greatest degree of hypoxic stress
for the longest time, would represent the current pinnacle
of long-term hypoxic adaptation. This is corroborated by
the fact that Tibetans have a lower incidence of CMS and
IUGR than their shorter-resident Andean counterparts [20].
The nature and rate of human adaptation to future atmospheric hypoxia will depend on stochastic events and
making predictions is dogged by uncertainty, but the rate of
oxygen decline that is projected by the parabolic model
(PatO2 falling by 50% over the next 3500 years) may not
provide sufficient time for the development of a Tibetan
phenotype, but perhaps just enough to allow an Andean
pattern of traits to emerge.

Hypoxia survival limits and human extinction
Even with genetic and phenotypic adaptation, the parabolic
decline described by this mathematical model predicts a
scenario in which atmospheric oxygen concentration falls
to levels below the threshold where human survival and

reproduction may be sustained. Defining this point in terms
of oxygen concentration is difficult, and our hypothesis is
based on the highest elevations known to sustain lifelong
human habitation. The highest permanent settlement in the
present day is the Peruvian village of La Riconada, at an
altitude of 5100 m, which has around 30,000 inhabitants
[37]. Native villagers have survived there for at least
40 years and current residents have successfully gone
through child birth to create the next generation at this
altitude [38], however, it is not known whether the birth
rate can sustain this population indefinitely. The highest
permanent settlement on record is the (now abandoned)
Chilean mining village of Quilcha (5340 m), which was
discovered by the 1935 International High Altitude Expedition to Chile [39]. It has been argued that this represents
the upper limit of long-term human habitation, because the
residents chose to sleep at this elevation and make a daily
ascent to the mine above. PatO2 at the Quilcha settlement is
11.3 kPa (slightly higher than 50% of the current PatO2 at
sea level). The parabolic deoxygenation model described
here predicts that PatO2 at sea level will reach this
threshold in *3600 years from now. During this time, the
human species is likely to undergo further positive selection for physiological phenotypes conveying survival
advantage in hypoxic conditions. Studies of high-altitude
residents tell us that while such adaptations may enable us
to function relatively well in an atmosphere that contains
just over half the oxygen we breathe today; many will
suffer the long-term consequences. Higher rates of maternal pre-eclampsia and death, increased perinatal mortality,
low birth-weights (and the myriad consequences of this in
adulthood) and escalating pulmonary disease will curtail
life expectancy and population growth. Those individuals
with independent comorbidities, particularly chronic respiratory and cardiac disease, may suffer exacerbation of
their symptoms, reduced function, and reduced length of
life. Highlanders may be forced to descend as life becomes
intolerable at hypobaric elevations, therefore reducing the
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surface of Earth that we can populate. The burden of ill
health will begin to overwhelm the capability of healthcare
services. The last prevailing human phenotypes may
resemble those of current high-altitude populations: with
enhanced abilities to extract precious oxygen from the
atmosphere or deliver it to the tissues, and perhaps superior
cellular mechanisms to improve efficiency of oxygen use
and defend against hypoxic stress.
It is important to stress that the parabolic model described
here is mathematical rather than geophysical [5]. Other
authors have disputed the idea that global deoxygenation on
a catastrophic scale is possible [40]. One of the key reasons
cited for this is that the determining factor in global oxygen
decline is fossil fuel usage and current estimates predict that
oil, coal, and gas stocks will last 35, 107, and 37 years,
respectively [41]. Thus, is it plausible that the increased
fossil fuel usage in recent years has caused a temporary
acceleration of the deoxygenation phenomenon, which will
resolve once reserves have been exhausted. This scenario
would predict a very different decline in atmospheric oxygen
from the one we have described, with a fall of only a fraction
of a percent in 4400 years [42]. Consensus in this area has not
yet been achieved, but the need to understand the limits of
long-term human survival under progressively hypoxic
conditions cannot be questioned, whether we are considering
the persistence of the human race in the mathematical model
discussed here, or other contexts in which atmospheric
oxygen may become scarce, such as future long-term space
expeditions. Other environmental changes may also impact
the ability of humans to acclimatize to hypoxia during global
deoxygenation and these include the rise in both temperature
and concentration of carbon dioxide. It is hard to predict the
precise effect of these additional physiological stressors but
both are likely to reduce further our chances of long-term
survival. In particular, rising carbon dioxide levels could
lead to metabolic problems if individuals fail to adapt to this
adequately. High blood carbon dioxide levels (hypercarbia)
can cause acidosis, hypertension, and tachycardia. Those
with underlying lung chronic disease may suffer greatest
from this. In a simple, short-term experimental model of
Earth’s atmosphere, a novel experiment that used plants to
generate oxygen and consume carbon dioxide in a sealed
hypoxic chamber noted a high carbon concentration (0.66%)
towards the end of the 48-h experiment [43].
The atmospheric changes will also impact other animals
on Earth, and failure to adapt will result in extinction both
on land and in the seas and oceans. All aerobic life forms
will suffer as oxygen is removed from the atmosphere. In
addition, plant metabolism may also be detrimentally
affected. Already, the rising carbon dioxide concentration
has been predicted to reduce the rate of photorespiration,
and a falling oxygen concentration may exacerbate this.
While the overall effect of a reduction in photorespiration
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remains unclear, we do know that complete removal of this
pathway could lead to metabolic disaster for the plants that
use it [44].

Conclusions
Progressive asphyxiation of the planet would ultimately lead
to the demise of humankind through escalating infant mortality and eventually complete failure to reproduce. Perhaps
technological advancement could permit the continuation of
life within biospheres in the short term [45], but beyond this,
the outside world would become a barren and inhospitable place. It is not possible to predict with certainty the
threshold value at which mass extinction becomes inevitable, but we have no evidence that humans can persist for
more than a generation in an atmosphere containing half the
amount of oxygen currently available at sea level, a situation
that, according to a new model, could be upon us in a few
thousand years. Unless the process of global deoxygenation
is reversed, either by increasing oxygen production or by
reducing its consumption, the human race, as obligate aerobes, will be left behind forever, our domination of this
planet a brief footnote in its history.
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Brönnimann S, Charabi Y, Dentener FJ, Dlugokencky EJ,
Easterling DR, Kaplan A, Soden BJ, Thorne PW, Wild M, Zhai
PM (2013) Observations: atmosphere and surface. In: Stocker TF,
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A,
Xia Y, Bex V, Midgley PM (eds) Climate change 2013: the
physical science basis. Contribution of working Group I to the
fifth assessment report of the intergovernmental panel on climate
change. Cambridge University Press, Cambridge, UK and New
York, NY, USA

J Physiol Sci (2017) 67:97–106
2. Gallant A, Lewis S (2016) Stochastic and anthropogenic influences on repeated record-breaking temperature extremes in
Australian spring of 2013 and 2014. Geophysical Res Lett
43:2182–2191
3. Meehl GA, Goddard L, Murphy J, Stouffer RJ, Boer G, Danabasoglu G, Dixon K, Giorgetta MA, Greene AM, Hawkins E
(2009) Decadal prediction: can it be skillful? Bull Am Meteorol
Soc 90:1467
4. Post E, Bhatt US, Bitz CM, Brodie JF, Fulton TL, Hebblewhite
M, Kerby J, Kutz SJ, Stirling I, Walker DA (2013) Ecological
consequences of sea-ice decline. Science 341:519–524
5. Livina VN, Martins TM, Forbes AB (2015) Tipping point analysis of atmospheric oxygen concentration. Chaos 25:036403
6. Lyons TW, Reinhard CT, Planavsky NJ (2014) The rise of
oxygen in Earth’s early ocean and atmosphere. Nature
506:307–315
7. Holland HD (2002) Volcanic gases, black smokers, and the Great
Oxidation Event. Geochim Cosmochim Acta 66:3811–3826
8. Petsch ST (2005) The global oxygen cycle. In: Schlesinger WH
(ed) Biogeochemistry. Treatise on geochemistry, vol 8. Elsevier,
Amsterdam, pp 515–557
9. Keeling RF (1988) Development of an interferometric oxygen
analyzer for precise measurement of the atmospheric O2 mole
fraction. Ph.D. thesis. Harvard University, Cambridge,
Massacusetts
10. Keeling RF, Shertz SR (1992) Seasonal and interannual variations in atmospheric oxygen and implications for the global
carbon cycle. Nature 358:723–727
11. Matear RJ, Hirst AC (2003) Long-term changes in dissolved
oxygen concentrations in the ocean caused by protracted global
warming. Glob Biogeochem Cycles 17(4):1125. doi:10.1029/
2002GB001997
12. Moss BR (2009) Ecology of fresh waters: man and medium, past
to future, 3rd edn. Blackwell publishing, Malden, MA, USA
13. Sekerci Y, Petrovskii S (2015) Mathematical modelling of
plankton–oxygen dynamics under the climate change. Bull Math
Biol 77:2325–2353
14. Coppel J, Hennis P, Gilbert-Kawai E, Grocott MP (2015) The
physiological effects of hypobaric hypoxia versus normobaric
hypoxia: a systematic review of crossover trials. Extrem Physiol
Med 4:2
15. Martin DS, Grocott MP (2013) Oxygen therapy in critical illness:
precise control of arterial oxygenation and permissive hypoxemia. Crit Care Med 41:423–432
16. Rb L, Haymaker W (1948) High altitude hypoxia; observations at
autopsy in 75 cases and an analysis of the causes of the hypoxia.
J Aviat Med 19:306–336
17. Izraeli S, Avgar D, Glikson M, Shochat I, Glovinsky Y, Ribak J
(1988) Determination of the ‘‘time of useful consciousness’’
(TUC) in repeated exposures to simulated altitude of 25,000 ft
(7,620 m). Aviat Space Environ Med 59:1103–1105
18. Iyer NV, Leung SW, Semenza GL (1998) The human hypoxiainducible factor 1alpha gene: HIF1A structure and evolutionary
conservation. Genomics 52:159–165
19. West JB (2000) Human limits for hypoxia. The physiological
challenge of climbing Mt. Everest. Ann N Y Acad Sci 899:15–27
20. Moore LG, Niermeyer S, Zamudio S (1998) Human adaptation to
high altitude: regional and life-cycle perspectives. Am J Phys
Anthropol Suppl 27:25–64
21. Moore LG (2001) Human genetic adaptation to high altitude.
High Alt Med Biol 2:257–279
22. Monge-C C, Arregui A, León-Velarde F (1992) Pathophysiology
and epidemiology of chronic mountain sickness. Int J Sports Med
13(Suppl 1):S79–S81
23. Moore LG, Rounds SS, Jahnigen D, Grover RF, Reeves JT (1982)
Infant birth weight is related to maternal arterial oxygenation at

105

24.
25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.
38.

39.
40.
41.

high altitude. J Appl Physiol Respir Environ Exerc Physiol
52:695–699
Barker DJ, Martyn CN (1992) The maternal and fetal origins of
cardiovascular disease. J Epidemiol Community Health 46:8–11
Palmer SK, Moore LG, Young D, Cregger B, Berman JC,
Zamudio S (1999) Altered blood pressure course during normal
pregnancy and increased preeclampsia at high altitude (3100 m)
in Colorado. Am J Obstet Gynecol 180:1161–1168
Moore LG, Rohr AL, Maisenbach JK, Reeves JT (1982)
Emphysema mortality is increased in Colorado residents at high
altitude. Am Rev Respir Dis 126:225–228
Gilbert-Kawai ET, Milledge JS, Grocott MP, Martin DS (2014)
King of the mountains: Tibetan and Sherpa physiological adaptations for life at high altitude. Physiology (Bethesda)
29:388–402
Frisancho AR, Frisancho HG, Milotich M, Brutsaert T, Albalak
R, Spielvogel H, Villena M, Vargas E, Soria R (1995) Developmental, genetic, and environmental components of aerobic
capacity at high altitude. Am J Phys Anthropol 96:431–442
Simonson TS (2015) Altitude adaptation: a glimpse through
various lenses. High Alt Med Biol 16:125–137
Semenza GL (2010) Vascular responses to hypoxia and ischemia.
Arterioscler Thromb Vasc Biol 30:648–652
Beall CM, Cavalleri GL, Deng L, Elston RC, Gao Y, Knight J, Li
C, Li JC, Liang Y, McCormack M, Montgomery HE, Pan H,
Robbins PA, Shianna KV, Tam SC, Tsering N, Veeramah KR,
Wang W, Wangdui P, Weale ME, Xu Y, Xu Z, Yang L, Zaman
MJ, Zeng C, Zhang L, Zhang X, Zhaxi P, Zheng YT (2010)
Natural selection on EPAS1 (HIF2alpha) associated with low
hemoglobin concentration in Tibetan highlanders. Proc Natl Acad
Sci USA 107:11459–11464
Huerta-Sánchez E, Jin X, Asan Bianba Z, Peter BM, Vinckenbosch N, Liang Y, Yi X, He M, Somel M, Ni P, Wang B, Ou X,
Huasang Luosang J, Cuo ZX, Li K, Gao G, Yin Y, Wang W,
Zhang X, Xu X, Yang H, Li Y, Wang J, Wang J, Nielsen R
(2014) Altitude adaptation in Tibetans caused by introgression of
Denisovan-like DNA. Nature 512:194–197
Bigham AW, Lee FS (2014) Human high-altitude adaptation:
forward genetics meets the HIF pathway. Genes Dev
28:2189–2204
Bigham AW, Mao X, Mei R, Brutsaert T, Wilson MJ, Julian CG,
Parra EJ, Akey JM, Moore LG, Shriver MD (2009) Identifying
positive selection candidate loci for high-altitude adaptation in
Andean populations. Hum Genomics 4:79–90
Simonson TS, McClain DA, Jorde LB, Prchal JT (2012) Genetic
determinants of Tibetan high-altitude adaptation. Hum Genet
131:527–533
Huerta-Sánchez E, Degiorgio M, Pagani L, Tarekegn A, Ekong
R, Antao T, Cardona A, Montgomery HE, Cavalleri GL, Robbins
PA, Weale ME, Bradman N, Bekele E, Kivisild T, Tyler-Smith
C, Nielsen R (2013) Genetic signatures reveal high-altitude
adaptation in a set of Ethiopian populations. Mol Biol Evol
30:1877–1888
West JB (2002) Highest permanent human habitation. High Alt
Med Biol 3:401–407
León-Velarde F, Gamboa A, Chuquiza JA, Esteba WA, RiveraChira M, Monge CC (2000) Hematological parameters in high
altitude residents living at 4355, 4660, and 5500 meters above sea
level. High Alt Med Biol 1:97–104
Dill DB (1983) International high altitude expedition to Chile,
1935. Prog Clin Biol Res 136:201–204
Broecker WS (1970) Man’s oxygen reserves. Science
168:1537–1538
Shafiee S, Topal E (2009) When will fossil fuel reserves be
diminished. Energy policy 37:181–189

123

106
42. Shaffer G, Olsen S, Pedersen J (2009) Long-term ocean oxygen
depletion in response to carbon dioxide emissions from fossil
fuels. Nat Geosci 2:105–109
43. Martin D, Thompson A, Stewart I, Gilbert E, Hope K, Kawai G,
Griffiths A (2012) A paradigm of fragile Earth in Priestley’s bell
jar. Extreme Physiol Med 1(1):1
44. Foyer CH, Bloom AJ, Queval G, Noctor G (2009) Photorespiratory metabolism: genes, mutants, energetics, and redox signaling. Annu Rev Plant Biol 60:455–484
45. Allen J, Nelson M (1999) Overview and design biospherics and
biosphere 2, mission one (1991-1993). Ecol Eng 13:15–29

123

J Physiol Sci (2017) 67:97–106
46. Beall CM, Strohl KP, Blangero J, Williams-Blangero S, Almasy
LA, Decker MJ, Worthman CM, Goldstein MC, Vargas E, Villena M, Soria R, Alarcon AM, Gonzales C (1997) Ventilation and
hypoxic ventilatory response of Tibetan and Aymara high altitude
natives. Am J Phys Anthropol 104:427–447
47. Groves BM, Droma T, Sutton JR, McCullough RG, McCullough
RE, Zhuang J, Rapmund G, Sun S, Janes C, Moore LG (1993)
Minimal hypoxic pulmonary hypertension in normal Tibetans at
3658 m. J Appl Physiol 74:312–318

