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Assessing the relationship between hypoxia and life on Earth,
and implications for the search for habitable exoplanets
THOMAS SMITH

Smith, T., 2022: Assessing the relationship between hypoxia and life on Earth, and implications for the search for
habitable exoplanets. Dissertations in Geology at Lund University, No. 629, 44 pp. 45 hp (45 ECTS credits) .

Abstract: Atmospheric oxygen at the level of present-day Earth (21%) is generally regarded as permissive for the
development and survival of complex multicellular life, such as animals. The hypothesis that oxic conditions are
conducive for multicellular life has subsequently been applied to the search for life elsewhere in the universe, with
planets exhibiting atmospheric oxygen of a similar level to Earth being considered as candidates for habitability.
However, an opposing view states that in fact hypoxia (1-5% oxygen) is a prerequisite for tissue renewal, and
therefore also for complex multicellularity. Hypoxia is present in many facets of life, such as during early mamma-
lian embryogenesis as well as in niches like bone marrow, where populations of undifferentiated stem cells are
maintained. This view implies that oxic conditions are indeed challenging for the evolution of complex multicellu-
larity, and furthermore questions the association between oxic conditions and the potential for multicellular life on
exoplanets.

Here, I review, test and discuss the association between hypoxic conditions and the evolution of complex multicel-
lular life. Through an extensive study of the available literature, I review how hypoxia and cellular hypoxia-
response machineries play a vital role in many stages of metazoan development, regulating the transcription of mul-
tiple genes and maintaining cell stemness during mammalian embryogenesis. I perform experiments to mimic the
development of an hypoxic sedimentary niche on an exoplanet, and test how sediment grain size alters the depth of
the hypoxic zone within these sediments. The results demonstrate that, in the absence of microorganisms, the hy-
poxic niche expands to greater depths within coarser sediments than in finer sediments. Where microorganisms
were present within this sediment, the depth of the hypoxic niche was significantly reduced. Microbial respiration
rapidly turned the sediment anoxic. Therefore, I propose that the absence of microorganisms within this type of
sediment is advantageous for the maintenance and expansion of the hypoxic niche; however this absence may hin-
der the development of larger forms of life within these sediments.

I also evaluate the likelihood of hypoxic conditions on rocky exoplanets orbiting white dwarfs. Utilising data from
extrasolar white dwarfs polluted by external material (that likely represents planets that formerly orbited the stars),
oxygen fugacities are used as proxies for the oxidation state of these planetary atmospheres. These values are com-
pared to oxygen fugacities of early and present-day Earth and Mars in order to observe the similarities between
their atmospheric oxygen levels. It is concluded that one of the studied white dwarfs may have developed an hypox-
ic atmosphere during its lifetime, and thus that the former planet orbiting the star had the potential to hold complex
multicellular life.

Keywords: hypoxia, hypoxia-inducible factors, atmospheric oxygen, multicellularity, embryogenesis, exoplanets,
white dwarfs, oxygen fugacity
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Beddmning av forhallandet mellan hypoxi och livet pa Jorden,
samt dess konsekvenser for sokandet efter liv pa andra planeter
THOMAS SMITH

Smith, T., 2022: Bedomning av forhallandet mellan hypoxi och livet pa Jorden, samt dess konsekvenser for
sokandet efter liv pé andra planeter. Examensarbeten i geologi vid Lunds universitet, Nr. 629, 44 sid. 45 hp.

Sammanfattning: Atmosfarens hoga syrekoncentration (nutid: 21%) anses allmént ha varit nédvéndigt for
utvecklingen av komplexa flercelliga organismer, déribland djur. Darfor har vi ofta utgatt ifran att syresatta
forhallanden dr nodvéndiga for flercelligt liv &ven pé andra platser i universum. Planeter som uppvisar syre i sin
atmosfér anses saledes som goda kandidater for utvecklingen av flercelligt liv. En annan, direkt motsatt, hypotes
anser dock att en lag syrehalt (hypoxid 1-5% syre) i sjélva verket &r en forutséttning for komplext flercelligt liv,
eftersom det har visats vara avgorande for att vivnad ska kunna fornyas. Hypoxi ar séledes vanligt forekommande i
ett djurs livscykel, till exempel tidigt i embryogenesen hos ddggdjur, samt kring odifferentierade stamceller i
benmérgen som skall komma att ersitta gamla celler i kroppens vévnader. I och med att hypoxiska forhallanden &r
centrala for att utveckla och bibehalla komplex vavnad sé kan syresatta forhallanden ocksé anses forsvarande for
utvecklingen av komplex flercellighet, vilket i sin tur gor att vi kan ifrdgasitta sambandet mellan oxiska
forhallanden (hog syrehalt) och potentialen for flercelligt liv pa exoplaneter.

I detta arbete granskar, testar och diskuterar jag sambandet mellan hypoxi och utvecklingen av komplext flercelligt
liv. Genom en omfattande studie av tillginglig litteratur granskas huruvida hypoxi samt celluldra mekanismer som
styrs av hypoxi spelar en viktig roll i utvecklingsstadier av djur, samt hur hyopxi reglerar transkriptionen av gener
och upprétthaller stamceller under ddaggdjurs embryogenes. Studien bestar dven av experiment som strévar efter att
efterlikna en hypoxisk sedimentir nisch pa en exoplanet, for att testa hur sedimentens kornstorlek paverkar
utbredningen av den hypoxiska zonen inom dessa sediment. Resultaten visar att den hyposiska nischen expanderar
till ett storre djup 1 grovre sediment dn in finare sediment, i frinvaro av mikroorganismer. Med mikroorganismer
nérvarande i sedimenten minskade den hypoxiska nischens djup avsevirt, och mikrobiell syrekonsumtion gor att
sedimenten blir 6vervigande syrefria. Déarfor foreslar jag att franvaron av mikroorganismer inom denna typ av
sediment ar fordelaktigt for underhall och expansion av den hypoxiska nischen, men att denna franvaro kan hindra
utvecklingen av storre livsformer inom dessa sediment.

I denna rapport utvérderas ocksa sannolikheten for hypoxiska forhéallanden pé steniga exoplaneter som kretsar kring
vita dvirgar. Med data fran vita dvédrgar med fororeningar pa sin yta (material som sannolikt representerar planeter
som tidigare kretsade kring stjdrnorna) anvénds fritt syre som indikation pa dessa planeters forna syrehalt i
atmosféarerna. Dessa virden jamfors med fritt syre fran tidigare och nuvarande atmosfarer pa Jorden och Mars, for
att diskutera likheter och skillnader mellan atmosfariska syrenivéer pa dessa planeter. Resultatet visar att en av de
studerade vita dvirgarna kan ha utvecklat en hypoxisk atmosfér under sin livstid, vilket pasivar att den tidigare
planeten som kretsade kring stjarnan haft potential att hysa den nisch dér &ven komplext flercelligt liv kan
utvecklas.

Nyckelord: hypoxi, hypoxi-inducerbara faktorer, atmosfariskt syre, flercellularitet, embryogenes, exoplaneter, vita
dvirgar, syreflykt
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1 Introduction

A certain level of free atmospheric oxygen (O;) has
long been thought of by the scientific community as a
requirement for the development and survival of com-
plex multicellular life (e.g., Nursall 1959; Knoll &
Carroll 1999). Complex multicellularity refers to life
which has developed a number of advanced techniques
for survival within Earth’s environments, including
intercellular communication and tissue differentiation
(Knoll 2011). Combining the abundance of complex
multicellularity on the present Earth with the current
O, concentration of the atmosphere (~21%), it is fairly
logical to conclude that high oxygen levels facilitate
the development of complex life. The majority of
known multicellular life on Earth appears to rely heav-
ily on O, as a key molecule for the provision of signif-
icant amounts of energy during aerobic cellular respi-
ration (Schmidt-Rohr 2020), and oxygen is utilised in
a number of chemical cycles and metabolic processes
throughout the kingdoms of life (e.g., Halliwell & Gut-
teridge 2015). Whilst life is also known to have devel-
oped and persisted during the Proterozoic Eon (~2.5—
0.54 Ga) and possibly as early as the Archaean Eon
(~4.0-2.5 Ga) (Bell et al. 2015; Nutman et al. 2016),
when O, concentrations were lower, it has often been
assumed that the organisms during these periods re-
mained small and uncomplex, at least compared to the
vast complexity of life we see today (see fig 1 of
Brocks & Banfield 2009).

An explosive radiation of animal life occurred
across the Precambrian-Cambrian boundary and is
often connected to a rise in atmospheric oxygen during
the late-Neoproterozoic (see e.g., Bergman et al. 2004
and references therein). However, the view that the
radiation of complex multicellularity awaited suffi-
cient oxic conditions has been brought into question
by subsequent discoveries of experimental multicellu-
larity in the Paleoproterozoic (e.g., El Albani et al.
2010; Turner 2021), as well as oxygen levels
‘sufficient’ for the development of complex life in the
Palaeo- and Mesoproterozoic (e.g., Bekker et al. 2004;
Zhang et al 2016). This allows us to develop two con-
nected hypotheses: that the Cambrian explosion was
not necessarily a rapid expansion of the complexity of
life on Earth, and that the complexity and size of life
on Earth may not be so dependent on high atmospheric
oxygen. If this is the case, alternative theories for the
ideal oxygen conditions for the emergence of complex
life must instead be explored. One hypothesis posits
that hypoxia is required for the development of com-
plex life (e.g., Hammarlund et al. 2018; Hammarlund
2020; Lee et al. 2020). If hypoxia, rather than high O,,
is indeed a requirement for the development of com-
plex multicellularity, the way in which we observe the
relationship between oxygen and life within scientific
research will be dramatically altered, as we are forced

to rethink our current understanding of the role of oxy-
gen in multicellular life.

Hypoxia is context dependent, but refers in
general to oxygen concentrations that are lower than
‘normal’ (atmospheric normoxia on Earth is currently
~21% oxygen). Hypoxia is encountered in many envi-
ronments on Earth, both external environments (such
as deep oceans and areas of high elevation) and within
the tissues of many living organisms (including certain
human tissues). Physiological hypoxia is defined as ~1
—5% 0O, (Guzy & Schumacker 2006), whilst cellular
hypoxia is ~0.2-5% O, (Lee et al. 2020).

The theory of high O, as a requirement for
the development of complex multicellularity has also
been expanded to the field of space research, specifi-
cally the search for habitable planets outside of our
Solar System. Scientists frequently cite the presence of
high atmospheric O, as a sign that an exoplanet has the
potential to hold life (a biosignature, e.g., Meadows et
al. 2018), and when regarding the evidence cited
above, it is clear to see why this is the case. However,
if the theory of hypoxia being required for life is true,
this would expand the scope of exoplanet research:
where previously only those exoplanets with similar
levels of atmospheric oxygenation to our own have
been considered as targets for potential habitability,
this could potentially increase our chances of identify-
ing habitable exoplanets.

This thesis explores the hypothesis that hy-
poxia is required for the development of complex mul-
ticellular life. An extensive literature review is under-
taken to determine the role of hypoxia in the develop-
ment of complex multicellularity as we understand it
today. This review encompasses: the timelines of at-
mospheric oxygen and life on Earth; the possible oxy-
gen requirements of early animals; the theorised link
between high atmospheric O, and insect gigantism,
and how this is in conflict with the hypoxia theory; the
extent of hypoxic environments on present-day Earth;
and the currently understood roles played by hypoxia
in the development of life. This literature review will
outline the argument that hypoxia, rather than high O,,
is required for the development of complex life. The
rate of oxygen diffusion and the expansion of the hy-
poxic niche through different types of sediment will
then be explored through experimental methods, the
aim of which is to further narrow down the most con-
ducive environment and conditions to search for life
on other planets. This is then followed by an analytical
estimation of the oxygen content of exoplanet atmos-
pheres, in the hopes of expanding the search for habit-
able exoplanets to include those with reduced levels of
atmospheric oxygen.

2 Background

Measurable oxygenation of the Earth’s atmosphere can



be definitively traced back to the early Proterozoic,
where an apparently rapid rise in atmospheric O, oc-
curred (the GOE, 2.45-2.32 Ga, Bekker et al. 2004;
Farquhar et al. 2014), followed later by the Neoprote-
rozoic oxidation event (NOE, ~800-550 Ma; Canfield
(2014)). Assuming there is a link between high atmos-
pheric O, and the complexity of life, we should expect
to see some kind of linear relationship between the
oxygenation history of Earth’s atmosphere and the
development of complex life with a large increase in
complexity following the GOE and the NOE. Howev-
er, the relationship between oxygen and life, which
will be explored in this section, may not be as linear as
expected.

2.1 History of atmospheric oxygen

The link between oxygen and the development of life
is difficult to constrain, not only due to the relative
lack of appropriate proxies for atmospheric oxygena-
tion the further back in time we go, but also due to the
unreliability of the fossil record. The general scientific
consensus, however, is that Earth’s atmosphere during
the Archaean (~4.0-2.5 Ga) was anoxic, <10 PAL
(present atmospheric levels) of O, (Bekker et al. 2004).
Even after the GOE which began in the Late Archaean,
atmospheric O, on Earth was still much lower than it is
today. As can be seen in fig. 1, atmospheric O, was
likely <10% PAL for much of the Proterozoic
(Canfield 2014), meaning in actual terms there was
~2% oxygen in the atmosphere at this time (i.e., the
atmosphere was hypoxic). It was not until the late Ne-
oproterozoic—Phanerozoic that oxygen began to rise
more towards present levels (Canfield 2014).

In addition to the values seen in fig. 1, many
other authors have identified possible evidence for
atmospheric oxygen levels at specific points in time.
These include the estimate of 0.1-5% PAL at ~2.25
Ga (Yang & Holland 2003), >10% PAL but signifi-
cantly lower than 100% PAL at ~2.0 Ga (Holland
2006), and ~4% PAL at ~1.4 Ga (Zhang et al. 2016).
The huge variability of estimates for atmospheric oxy-
gen levels throughout the Proterozoic outlines just how
difficult it is to accurately determine atmospheric O,
conditions this far back in time, however they general-
ly support the hypothesis that Earth’s atmosphere was
hypoxic during the Proterozoic, even post-GOE.

2.2 History of life

The earliest forms of life likely emerged in the early-
mid Archaean, with estimates ranging from 3.7 Ga
(Ohmoto et al. 2014) to as far back at 4.1 Ga (Bell et
al. 2015). These are of course difficult to prove, and
much of the evidence is scarce and tells us nothing of
the types of organisms that may have been present,
merely the possible presence of biogenic material. It is
reasonable to assume that the life at this time was very

simple and anaerobic, due to the likelihood of an anox-
ic atmosphere during the Archaean.

Stromatolites are the earliest reported physical
evidence for the presence of life is dated to ~3.7 Ga.
Identified in the Isua Belt of Greenland by Nutman et
al. (2016), these macroscale structures were interpreted
as being of biogenic origin due partly to their resem-
blance of modern-day stromatolites. Stromatolites
formed in recent-present times are commonly formed
through the action of multiple types of microorgan-
isms, such as sulphate-reducing bacteria and cyano-
bacteria which are the main carbonate producers
(Dupraz et al. 2009; Riding 2011; Nutman et al. 2016).
However, due to the anoxia of the Archaean atmos-
phere, it is likely that the earliest stromatolites were
formed solely through the action of prokaryotic, fila-
mentous bacteria (Astafieva 2019). It has also been
proposed that early stromatolites show evidence of an
autotrophic, carbon-fixing metabolism (Nutman et al.
2016). Regardless of how they were formed, these
early stromatolites are an important indicator for the
increasing complexity of life this early in Earth’s his-
tory, providing evidence for life’s ability to form com-
plex communities capable of trapping sediment and
building sedimentary structures.

Cyanobacteria are thought to be the first organ-
isms to have practiced oxygenic photosynthesis on
Earth, and therefore are frequently considered to have
been heavily involved in the oxygenation of the
Earth’s atmosphere during the Proterozoic Era (e.g.,
Canfield 2005). This means that where we find the
earliest evidence of oxygenic photosynthesis, we
should find evidence of the earliest cyanobacteria, and
vice versa. The earliest confirmed cyanobacteria exist
from ~2.7-2.5 Ga, although molecular analysis sug-
gests their origins began much earlier (Turner et al.
2001). Indeed, Rosing & Frei (2004) suggest that a
negative 8'°C isotope signature from a pelagic shale of
Greenland, when combined with its mode of occur-
rence, is indicative of highly productive planktonic
organisms. This shale, although metamorphosed, is
from >3.7 Ga, implying the possible presence of oxy-
genic photosynthesis and cyanobacteria this far back in
time. However, as has been mentioned previously, the
GOE did not begin until ~2.45 Ga, suggesting a num-
ber of possibilities: 1) that cyanobacteria did not
evolve until their first confirmed appearance in the
fossil record ~2.7-2.5 Ga; 2) that cyanobacteria were
not the first organisms to practice oxygenic photosyn-
thesis, and some other organisms were producing the
signal identified by Rosing & Frei (2004); 3) that the
earliest cyanobacteria evolved ~3.7 Ga, but did not
initially practice oxygenic photosynthesis; or 4) the
earliest cyanobacteria evolved ~3.7 Ga, and practiced
oxygenic photosynthesis, but the oxygen produced was
not sufficient to satisfy the various oxygen sinks of the
Proterozoic Earth, so atmospheric oxygen did not rise
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Fig. 1. a graph detailing the history of atmospheric oxygen on Earth from the Archaean to the early Phanerozoic, as well as the
first emergence of certain types of life and oxygenic photosynthesis.

The solid and dashed black lines represent estimates for the maximum and minimum atmospheric oxygen levels of Earth respec-
tively (Canfield 2014). The circles and triangles respectively represent other estimates for maximum and minimum atmospheric
oxygen levels from a variety of sources, which are displayed in the legend above. The red diamond represents a possible maxi-
mum atmospheric oxygen level before 2.4 Ga (Canfield 2005). The striped blue bars represent the possible presence of certain
organisms and oxygenic photosynthesis within the fossil record; the solid blue bars represent the definitive presence of these
same groups. The numbers next to the labels of each group represent the following sources: 1) Buick (2008); 2) Hallman &
Summons (2014); 3) Bell et al. (2015); 4) Nutman et al. (2016); 5) Astafieva (2019); 6) Canfield (2005); 7) Yin et al. (2020); 8)
Buick (2010); 9) Robbins et al. (1985); 10) Bobrovskiy et al. (2018). The yellow column represents the Great Oxidation Event
(GOE) from 2.45-2.32 Ga, based on the dates of Bekker et al. (2004). The pink column represents the Neoproterozoic oxidation
event (NOE) from ~800-550 Ma according to Canfield (2014). The horizontal red lines represent rough estimates of the upper
and lower limits of physiological hypoxia (1-5% oxygen, ~5-25% PAL).

until over one billion years later.

Eukaryotic multicellular organisms are consist-
ently thought to require high levels of atmospheric
oxygen in order to efficiently maintain metabolic and
physiochemical functionality (e.g., Knoll & Carroll
1999; Semenza 2007). This would suggest that multi-
cellular eukaryotes could not have evolved before the
increase of atmospheric O, brought about by the GOE,
or even possibly before the second increase of the
NOE. The origin of eukaryotic multicellular life re-
mains controversial and difficult to constrain, however
many of the fossils proposed as evidence of eukaryotic
forms places their evolution in the Palacoproterozoic
Era (some time before ~2.1-1.9 Ga, e.g., Han & Run-
negar 1992; El Albani et al. 2010). The recent discov-
ery of eukaryotic acritarchs from the Hutuo Group of
China pushes back the evolution of eukaryotic metabo-
lism to ~2.09-2.06 Ga (Yin et al. 2020), providing
support for the presence of eukaryotes during this
time. The eukaryotes discovered during this study are
unicellular, and thus are not necessarily considered to
require high oxygen for their survival, however this
discovery may still be an indicator that eukaryotic evo-
lution occurred during a period of lower atmospheric
oxygen.

The origin of animals (metazoans) is equally as
hard to determine as the origin of eukaryotes, with

estimates ranging from the late Proterozoic to as far
back as ~1.0 Ga. The earliest definitive evidence for
metazoan activity is from ~0.558 Ga (558 Ma), in the
form of lipid biomarkers produced by Dickinsonia
(Bobrovskiy et al. 2018). It is likely that animals
emerged before this time, with possible body fossils of
early sponges existing from ~890 Ma (Turner 2021).
The lack of evidence for metazoan life prior to the late
Proterozoic may imply that the development of early
animals was limited by the low oxygen conditions of
the early-mid Proterozoic; however there is growing
evidence to suggest that this would not have been the
case.

After Holland (1984) proposed 10% PAL of O,
as a minimum requirement for the emergence of the
Cambrian fauna, subsequent authors have since con-
cluded that the oxygen requirements of early animals
were even lower than this. For example, Sperling et al.
(2013) concluded that the bilaterian body plan would
not have been prohibited unless O, was <0.4% PAL.
Mills et al. (2014) expanded on this by studying mod-
ern demosponges, often considered an analogue for
early animals. The studied demosponges were found to
survive at oxygen concentrations of ~0.5-4% PAL.
What is also of note from this study is that whilst ex-
posure to low O, (~3—4% PAL) does not compromise
the growth of the studied demosponges, the specimens



were still sensitive to anoxia (Mills et al. 2014). This
reduced performance under anoxia is an indication that
sponges (and by extension early metazoans) still re-
quired oxygen for their development, but that high
levels of dissolved oxygen were not a necessity. This
implies that early metazoans had the potential to de-
velop under the reduced oxygen conditions of the Pro-
terozoic Eon, and it also introduces the possibility that
modern marine metazoans have retained this character-
istic, and thus may be similarly capable of develop-
ment under hypoxia, despite the apparent reliance of
modern metazoans on increased oxygen concentra-
tions.

Some previous mass extinctions have been at-
tributed to oceanic anoxic events (e.g. Bartlett et al.
2018). This may appear to provide an argument
against the hypothesis above, however as mentioned
previously, Mills et al. (2014) found that whilst anoxic
conditions were harmful to demosponges, hypoxic
conditions were conducive for their development. This
may suggest that these extinction events could have
been caused by anoxia, as early metazoans would still
have been affected by oxygen levels this low.

2.3

The observed increase in maximum insect body size of
the Late Palacozoic Era has frequently been linked to
the apparent increase of atmospheric oxygen during
this time to ~140-160% PAL (~30-35% of the atmos-
phere was oxygen, e.g., Harrison et al. 2010). This
phenomenon has therefore often been presented as an
example of the link between high atmospheric O,
(hyperoxia) and the development of large complex

life.

Insect gigantism and high oxygen

Whilst this apparent link appears to suggest that
increased atmospheric oxygen is beneficial for the
development of large multicellular life, there are a
number of arguments against it. For example, Harrison
et al. (2010) outline various arguments based on the
potential inaccuracy of the fossil record in representing
the Late Palacozoic world, as well as examples of hy-
peroxia producing non-linear effects on body size
within different insect species, suggesting that the in-
fluence of increased oxygen levels is not as simple as
hyperoxia increasing insect body size. See Appendix
A.1 for an in-depth discussion of these arguments.
Whatever the case, the evidence for a link between
hyperoxia and insect gigantism is far from conclusive,
meaning it is unknown whether higher levels of atmos-
pheric O, aids in the development of larger body plans
for insects, and indeed any forms of multicellular life.

10

3  On the importance of low oxygen

3.1 The role of hypoxia in the develop-

ment of life

Low oxygen (hypoxia) can be stated as essential for
animal development (Lee et al. 2020). The mainte-
nance of hypoxia within tissues has also been suggest-
ed essential to the radiation of animal life in Earth’s
oxic environments (e.g., Hammarlund et al. 2018;
Hammarlund 2020). This idea will be explored in the
following pages, focussing on examples of hypoxia
being beneficial, and often required, for certain stages
of life development. Studies involving human and ani-
mal embryonic stem cells will be highlighted, as well
as studies of gene expression under hypoxia, and ex-
amples of responses to fluctuating oxygen conditions
exhibited by several groups of organisms.

3.1.1 Hypoxia and embryogenesis

Most animals go through multiple phases of develop-
ment during their life cycles; for example, mammals
(including humans) develop from an embryo, and in-
sects experience a larval development stage. These
stages of development require different environmental
conditions, including access to different levels of oxy-
gen (e.g., Harrison et al 2010; Carroll et al. 2021). It is
therefore reasonable to claim that consistently high O,
levels are not optimal for all stages of the lifecycles of
multicellular life. For instance, there is a large body of
evidence for low oxygen conditions being required for
the regular development of mammalian embryos. This
relationship between oxygen levels and embryogenesis
is strongly based on the oxygen sensitivity of stem
cells.

Stem cells are difficult to fully encapsulate
with one definition, but perhaps the best definition
here is “a clonal, self-renewing entity that is multipo-
tent and thus can generate several differentiated cell
types” (Melton 2013, page 6). This essentially means
that stem cells have the ability to remain
‘undifferentiated’ so they have the potential to become
a variety of different cell types (pluripotency), depend-
ing on what kind of cell is required by the organism
for tissue renewal. In addition to being constructed
during development, most animal tissues also need to
be renewed due to damage. This renewal occurs with
stem cells. The maintenance of a stem cell population
is therefore key for animals as it allows for the near-
constant renewal of a large variety of cell types. This
helps to maintain tissue function during times of stress,
as well as potentially prolonging the life of the organ-
ism. Hypoxia on the order of <2% has been observed
to maintain the undifferentiated state of stem cells,
whereas exposure to higher oxygen levels (e.g., 21%)
causes stem cells to differentiate (e.g., Ezashi et al.
2005).



Embryogenesis is associated with hypoxic
conditions. The partial pressure of oxygen (pQ,) is
known to be very low during the first stages of embry-
onic development. For example, human placental pO,
levels are significantly lower than those of the sur-
rounding protective tissue during the first 8—10 weeks
of gestation (Rodesch et al. 1992). This is not exclu-
sive to humans, as low oxygen conditions (specifically
5% O) are also essential during the first 24 hours of in
vitro rat embryogenesis (Morriss & New 1979). Dur-
ing this first 24 hour period, the cranial neural fold is
formed, which in mammalian development is critical
for the development of the embryonic brain
(Yamaguchi & Miura 2013). Embryos cultured under
20% O, for this first 24 hours exhibited a higher pro-
portion of under-developed neural tubes (Morriss &
New 1979). Although the neural tubes supported nor-
mal morphogenesis under 20% O, after the first 24
hours, this is already a significant indicator that hypox-
ia is required for some development stages of multiple
forms of complex multicellular life.

Cellular machineries that are active at particu-
larly hypoxic conditions have been studied since the
1990s, when transcription factors known as hypoxia-
inducible factors (HIFs) were identified as being the
most important proteins involved in the mammalian
response to hypoxia (Semenza & Wang 1992). HIFs
belong to a wide group of environmental sensors that
regulate biological processes (Simon & Keith 2008);
as the name suggests, HIFs specifically regulate the
animal response to hypoxia. Multiple genes encode
HIFs in different types of organisms, with the most
common being HIF-1a expressed in most metazoans
(Graham & Presnell 2017) and HIF-2a expressed only
in vertebrates (Hammarlund et al. 2018). HIFs are
seemingly restricted to animals, however molecules
that appear to perform a similar function to HIFs have
been identified in other groups of multicellular organ-
isms, such as plants — these molecules will be explored
in greater detail in Appendix A.2.

Mammalian development relies on HIFs. For
example, it was found that when mice are deficient in
HIF-18, they exhibit vascular defects in multiple areas
and subsequently express lethality by embryonic day
10.5 (Maltepe et al. 1997). A separate study published
soon after found that mouse embryonic stem cells that
were deficient in the subunit HIF-1a experienced mul-
tiple genetic and developmental defects, such as re-
duced levels of glycolytic enzyme-encoding mRNA,
as well as neural tube and cardiovascular abnormalities
(Iyer et al. 1998). This same study found that the em-
bryos that developed these abnormalities experienced
lethality by embryonic day 11 due to complete defi-
ciency of HIF-1a. Both of these studies outline the
importance of HIFs in the mammalian embryonic re-
sponse to hypoxia. When combined with the essential
nature of hypoxia during the initial stages of mamma-
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lian embryogenesis (e.g., Morriss & New 1979;
Rodesch et al. 1992), HIF can be assumed to be also
critical for the early development stages of other ani-
mals.

3.1.2 Gene expression

Oxygen is one of the most prominent physical abiotic
pressures that influences the development and survival
of life on Earth. Fluctuating oxygen levels therefore
often influence gene expression within organisms,
through the up- or down-regulation of genes involved
in important processes such as protein transcription.
This in turn controls the eventual physiological re-
sponse of the organism to these fluctuating oxygen
levels. These alterations in gene expression therefore
constitute an important part of the hypoxic response of
many organisms.

HIFs are known oxygen sensors, involved
with a number of processes throughout the entire
lifecycle of multicellular organisms. As the most prev-
alent controller of gene expression in response to hy-
poxia within animals, HIF-1a has a clear role in the
control of gene expression in response to hypoxia. At
the beginning of the 21% century, over twenty gene
targets of HIF-1 had been identified, with multiple
other genes also thought to be HIF-1a targets (Wenger
2002). A number of these genes are discussed in more
detail in Appendix A.3; all that will be said here is that
HIFs play a significant role in the up- or down-
regulation of many metazoan genes in response to hy-
poxia.

A cell signalling pathway which promotes
the undifferentiated state of stem cells during the met-
azoan hypoxic response has recently been identified in
choanoflagellates (Richter et al. 2018). Within metazo-
ans, this pathway is known to be a HIF target. HIFs are
also thought to be exclusive to metazoans, making this
discovery even more interesting. Choanoflagellates,
which are protists, are the closest known evolutionary
relatives to metazoans, suggesting that this signalling
pathway, as well as HIFs and cellular control under
hypoxia, may have evolved before the divergence of
metazoans, and perhaps that the reliance of complex
multicellularity on hypoxia is more ancient than the
metazoa as well.

3.1.3 Responses to fluctuating oxygen

Many organisms on Earth are frequently exposed to
fluctuations in oxygen, or live in hypoxic environ-
ments; such as oxygen minimum zones or at high alti-
tudes. In what appear to be evolutionary responses to
this exposure, various groups of multicellular organ-
isms have developed a number of methods to maintain
their metabolic functions within these conditions.
However, it may be the case that these ‘adaptations’
were not developed to cope with conditions of de-



creased oxygenation, and that alternative explanations
exist. This section will outline some of these observed
responses to reduced oxygen conditions, such as meta-
bolic depression techniques, a temporary switch to
anaerobic respiration, and various physiological altera-
tions. Possible alternative explanations for these re-
sponses will also be considered.

The most common behaviour exhibited by
many organisms in response to hypoxia appears to be
the reduction of metabolic rate (MR). This behaviour
has been observed in a variety of organisms, including
many groups of insects and other invertebrates (e.g.,
Guppy & Withers 1999; Harrison et al. 2006; Gorr et
al. 2010). This behaviour is not exclusive to inverte-
brates (e.g., Boutilier et al. 1996), nor is it exclusive to
the animal kingdom (e.g., Geigenberger et al. 2000).
Many examples of this behaviour are outlined in Ap-
pendix A.4.

Organisms exposed to anoxic or hypoxic condi-
tions often experience oxygen stress upon a return to
conditions of increased oxygenation (reoxygenation).
This can result in negative effects for the organism,
such as the overproduction of reactive oxygen species
(ROS), which can have various harmful effects for
organisms (Hermes-Lima & Zenteno-Savin 2002; Hal-
liwell & Gutteridge 2015). It is possible, however, for
certain organisms to accommodate reoxygenation
without experiencing this oxidative stress. For exam-
ple, it was found that the goldenrod gall insects Euro-
sta solidaginis and Epiblema scudderiana did not suf-
fer any damage during reoxygenation, apparently en-
tirely due to the lowering of their metabolic rates
(Joanisse & Storey 1998). This led these authors to
conclude that the ability to enter a state of lowered
metabolism was sufficient for these species to prevent
damage caused by ROS upon reoxygenation. Reduc-
tion of MR may therefore be a method by which many
organisms can survive fluctuating oxygen conditions
within unstable environments

An additional response to hypoxia exhibited by
many organisms is the switch to anaerobic respiration
pathways. This is a fairly obvious response to a lack of
atmospheric oxygen, and is somewhat linked to sup-
pression of MR, as anaerobic respiration uses less en-
ergy-intensive chemical reactions to preserve the regu-
lar functions of the organism. A good example of this
link between MR suppression and anaerobiosis is seen
in the beetle species Cicindela togata, which suppress-
es its metabolism by 97% in response to anoxia
(Hoback et al. 2000). This metabolic suppression ap-
pears to be further supported by anaerobic metabolic
pathways, such as the utilisation of alternative meta-
bolic substrates for the production of energy, and the
subsequent conservation of ATP. This phenomenon is
once again not exclusive to the animal kingdom, and
more examples of the utilisation of anaerobic metabol-
ic pathways and substrates by both plants and animals
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are available in Appendix A.5.

Organisms may also exhibit physiological
changes in response to hypoxia including, for example,
modifications to the tracheal respiratory systems of
insects. Loudon (1989) reared larvae of the mealworm
Tenebrio molitor in three different levels of ambient
0, (21%, 15% and 10.5%), and found that the main
tracheae had a greater cross-sectional area in lower
ambient oxygen than those in normoxia. The main
tracheae of larvae grown in 15% O, had a cross-
sectional area 40% larger than larvae of the same size
grown in 21% O,. This tracheal area increase was even
greater (120%) for those cultivated under 10.5% O,
(Loudon 1989). This would seemingly allow the larvae
to extract more O, from the oxygen-deprived air. Simi-
lar physiological alterations which result in the same
outcome can be observed in other insect species. For
example, it was found that at least one insect species,
the blood-sucking bug Rhodnius prolixus, increased
the number of tracheae within its body, rather than the
cross-sectional area, as a result of being reared in re-
duced oxygen conditions (Harrison et al. 2006). Other
ways in which insects alter their respiratory systems
under hypoxia are outlined in Appendix A.6.

Insects can also display more general physio-
logical variations as a response to altitude hypoxia. It
has been found that insects can survive during these
conditions, but the individuals found at these eleva-
tions display reduced wing size and flight capacity,
along with a general reduction in body size (Hoback &
Stanley 2001). This seemingly reduces the perceived
oxygen requirements of these insects, thus allowing
them to maintain high levels of metabolic activity un-
der these reduced oxygen conditions. Whilst this does
seem to place a size constraint on multicellular life
under lower oxygen, it does still demonstrate that mul-
ticellular life is capable of maintaining metabolic func-
tion at very low levels of oxygen.

The majority of the examples outlined
throughout this section appear to be responses/
adaptations to reduced oxygen conditions, implying
that high atmospheric O, is indeed optimal for the de-
velopment or survival of complex multicellular life.
However, Hammarlund (2020) proposes an alternative
theory. This author suggests that the silencing of HIFs
under normoxia is an adaptation that has developed
since the atmosphere became more oxygenated, and
that the stabilisation of HIFs under hypoxia was actu-
ally the initial mode of function. This in turn implies
that early multicellular organisms developed under
(and were adapted to) low-oxygen conditions, and that
HIF silencing was a later adaptation developed to as-
sist organisms to better survive in an increasingly oxic
world (Hammarlund 2020). Therefore, whilst the ex-
amples above appear to represent the responses of or-
ganisms to conditions of reduced oxygen, the utilisa-
tion of HIFs under hypoxia could instead signify the



initial mode of function of complex multicellular or-
ganisms. Perhaps complex multicellularity functions
‘naturally’ during hypoxia, with their HIFs activated,
and they have gradually silenced their HIFs as the sur-
face environments of Earth became more oxygenated.
Hammarlund (2020) also proposes another theory: that
a phenomenon observed within vertebrates may have
made these organisms more dependent on high oxygen
levels over time. This phenomenon, known as pseudo-
hypoxia, makes vertebrates ’believe’ they are living in
an hypoxic environment, even when they are not, and
it may have initially evolved as a way to combat the
increasingly oxic environments of the Proterozoic
world (Hammarlund 2020). This idea implies that it is
less problematic for animals to live in environments
with predictable oxygenation (stable) than when they
fluctuate, in terms of stem cell maintenance and tissue
renewal. HIF-1a would, however, allow animals to
cope with fluctuations by for example mitigating the
effects to switch the metabolic pathway. Even if the
increase in oxygen did not imply HIF silencing or in-
creased oxygen dependency of vertebrates, the para-
graphs above still outline multiple examples of ways
in which organisms are adapted to survive in reduced
oxygen conditions, and therefore displays that com-
plex multicellularity is still absolutely possible under
hypoxia.

3.2 Hypoxic environments on the
present Earth

Despite the high level of oxygenation of the present
atmosphere, hypoxic environments are still prevalent
on Earth. Some of these environments are naturally
low in oxygen (e.g., Helly & Levin 2004; fig. 21.1 of
Hourdez 2012), whilst others have become hypoxic or
anoxic through anthropogenic influence (Diaz & Ros-
enberg 2008). A significant amount of biomass is also
present within many of these hypoxic environments,
indicating that low oxygen conditions are not neces-
sarily a limiting factor for complex multicellular life.
Some of the most prominent hypoxic environ-
ments on Earth are oxygen minimum zones (OMZs)
and areas of high elevation. OMZs are abundant in
oceanic settings, especially in areas of nutrient
upwelling along the western coasts of many land-
masses, whilst hypoxia is well-known to affect organ-
isms living in mountainous regions due to decreasing
air pressure with increasing altitude (Hourdez 2012):
at 5500 m above sea level, atmospheric O, reaches
~50% of that at sea level, decreasing even further to
just 21% PAL at 12 000 m (Hourdez 2012). Addition-
ally, the abundance of decaying organic matter on
Earth (e.g., dead trees/large animals) constitutes anoth-
er significant hypoxic niche. A low-oxygen environ-
ment which may not be thought of as frequently as
those on the surface of the Earth is the deep subsur-

face. The subsurface of the Earth is known to be heavi-
ly populated, albeit mostly with bacteria and archaea
(Bar-On et al. 2018). The extent of deep subsurface
environments, as well as the extent of OMZs, and the
biomass within both of these environments, is dis-
cussed at length in Appendix A.7. One interesting fact
about the biota of the deep subsurface is the recent
discovery of nematode species living within this harsh,
low-oxygen environment (Danovaro et al. 2010). This
discovery is an indicator that large forms of complex
multicellular life are capable of survival (and currently
exist) in environments of extremely low oxygen, sug-
gesting that high levels of oxygen are not required for
the survival of all complex multicellular organisms.

3.3 Future research

It is clear from the research outlined above that hypox-
ia plays a significant role in the development of com-
plex multicellular life, and therefore this topic should
be explored further in the future, especially if we wish
to search for life on planets beyond our own. Of
course, it will be difficult to fully understand the scope
of the relationship between hypoxia and complex mul-
ticellularity due to the fact that most complex multicel-
lular life today is adapted to the higher atmospheric
oxygen that we experience on the present Earth, at
least in the later stages of their development. Thus
removing organisms from these conditions to study
their response to hypoxia may not represent the true
picture of the relationship between oxygen and life.

Future research within this field should focus
on hypoxia inducible factors, and the genes which are
targets for them. Through this research, it may be pos-
sible to identify more homologues for HIFs in more
‘simple’ organisms (prokaryotes, unicellular eukary-
otes), enabling us to further understand how the rela-
tionship between hypoxia and complex multicellularity
first came about, and possibly even when this relation-
ship began.

Furthermore, through this research it may be
possible to expand our search for extraterrestrial life. If
we expand our understanding of modes of life other
than those that rely on high atmospheric oxygen, we
may stand a better chance of discovering planets with
the potential to bear complex life in the near future.
Experimental data will now be presented, with the
hope of furthering research into the link between oxy-
gen and life on Earth and other planets.

4 Experiments on the expan-
sion of the sedimentary hy-
poxic niche

Upon attempting to research the extent and expansion
of the hypoxic niche within different types of sediment



during this project, it became clear that this particular
question is rarely addressed in the literature. There-
fore, a simple experiment was designed in order to
examine the diffusion of oxygen through different
types of sediment. The aims of this experiment were
twofold: firstly, to estimate the rate of O, consumption
within different types of sediment under PAL of O,,
and how this rate is influenced by the presence or ab-
sence of microorganisms; and secondly, to estimate
the influence of reduced atmospheric O, on the rate of
O, diffusion through sediment, subsequently allowing
for the determination of the size and rate of expansion
of the hypoxic niche within these sediments. The de-
tails of this experiment will be outlined in the follow-
ing section.

41
ment

Methods for hypoxic niche experi-

4.1.1 Creating sediment samples

The sediments used for this experiment were a fine
beach sand (grain size <100 um) from the shores of
Rénnen, a lake in western-central Sweden (fig. 2), and
JBL Sansibar dark, a fine granite sand designed for use
in aquariums (grain size 200-600 pm). It is likely that
the sand from Rénnen is composed of glacial till due
to the nature of the Quaternary deposits surrounding
the lake (see fig. 2). These two types of sediment will
be referred to as fine and coarse respectively.

For the first part of the experiment
(determination of the rate of O, consumption), sedi-
ment samples were created by adding ~700 mL of
each sediment to separate 1 L glass beakers, then add-
ing deionised water and thoroughly mixing the sam-
ples until a total volume of ~900 mL was reached.
These samples will be referred to as ‘unclaved’ hereaf-
ter, to contrast the autoclaved and double autoclaved
samples to be described later. The top of each sedi-
ment sample was then pressed flat to create a uniform
sediment surface (exchange surface area ~82 mm?),
and both samples were left to rest uncovered over-
night. One sample of fine sediment was autoclaved in
an attempt to remove the influence of microorganisms
from the first part of the experiment. Autoclaving is a
process which, through the use of high heat and pres-
sure, is considered the only way to guarantee sterile
conditions within glassware (Gotz et al., 2014). The
coarse sediment was not autoclaved as the oxygen
measurements of the unclaved coarse sample seemed
to suggest that microorganisms were already absent
from the sediment (see fig. 3B and results/discussion).

To create the autoclaved fine sample, ~800 mL
of fine sediment was poured into two 1 L-capacity
glass bottles (~400 mL in each bottle), and each was
covered with ~1 cm of deionised water. A slightly
greater volume of sediment was autoclaved than was
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used to create the previous unclaved samples, in order
to account for possible loss of sediment during both
the autoclaving process and the final removal of the
sediment from the bottles. The plastic lids of these
bottles were loosely screwed on so the bottles did not
break in the autoclave, and both bottles were then au-
toclaved for 20 minutes at 121°C. The bottles were
removed from the autoclave once the pressure within
the machine had reached zero, and the bottles were
then allowed to cool completely with the lids screwed
tightly on. Once cooled, the sediment from both bot-
tles was transferred into one clean 1 L glass beaker,
flushing the bottles with deionised water when re-
quired to remove as much sediment as possible. De-
ionised water was added to the beaker until a total vol-
ume of ~900 mL was reached, after which the new
sample was mixed thoroughly and left to rest uncov-
ered overnight.

For the second part of the experiment
(determining the rate of O, diffusion through sediment
under reduced atmospheric O,), additional autoclaved
samples were prepared using a similar method to
above, but with some key differences, all of which
were implemented in an attempt to reduce the presence
and action of microorganisms as much as possible.

Firstly, both the fine and coarse sediments
were autoclaved this time, as by this point the coarse
sediment had been exposed to air for a significant
amount of time, meaning microorganisms were likely
now present in this sediment as well. This meant that
800 mL of both sediments were used, 400 mL in each
glass bottle (using four bottles rather than two). Sec-
ondly, Milli-Q ultrapure water was used in the place of
deionised water for all stages of the sample creation
process (covering the sediment within the glass bottles
before autoclaving, flushing the sediment out of the
bottles and mixing with the sediment in the final sam-
ples). This Milli-Q water was used in place of deion-
ised water in an attempt to remove the influence of
microorganisms as much as possible, as it was thought
that the use of deionised water may have been a factor
in the introduction of microorganisms to the samples.
Thirdly, the sediment to be used was autoclaved twice,
and for 40 minutes each time rather than 20 minutes as
with the previous autoclaved sample. All sediments
were allowed to cool for 2-3 hours between each auto-
claving session. Again, this was done in an attempt to
remove the influence of microorganisms as much as
possible, as it was observed during the first part of this
experiment that autoclaving a single time may not
have been sufficient to remove all microorganisms
from the samples. The samples were then created
using the same method as the previous autoclaved
sample. Finally, the beakers containing the final sam-
ples were covered with Parafilm for as long as possi-
ble, with the samples only being uncovered when tak-
ing oxygen profiles or adjusting the oxygen concentra-
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Fig. 2. a map showing Lake Rénnen (A, highlighted in yellow) and the Quaternary deposits of the surrounding area. B shows the
location of this lake in Sweden. Downloaded from the SGU map generator (http://apps.sgu.se/kartgenerator/maporder_en.html)

on 01/06/2021.

tion, in an attempt to reduce contact with the ambient
air.

4.1.2 Calibration of oxygen electrodes

A Unisense OX-500 oxygen micro electrode (outside
tip diameter ~400—600 pum) was calibrated using the
Unisense Profiling software. A calibration curve was
created using two samples of deionised water: one
‘untreated’ sample (representing 21% oxygen, or
100% PAL), and one with the oxygen removed
through treatment with sodium dithionite powder
(Na,S,04 + O, + H,O a NaHSO, + NaHSO;), repre-
senting 0% oxygen. The sensor was placed into the 0%
oxygen water sample and was left until it reached a
stable millivolt (mV) value, after which a measure-
ment of the mV value was taken within the software
and a point was created on the calibration curve. This
process was then repeated with the 21% oxygen water
sample, creating another point on the calibration curve.
The curve created from these points was applied to the
sensor and used in all future measurements with this
Sensor.

It should be noted that the measurements on the
first two days for both unclaved sediment samples
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were taken using the Unisense OX-NP needle sensor
for piercing (outside tip diameter 1.6 mm), with the
curves produced being calibrated using this curve
thereafter. The OX-NP sensor was unable to reach as
deep into the sediment samples as the OX-500, and
therefore the measurements taken on the first two days
end at a much shallower level in the sediment than
subsequent measurements. The only measurements
affected by this included in this paper are the day 2
profiles of the fine and coarse unclaved samples.

4.1.3 Oxygen measurement

To measure the oxygen concentration within each
sample, the calibrated Unisense OX-500 was suspend-
ed above the sample using the Unisense Micromanipu-
lator, so that the tip of the sensor was ~1 cm below the
surface of the overlying water. The Unisense Sen-
sorTrace Profiling software was then run to a total
depth of -70 000 pm (-70 mm), with the sensor meas-
uring the oxygen concentration in mV (uncalibrated)
and micromoles per litre (umol/L, calibrated) every
500 um. This process was repeated at regular intervals
of ~1-2 hours throughout each day, leaving the sam-
ples to rest in the closed laboratory between measure-
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ments, uncovered for the unclaved and autoclaved
samples, covered with Parafilm for the double-
autoclaved samples.

When using the Unisense OX-NP on the un-
claved samples for the first two days, the profiling
software was only run to a total depth of -40 000 um (-
40 mm), with a measurement interval of 500 um. The
data obtained from all of the measurements was then
exported from the Unisense SensorTrace Profiling
software and Microsoft Excel was used to construct
graphs to better display the data (figs. 3 and 4). In in-
stances where two or more profiles obtained from the
same sample on the same day had O, concentrations
within £10 pmol/L, a mean profile was calculated us-
ing the values of these profiles, and this mean profile
was then used in the graph, as =10 umol/L was consid-
ered as a suitable margin of error for this experiment.

4.1.4 Oxygen control

For the second part of the experiment, the oxygen con-
centration of the water overlying the double-
autoclaved samples was altered until it reached ~50%
PAL (~10% oxygen). In order to facilitate better com-
parison between the profiles to be taken from these
samples, ‘control’ profiles of the fine and coarse dou-
ble-autoclaved samples were taken at 21% O, before
the O, concentration was reduced. Small amounts of
sodium dithionite powder were then mixed with the
water overlying each sample, and the sediment and
water of each sample were then mixed thoroughly. The
oxygen concentration of the water overlying each sam-
ple was tested periodically using the Unisense OX-500
microsensor, with more sodium dithionite being added
and the sample mixed again until the oxygen concen-
tration of the water was ~0 umol/L. A profile was then
taken of the sample, in order to ensure that the oxygen
concentration within the sediment was also at 0 pmol/
L. If the sediment still had a higher oxygen concentra-
tion than the water, the process outlined above was
repeated until the water and sediment showed the same
concentration. This was done to ensure that any oxy-
gen that may diffuse into the sediment during subse-
quent tests was from the air and overlying water, ra-
ther than it being trapped within the sediment itself.
Once the water and sediment had a uniform
oxygen concentration, the overlying water was bub-
bled with 10% oxygen at a pressure of 0.5 atm, until
the water reached an oxygen concentration equivalent
to that of ~50% PAL (~10% in actual terms; in this
case ~140 + 10 pmol/L). At this point the samples
were left to rest for ~1 hour covered with Parafilm.
The samples were not mixed after the bubbling of 10%
oxygen to ensure that any diffusion of oxygen into the
sediment was a result of ‘natural’ diffusion and not
due to physical disturbance. The oxygen concentration
of the water overlying each sample was continuously
tested throughout each day, with the concentration
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being maintained ~140 + 10 umol/L through bubbling
of 10% O, and/or adding small amounts of sodium
dithionite powder to the water. The sediment and wa-
ter were also not mixed after these instances for the
same reason as above.

4.1.5 Hypoxic niche calculation

In order to calculate the approximate vertical extent of
the hypoxic niche for each profile, a line was drawn on
each graph at 70 umol/L, representing the approximate
hypoxic threshold (5% atmospheric oxygen, black
dashed line in figs. 3 and 4). The point on the y-axis
(i.e. the depth) where each profile first crossed this line
after entering the sediment was read from the graph,
followed by the point at which the profile either
reached anoxia or the point at which the profile
crossed the hypoxic threshold again. The difference
between these two values was calculated by subtract-
ing the shallower depth from the greater depth. The
resulting value represents the vertical extent of the
hypoxic zone for each profile.

The traditional biological definition of anoxia
(0 ml O,/L) was used within this study, rather than the
typical geological definition (0.2 ml/L). This is be-
cause the geological definition of anoxia is based on
the supposed lower threshold of oxygen for protozoan
and metazoan life — since this study concerns the rela-
tionship between low oxygen and life, I decided it was
best to set the threshold of anoxia as the biological
definition.

The vertical extent of the hypoxic niche was
calculated for all samples, although it is mostly rele-
vant to the samples used within the second part of the
experiment.

4.2 Results of hypoxic niche experiment

A brief summary of the main trends observed within
the results obtained through this experiment will be
outlined here; more detailed descriptions can be found
in Appendix B.1.

All the profiles obtained throughout this experi-
ment show a similar trend, with the oxygen concentra-
tion decreasing with increasing sediment depth and
increasing time. However, there are variations in the
rate and extent of oxygen decrease between the pro-
files. This in turn means there are variations in the
extent of the hypoxic zone between the profiles.

At 21% O,, the oxygen content of the fine sedi-
ment (fig. 3A) remained constant the day after sample
creation, followed by a slight decrease on day 3 then a
much more significant decrease on day 4, with the
oxygen content rapidly being depleted ~10 cm into the
sediment. Autoclaving the fine sediment once did not
appear to alter the results significantly (as seen in fig.
3C), with the oxygen being depleted at a similar sedi-
ment depth to the unclaved sample. However, double-



autoclaving the fine sediment seemed to cause the ox-
ygen decrease to slow somewhat (fig. 4A), with the
consequence of making the hypoxic zone slightly
deeper than in the previous samples. A zone of hypox-
ia existed even nine days into the experiment, which
was not true for the unclaved or single-autoclaved
samples. It is important to note that for the double-
autoclaved samples, the oxygen level was ~10% at-
mospheric O, not 21% as with the previous samples.

Within the coarse sediment, the unclaved sam-
ple measured at 21% O, did not reach hypoxia at all
during the first four days of the experiment, with the
profiles taken on days 3 and 4 showing remarkably
similar oxygen levels (fig. 3B), in contrast to the fine
sediment sample under the same conditions. The dou-
ble-autoclaved coarse sample, however, showed a
much more similar pattern to that of the fine double-
autoclaved sample, with much slower decreases of
oxygen content within the sediment and a much deeper
hypoxic zone further into the experiment than with the
unclaved sample (fig. 4B).

4.3 Discussion of hypoxic niche experi-
ment

Throughout this experiment, the depth of hypoxia was
measured in sediments of differing grain size and mi-
crobial content, as well as the impact of microbial con-
tent on the O, consumption rate. The results in general
seem to suggest that the expansion of the hypoxic
niche is greater within coarser sediment and in the
absence of microorganisms, at least on these short
timescales.

In terms of the impact of microbial content on
O, consumption, there appears to be little difference
between the consumption rate of O, within the un-
claved and autoclaved fine sediment samples at 21%
oxygen — in fact, the consumption was apparently fast-
er in the autoclaved sample than in the unclaved sam-
ple, with the profiles reaching anoxia on day 4 of the
unclaved sample and day 3 of the autoclaved sample.
This could possibly mean that autoclaving the fine
sediment a single time was not sufficient to remove all
microorganisms from the sample. However, profile 2
of day 2 within the fine autoclaved sample had a much
different pattern to that of either the day 2 or day 3
profiles of the unclaved sample: in the autoclaved
sample, profile 2 of day 2 dipped briefly into hypoxia,
before the O, concentration increased again back out
of hypoxia by the end of the profile.

This is in contrast to the day 3 and day 4 pro-
files of the fine unclaved sediment, which showed pat-
terns similar to those of day 2, profile 1 and day 3 of
the fine autoclaved sample respectively. The dip into
hypoxia exhibited by profile 2 of day 2 within the fine
autoclaved sample may suggest that the autoclaving
process was not sufficient to entirely remove the mi-
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croorganism population from within the sediment, but
that the population might have been reduced somewhat
(i.e. microorganisms might still be present within the
autoclaved sediment on day 2, but in smaller numbers,
and were concentrated around the depth where the O,
concentration began to decrease in profile 2, thus ex-
plaining the rapid decrease in O, concentration). This
pattern is also present in the day 3 profile of the fine
unclaved sample, with the O, concentration increasing
deeper in the sediment, albeit much more slowly. This
may suggest that the microorganisms within both the
unclaved and autoclaved fine sediment samples were
concentrated close to the sediment surface, and subse-
quently that autoclaving a single time was not suffi-
cient to remove microorganisms from the sample.

The unclaved coarse sample does not reach
hypoxia at all during the four days of the experiment,
and the O, concentration within this sample remains
much higher than that of either of the fine samples
utilised for this part of the experiment. This sample
was not autoclaved, which would ordinarily suggest
the presence of microorganisms, however because the
type of sediment utilised for this sample is commonly
used as aquarium sand, it may have been devoid of
microorganisms from the point of sample creation.
This could explain the consistently high O, concentra-
tion within the sediment on the same timescale during
which the oxygen disappeared from both fine samples.

It is also possible that the larger grain size of
this sediment increased the porosity of the sample,
allowing O, to diffuse more freely throughout the sedi-
ment. An interesting point for exploration in future
experiments may be to run this experiment for longer,
and measure the amount of time required for the devel-
opment of hypoxia/anoxia within a unclaved sample of
this coarser sediment. An additional idea may be to
use coarse sand collected in situ, i.e. sand that had not
been previously treated for use in aquariums, in order
to observe how this alters the development of hypoxia.

The fine double-autoclaved sample used for
the second part of the experiment exhibits an initial
slight increase of the hypoxic niche followed by a sig-
nificant decrease in the later days. The coarse double-
autoclaved sample, however, shows the opposite pat-
tern, with the hypoxic niche almost always increasing
over subsequent days. Both of these samples were pre-
pared in the same way, which suggests that the de-
creasing hypoxic niche of the fine double-autoclaved
sample is not a function of the sediment being made
anoxic, but rather that something to do with the sedi-
ment is decreasing the rate of O, diffusion. The fine
sediment of course has a lower porosity than the
coarse, as well as compacting more tightly, decreasing
the diffusion potential of O, within the sediment.

The opposite relationship is also true — the in-
creased grain size of the coarse sediment decreases the
packing potential within the sample, increasing the



porosity and allowing O, to diffuse deeper into the
sediment. This can be seen in fig. 4, which shows that
not only does the hypoxic niche increase within this
sample through time, but the depth at which the pro-
files reach anoxia increases as well. This implies that
the hypoxic niche becomes deeper with time. Combin-
ing this with the theory of hypoxia being required for
multicellular life might suggest that, beneath an atmos-
phere containing ~50% PAL of O,, the sediment depth
at which it is possible for multicellular life to develop
increases for at least the first 2—-8 days of exposure to
this reduced-oxygen atmosphere. This experiment
does not allow us to determine the expansion rate of
the sedimentary hypoxic niche on geological time-
scales. Alternatively, it is possible that the double-
autoclaving process was not sufficient to destroy all
microorganisms within the sample, and the population
subsequently recovered by day 5 to consume the oxy-
gen more rapidly. This could be a possible considera-
tion for future experiments — it may be worthwhile to
autoclave the samples multiple times, or to utilise oth-

Fig. 3. graphs illustrating the results of the first part of the exper-
iment outlined in the preceding pages. The dashed red line in
each graph represents the sediment-water interface; the dashed
black line represents the threshold for hypoxia. A) fine sediment,
unclaved, 21% oxygen; B) coarse sediment, unclaved, 21% oxy-
gen; C) fine sediment, autoclaved, 21% oxygen.
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Fig. 4. graphs illustrating the results of the second part of the experiment outlined in the preceding pages. The dashed red line in
each graph represents the sediment-water interface; the dashed black line represents the threshold for hypoxia. A) fine sediment,
double autoclaved, 10% oxygen; B) coarse sediment, double autoclaved, 10% oxygen. The ‘days’ mentioned in correspond

to the days after the sample was created (i.e. day 1 is the day of sample creation; day 2 is the day after sample crea-

tion etc.)

er methods to remove all possible microorganisms.

This experiment of course had many limita-
tions, and there are many ways in which future experi-
ments of this nature could be improved. For example
neither part of this experiment considered the salinity
of the water overlying each sediment sample, which
would likely also be a factor influencing the diffusion
potential of oxygen. Furthermore, consistently main-
taining the oxygen concentration of the water overly-
ing each sample was another considerable challenge
within this experiment.

An interesting point for exploration in future
experiments may be to run this experiment for longer,
and measure the amount of time required for the devel-
opment of hypoxia/anoxia within an unclaved sample
of this coarser sediment. An additional idea may be to
use coarse sand collected in situ, i.e. sand that had not
been previously treated for use in aquariums, in order
to observe how this alters the development of hypoxia.
Finally, for the second part of the experiment, a con-
trol profile could be taken at the beginning of each
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day, rather than just the beginning of the experiment,
as this would allow for more precise comparisons be-
tween the profiles taken at reduced oxygen on each
day.

In conclusion, this experiment has expanded
our knowledge of the behaviour of oxygen within
aquatic sediments, in relation to the concentration of
atmospheric oxygen, as well as the type of sediment
through which the oxygen is travelling, and the influ-
ence of microorganisms on this transport. The hypoxic
niche seems to expand to greater depths within coarser
sediment than finer sediment under the absence of
microorganisms, at least on the timescales of this ex-
periment. This appears to be counterintuitive to the
argument that hypoxia is beneficial/required for the
development of larger life, as the presence of microor-
ganisms would presumably be beneficial for the devel-
opment of larger life, due to the production of nutri-
ents through their metabolic processes and their even-
tual decay, as well as their influence on the environ-



mental conditions within the sediment itself (e.g.,
changing the pH of the sediment).

However, any microorganisms present would
likely have consumed the oxygen within this hypoxic
niche, rapidly producing anoxia and reducing both the
size of the hypoxic niche and the chances of larger life
developing. On the other hand, the hypoxic niche was
found to be relatively small even in the absence of
microorganisms, perhaps suggesting that the potential
for complex life to develop under these conditions is
limited regardless of the presence or absence of micro-
organisms. However, this experiment was done on a
very small scale, and there is ample room for improve-
ment, thus the potential for the expansion of the hy-
poxic niche and the development of complex life may
be considerably different on larger or longer time-
scales.

5
5.1

Exoplanet oxygen
Background

As has been thoroughly discussed throughout this pa-
per, a certain level of atmospheric oxygen is thought
of as a requirement for the development and persis-
tence of large multicellular life. This is based partially
on the fact that Earth is currently the only example a
planet that definitively holds life. This led to atmos-
pheric oxygen being considered as an important bi-
osignature in the field of space research, i.e. a sign that
a planet may hold life (Meadows et al. 2018). It is very
difficult to directly measure the contents of exoplanet
atmospheres, due primarily to the vast distances be-
tween solar systems making it presently impossible to
send physical objects from Earth to other stars. This
means we must rely on more indirect methods for de-
termining the geochemical composition of exoplanet
atmospheres; one of these methods being analysing the
chemical composition of polluted white dwarf (WD)
atmospheres.

White dwarfs are the small, dense final stages
in the life cycle of many stars (Doyle et al. 2019a),
which are often observed to be ‘polluted’ by external
material. It is likely that this polluting material origi-
nates from rocky bodies (i.e. planets or asteroids) that
previously orbited the star (e.g., Génsicke et al. 2012).
By analysing the chemical composition of the atmos-
pheres of these polluted WDs, it is thus possible to
determine the geochemical characteristics of the bod-
ies that orbited them. Doyle et al. (2019a) applied this
theory to six polluted WDs in order to determine the
oxygen fugacity of the parent bodies that polluted
them, and subsequently compared these results to
those for rocky planets in our Solar System, including
Earth, to determine their geochemical similarity. Oxy-
gen fugacity (fO,) measures the degree of oxidation of
a material — in the case of Doyle et al. (2019a) as well
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as this paper, this material is the rocks that make up a
planet or planetary body. This means that fO, repre-
sents the “effective partial pressure of gaseous oxygen
that would be in thermodynamic equilibrium with the
material of interest” (Doyle et al. 2019a, page 1), and
1O, is therefore a factor in the determination of many
of the initial properties of a planet, including the com-
position of its atmosphere (e.g., Wetzel et al. 2013).
Oxygen fugacity can thus be thought of as a proxy for
atmospheric oxygen concentration, and fO, data from
polluted WDs can be used to approximate the atmos-
pheric oxygen concentration of the exoplanets that
previously orbited these stars. This will subsequently
allow us to search for planets with ‘appropriate’ at-
mospheric oxygen concentrations for the development
of life. Ordinarily, scientists searching for oxygen as a
biosignature would hope to find exoplanets with at-
mospheric concentrations similar to our own, however
in the case of this paper, this method will instead be
utilised in an attempt to locate exoplanets with lower
concentrations of atmospheric oxygen.

5.2 Method for exoplanet calculations

Here, the analytical method outlined in Doyle et al.
(2019c¢) will be used to calculate the fO, values of mul-
tiple polluted WDs. The elemental abundance data for
the polluted WDs used in this paper (listed in table 1)
were obtained from Harrison et al. (2018), Doyle et al.
(2019b) and Doyle (2021); the majority of the data
from these papers has been obtained from other
sources, which are also outlined in table 1. The oxygen
fugacities of Bulk Silicate Earth (BSE) and Bulk Sili-
cate Mars (BSM) are also presented within this study
for the sake of comparison, as was the case in Doyle et
al. (2019a). BSE and BSM are used as references be-
cause they represent the ‘primitive mantles’ of Earth
and Mars, after the formation of their iron-rich cores
but before crustal differentiation (Pinti 2014). The
geochemical compositions of these primitive bodies
were similar to those of the polluted WDs used for this
study, therefore allowing for more accurate compari-
son of the calculated fO, values.

The fO, values, the data used to calculate these
values, and all associated errors for BSE and BSM
have been taken directly from the Doyle et al. (2019b),
with the original works this data was derived from also
cited in table 1 and referenced at the end of this paper.
The fO, values and the associated errors for the pollut-
ed WDs used in this paper (see table 2) have been cal-
culated using the method explained in Appendix B.2,
which is taken from Doyle et al. (2019¢). When apply-
ing the method of Doyle et al. (2019c¢), it became ap-
parent that the fO, values and the associated positive
and negative errors for two of the WDs (WD
1145+017 and WD 1226+110) had been ‘swapped’
with each other within Doyle et al. (2019b) (i.e. the



data for WD 11454017 produced the fO, and errors for
WD 1226+110, and vice versa). It was assumed that
this was a formatting error within Doyle et al. (2019b),
and therefore the results for these two WDs presented
in this paper have been ‘swapped’ back to what the
appropriate values appear to be.

Doyle et al. (2019a) calculated the intrinsic
oxygen fugacities of planetary bodies that previously
orbited white dwarfs, i.e. the fO, at the time of for-
mation of these planetary bodies. The basic methodol-
ogy of these authors was to ‘assign’ oxygen to various
metal species (Si, Mg, Al, Ca and Fe) identified in the
atmospheres of polluted WDs, in order to form metal
oxides; the metal oxides formed from this assignment
represent the major minerals that make up the rocks of
the polluting bodies which formerly orbited the star.
By assigning oxygen to these metals in the order listed
above, the amount of oxidised iron within the body
could be calculated, allowing for the calculation of
fO,; any excess Fe not bonded to oxygen must have
existed as metal, and was therefore assigned to the
core of the body (Doyle et al. 2019a). The method
used for this calculation is outlined in Appendix B.2.
Polluted WD data was chosen primarily due to the
knowledge that the polluting parent bodies were rocky,
making for more accurate comparison to Earth and
Mars (Doyle et al. 2019a). The calculated fO, values
are presented relative to the Iron-Wiistite (IW) refer-
ence standard, Fe (Iron) + %2 O, = FeO (Wiistite),
(Doyle et al. 2019a). The unit for fO, within this study
is therefore AIW (change in IW, i.e. how different the
fO, values are from the IW standard value). This com-
parison is common for rocky planets, as it reduces the
influence of physical parameters (e.g., temperature and
pressure) on the values obtained for fO, (Doyle et al.
2019a). The conversion of iron to wiistite in the reac-
tion above has a specific, known oxygen fugacity at a
variety of specific temperatures. Therefore if the tem-
perature is a known quantity, then we also know what
the fO, value ‘should’ be. The calculated fO, can then
be compared to this reference value, with the differ-
ence between the values effectively removing the in-
fluence of physical parameters from the equation. In
the case of Doyle et al. (2019a) and this present study,
the temperatures of the WDs are known, meaning the
calculated fO, values are relative to IW.

Oxygen fugacity is often measured compared
to different standards, depending on how oxidising or
reducing the material is — for example, the IW stand-
ard is commonly used for materials that are more re-
ducing, whereas the quartz-fayalite-magnetite (QFM)
standard is used for materials that are more oxidising.
The present-day upper mantles of Earth and Mars are
relatively oxidising, and thus the fO,. values for these
materials are most often presented relative to the QFM
standard: the upper mantle of Earth has an approxi-
mate fO, of QFM +2 log units (Frost & McCammon

21

2008), whilst that of Mars is QFM =3 log units (Herd
et al. 2002).

Polluted WDs with helium-dominated atmos-
pheres were primarily chosen for this study, rather
than those dominated by hydrogen, due to the disparity
between the metal settling times of these two white
dwarf varieties. The settling time of an element refers
to how long it takes for the element to diffuse through
the atmosphere of a white dwarf — H-dominated WDs
have very short settling times, whereas those for He-
dominated WDs are much longer (Montgomery et al.
2008). This shorter settling time makes it likely that
any H-dominated WD with a polluted atmosphere is
actively accreting material, and therefore that the ma-
terial being accreted is not evenly distributed across
the surface of the star (Montgomery et al. 2008). The
elemental abundance data of H-dominated WD atmos-
pheres must be corrected for this, whereas the same is
not required for data from He-dominated WDs due to
their much longer settling times. Doyle et al. (2019a)
corrected for these settling times by calculating the
area-integrated flux for the two H-dominated WDs
within their study (available in table 1), and as a result
the only H-dominated WDs included within this study
are those from Doyle et al. (2019b).

The fO, values for the polluted WDs within
this study were calculated using the equations outlined
in Appendix B.2, taken from Doyle et al. (2019c¢). The
data used to calculate these values is available in table
1.

5.3 Results of exoplanet calculations

The polluted WDs present within this study show a
wide range of fO, values (see fig. 5 and table 2). The
results will be very briefly outlined here; for a more in
-depth look at the results, see Appendix B.3, where the
WDs are grouped according to the papers from which
their data was sourced for this study, not the original
papers in which the data was published.

As can be seen from fig. 5, the majority of the
WDs within this study show oxygen fugacity values
within the range estimated for BSE and BSM, with
some showing slightly more oxidising values and two
being slightly more reducing. There appears to be no
correlation between the type of atmosphere exhibited
by the WD (H or He-dominated) and the oxygen fu-
gacity of the star. The WDs with more reducing values
generally appear to have greater uncertainty ranges
than those that are more oxidising. Interestingly, the
most reducing WDs do not have negative (i.e. more
reducing) uncertainty ranges, only ones that are posi-
tive (more oxidising).



5.4 Discussion of exoplanet calcula-
tions

The fO, values of BSE and BSM are highly reducing
(more negative fO, values are more reducing, and
more positive values are more oxidising). The present-
day upper mantle of Earth, on the other hand, has a
relatively higher fO, (as seen in fig. 5), and thus is
more oxidising. This difference between BSE and the
present-day mantle can also be seen simply by observ-
ing the standards to which the fO, values for the two
materials are compared, as was mentioned above: the
IW standard to which the BSE, BSM and all polluted
WD:s in this study are compared is used to measure
more reducing sources, whilst the present-day upper
mantle is compared to the QFM standard, which is
used for more oxidising materials. The approximate
relationship between these two standards is as follows:
AIW = AQFM — 4 (Doyle et al. 2019a).

The exact mechanisms by which the mantle
became oxidising are still debated, and will only be
touched upon briefly here. One possible theory in-
volves plate tectonics, with convection slowly increas-
ing the oxidation state of the mantle through the recy-
cling of volatiles, whilst another suggests a role for the

escape of gases such as hydrogen from the early at-
mosphere (e.g., Kasting et al. 1993). These possibili-
ties will be further considered below, in regard to the
limitations of this study; however, of more immediate
interest to this study is the timeline of mantle oxida-
tion, as this may relate to the relationship between the
/O, of the mantle and the oxygen concentration of
Earth’s atmosphere. This relationship may then be
extrapolated to exoplanets in the search for habitable
extraterrestrial environments.

There are conflicting theories regarding the
changing oxidation state of the Earth’s mantle, with
some authors suggesting that it has remained within +2
log units of QFM (i.e. oxidising) since at least the Ar-
chaean (e.g., Schaefer & Fegley 2017), and others sug-
gesting it became more oxidising around the Archaean
-Proterozoic boundary, closer to the GOE. For exam-
ple, Wang et al. (2020) theorise that the oxidation state
of the mantle has influenced the atmospheric oxygen
concentration through time, linking oxygenation
events to major periods of supercontinental breakup.
These authors thus conclude that the mantle became
more oxidised around the Archaean-Proterozoic
boundary, and subsequent volcanism and degassing
from the oxidising upper mantle throughout history (as

Table 1. alist of the white dwarf (WD) stars used in this study, outlining the temperature of these stars and the elemental abun-
dance data used to calculate their oxygen fugacities, as well as the errors associated with this data. A) WDs with helium-
dominated atmospheres; B) WDs with hydrogen-dominated atmospheres; C) the objects used as reference materials within this
study. The papers from which the data was sourced are listed in the rightmost column. The elemental abundances and associated
errors for tables 1A and 1C are in log(Z/X), with Z being the element in question and X being either hydrogen (H) or helium

(He), depending on the type of star. The data of table 1B has

been corrected for settling times by Doyle et al. (2019a), and there-

fore has units of log(Z mol/s). This data can be treated as log(Z/X) values in the following equations. The associated errors for

the data in tables 1 A—C are represented throughout this paper by clog(Z/X).
A
Object Temperature (K) o] | Si Mg Al Ca Fe Reference
‘WD 1145+017 16900] -43+05 |-569+009| -549+0.1 -6.74 + 0.1 -6.57 + 0.1 -5.35+ 0.1 |Xu et al. (2016)
‘WD 1536+520 20 800 -3.4 +0.15 | 4.32+015| 4.06+0.15 | -538 £0.15 | -5.28+0.15 -4.5+0.15 |Farihi et al. (2016)
GD 40 15300] -5.62+0.1 | -6.4410.3 -6.2 £0.16 -7.35+0.12 -6.9+0.2 -6.47 £ 0.12 |lura et al. (2012)
J0738+1835 13950{ -3.81+0.19 | -49+0.16 | -468+0.07 | -6.39+0.11 | -6.23+0.15 | -4.98 + 0.09 |Dufour et al. (2012)
GD 362 10 500 -5.14 58403 | -598+0.25 -6.4 0.2 -6.24 + 0.1 -5.65+0.1 |Xuetal. (2013)
PG 1225-079 10 800 -5.54 | -7.45%0.1 -7.5+0.2 -7.84 -8.06+0.03 | -7.42+0.07 |Xuetal. (2013)
1124245226 13000 43+0.1 -5.3+0.06 | -5.26 £ 0.15 -6.5 -6.53+0.1 -5.9 4 0.15 |Raddi et al. {2015)
HS 2253+8023 14 400] -5.37 £ 0.07 | -6.27 £ 0.03 | -6.1+0.04 -6.7 -6.99+0.03 | -6.17 £ 0.03 |Klein et al. (2011)
G241-6 15 300] -5.64 + 0.11 | -6.62 +0.2 -6.26 + 0.1 7.7 -7.3+0.2 -6.82 £+ 0.14 |lura et al. (2012)
GD 61 17 300| -5.93 0.2 | -6.83+0.08 | -6.63+0.18 -7.18 -7.88 +0.19 <773+ 0.2 |Farihi et al. (2011)
1084542257 19 780] -4.25+0.2 48403 -4.7+0.15 -5.7£0.15 -595+0.1 46102 |Wilson et al. (2015)
GALEX J2339 13 735]-5.52 + 0.045|-6.59 + 0.075| -6.58 + 0.125 -1.7 -8.03 £+ 0.505 | -6.99+0.24 |Klein et al. (2021)
GD 378 15 620]-6.04 + 0.245|-7.49 + 0.105| -7.44 + 0.17 1.7 -8.7+0.51 | -7.51+0.275 |Klein et al. (2021)
‘WD 0446-255 10120f -58+0.1 | 6.5+ 0.1 6.6 +0.1 -7.3+0.3 -74+0.1 -6.9+01 |Swan et al. (2019)
‘WD 12324563 11 787] -5.14+0.15 | -6.36 £ 0.13 | -6.09 + 0.05 -1.5 -7.69+0.05 | -6.45%0.11 |Xu et al. (2019)
‘WD 2207+121 14 752] -5.32+0.15 | -6.17+0.11| -6.15+0.1 -7.08 £ 0.15 -7.4 +0.08 -6.46 £ 0.13 |Xu et al. (2019)
‘WD 1551+175 14 756| -5.48+0.15 | -6.33+0.1 | -6.29+0.05 | -6.99+0.15 | -6.93 +0.07 -6.6+0.1 |Xuetal (2019)
B
Object Temperature (K) 0 Si Mg Al Ca Mg |Reference
‘WD1226+110 20900 7.227+0.2 | 6.233+0.2 | 6.121+0.2 5.641+0.2 5593 +0.2 6.489 + 0.3 |Doyle et al. (2019) Data 51
J1043+0855 18 330] 652+0.2 | 5913+05 | 5995+0.2 411303 5351202 5.367 £ 0.3 |Doyle et al. (2019) Data 51
C
Object Temperature (K) 0 Si Mg Al Ca fe |Reference
Bulk silicate Earth N/A| -5.884 +0.1 | -6.45+0.3 | -6.351+0.16 | -7.384 +0.12 | -7.524 +0.2 | -7.274 + 0.12 |Doyle et al. (2019) Data 51; McDonough (2003)
lBqu silicate Mars N/A] -5905+0.1 | -6.45+0.3 | -6.433+0.16 | -7.837+0.12 | -7.675+0.2 | -6.911 + 0.12 |Doyle et al. (2019) Data 51; Taylor (2013)
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Fig. 5. the oxygen fugacities (fO,) of polluted white dwarf (WD) stars, bulk silicate Earth (BSE) and bulk silicate Mars (BSM),
calculated using the method outlined within this paper. Also included are the average fO, values of the present-day upper man-
tles of Earth (Frost & McCammon 2008) and Mars (Herd et al. 2002). The results are presented in both AIW (bottom x-axis) and

AQFM (top x-axis).

The triangles represent WDs with helium-dominated atmospheres with data from the Doyle et al. (2019b); the circles represent
WDs with helium-dominated atmospheres with data from Harrison et al. (2018); the diamonds represent WDs with helium-
dominated atmospheres with data from Doyle (2021); the squares represent WDs with hydrogen-dominated atmospheres with
data from Doyle et al. (2019b). The blue column represents the range of fO, values estimated for BSE and BSM.

well as the evolution of cyanobacteria in the Protero-
zoic progressively oxygenated Earth’s atmosphere.
This theory of early Proterozoic oxidation of the man-
tle could explain the anoxic, reducing nature of Earth’s
early atmosphere, as well as the seemingly rapid oxy-
genation of the atmosphere during the GOE. If this
theory is correct, this is also a direct link between the
oxidation state (i.e. oxygen fugacity) of a planet’s
mantle and the atmospheric oxygen concentration of
said planet.

Present-day Mars is known to have barely
any oxygen within its atmosphere, however the fO,
values of Earth and Mars’ upper mantles are very simi-
lar. This may be an indicator that plate tectonics is
indeed required for oxidation of the atmosphere: Mars
likely exhibited abundant tectonism during its early
history, however the more recent climatic history of
Mars suggests that this tectonic activity is now signifi-
cantly reduced (Golombek & Phillips 2010). This may
indicate that the volcanism and degassing that possibly
allowed for the atmospheric oxygenation of Earth did
not occur on Mars, despite the similar upper mantle
fO, values of these terrestrial planets. In other words,
the early tectonism of Mars oxidised the mantle of this
planet, however the subsequent decrease in tectonism
meant that the atmosphere was not oxygenated.

Many of the WDs within this study have very
similar fO, values to those of BSE and BSM, implying
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Table 2. oxygen fugacities of polluted white dwarf stars
calculated within this study.

Object Temperature (K) | Oxygen fugacity (AIW)|Plus error|Minus error
WD 1145+017 16 900 -0.568 0.118 0.136
WD 1536+520 20 800 -1.340 0.387 0.717
GD 40 15 300 -1.140 0.292 0.443
J0738+1835 13 950 -1.120 0.188 0.240
GD 362 10 500 -0.665 0.188 0.241
PG 1225-079 10 800 -0.865 0.132 0.155
11242+5226 13 000 -1.833 0.485 1.196
HS 2253+8023 14 400 -0.887 0.054 0.057
G241-6 15 300 -1.5 0.378 0.685
GD 61 17 300 -2.62 1.153
10845+2257 19 780 -3.685 2.848 -
GALEX J2339 13 735 -1.454 0.386 0.711
GD 378 15 620 -0.974 0.344 0.579
WD 0446-255 10 120 -1.418 0.203 0.265
WD 1232+563 11 787 -1.189 0.194 0.251
WD 2207+121 14 752 -1.295 0.240 0.333
WD 1551+175 14 756 -1.351 0.174 0.218
WD 1226+110 20900 -0.536 0.288 0.435
11043+0855 18 330 -1.840 0.658

Bulk silicate Earth N/A -2.319 0.818 -
Bulk silicate Mars N/A -1.565 0.405 0.783

that the bodies that polluted them shared similar geo-
chemical and geophysical characteristics with the early
Earth and Mars. If the parent bodies that polluted these
WDs then followed similar evolutionary pathways to
that of the Earth (i.e. their mantles became more oxi-
dising and introduced more oxygen into their atmos-
pheres), these parent bodies would have similar atmos-
pheric oxygen conditions to that of Earth at some point




within their history. This could imply that they may
have had a similar level of habitability to Earth at
some point during their lifetimes, and therefore that it
may be beneficial for future stellar observations to
search for exoplanets transiting WDs with similar fO,
values as those in this study.

Following this same line of reasoning, if we
were hoping to find exoplanets with lower levels of
atmospheric oxygen than the present-day Earth (e.g.,
those with hypoxic atmospheres, or at least possible
hypoxic environments on or below the planet’s sur-
face), it may be beneficial to search for WDs with
more reducing atmospheres than those of BSE, BSM
and the majority of WDs in this study. If a WD has a
more reducing initial atmosphere than those of BSE or
BSM, and the parent bodies that polluted the star fol-
lowed a similar evolutionary pathway to Earth, the
parent bodies would develop mantles that are more
oxidising than their initial states, but less oxidising
than the present-day Earth. In other words, their man-
tles would be oxidising, but less so than that of present
Earth’s mantle, allowing for the possible development
of an hypoxic atmosphere and/or hypoxic environ-
ments on the planet.

A possible example of this situation from this
study can be seen in fig. 5: J0845+2257 has a more
reducing atmosphere than that of BSE, BSM and all
other WDs within this study, meaning it is possible
that the rocky parent body that polluted this WD may
have developed an hypoxic atmosphere during its life-
time. This may therefore have allowed for the develop-
ment of habitable conditions and possibly complex
multicellularity on this body. Of course, the other
planetary bodies that polluted the WDs within this
study may have developed hypoxic atmospheres dur-
ing their lifetimes as well, possibly meaning they may
have developed multicellular life, however
J0845+2257 is the WD within this study that is the
likeliest to have had a similar development history to
Earth. It should be remembered that the development
of an hypoxic atmosphere depends on more than just
the initial state of a planet, and factors such as the fluc-
tuating levels of tectonism on the body should also be
considered (e.g., see the difference between Earth and
Mars). An hypoxic atmosphere may still develop,
however, if for example the planet has a less-intense
tectonic history than Earth, oxygenating the atmos-
phere somewhat but to a lesser extent than that of
Earth.

This method does of course have limitations.
Firstly, it only allows for the calculation of oxygen
fugacities of planetary bodies that have already collid-
ed with the WDs they previously orbited (i.e. ones that
have now been destroyed), thus it is not possible for us
to further study these planetary bodies even if they
show promising oxygenation levels. However, it is
possible that additional planetary bodies continue to
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orbit the polluted WDs; these bodies may therefore be
promising targets for further studies assessing their
potential habitability. A second limitation is that fO, is
not the only factor that determines the atmospheric
oxygen content of a planetary body. This is observable
by comparing the current oxygen levels of the atmos-
pheres of Earth and Mars: despite having similar upper
mantle fO, values, Earth and Mars have considerably
different atmospheric oxygen levels, 21% for Earth
and ~0.174% for Mars (Franz et al. 2017). It can there-
fore not be immediately assumed that polluted WDs
with higher fO, values were polluted by exoplanets
with high atmospheric O,; additional factors such as
the presence or absence of plate tectonics, or the loss
of atmospheric constituents to space, must be consid-
ered.

In a similar vein to the point above, whilst
this method was successful in identifying that many of
the planetary bodies polluting WDs had similar initial
geochemical compositions to those of early Earth and
Mars, there is no guarantee they would develop in a
similar way to Earth or Mars, and therefore there is no
guarantee that they ever became habitable. Indeed,
even if they developed to become more similar to
Mars, this would still mean they would experience
extreme environmental conditions, severely reducing
their chances of being habitable. Therefore, additional
habitability criteria must of course be considered in
tandem with oxygen fugacity when studying polluted
white dwarfs. Despite these limitations, the identifica-
tion of the fO, values exhibited by these polluted WDs
is still an important first step in the search for habita-
ble exoplanets and/or life on worlds beyond our own.

6 Conclusions

Oxygen clearly plays a significant role in the lives of
complex multicellular organisms on Earth. It is in-
volved in a large variety of important, energy-
producing metabolic processes throughout aerobic
respiration, and has long been considered a require-
ment for the development of life on Earth, as well as
on other planets. It is becoming increasingly clear,
however, that high levels of oxygen are not necessarily
optimal for the development of many forms of com-
plex multicellularity, and in fact cellular hypoxia is
required for many key stages in the development pro-
cess, such as mammalian embryogenesis. The mainte-
nance of cell stemness under hypoxia is an additional
important factor in the development cycle of complex
multicellular organisms, and as such hypoxia appears
to exhibit some level of control over cell and tissue
fate, making it an extremely powerful development
tool.

Furthermore, hypoxia-inducible transcription
factors, which control gene expression under hypoxia,
are present within the majority of metazoans, with the



presence of an alternate homologue in vertebrates
seemingly representing an increase in the complexity
of cellular control during hypoxia. The induction of
this HIF homologue seems to produce a state of
‘pseudohypoxia’ within vertebrates, making organisms
‘believe’ they are in an hypoxic environment despite
this not being true. This allows the organisms to exhib-
it more complex control of their cellular processes,
allowing for increased control of tissue development
despite living under the present-day highly oxygenated
atmosphere, which generally promotes cellular differ-
entiation, along with the potential production of harm-
ful reactive oxygen species.

The theory of hypoxia being required for life
can be expanded to the search for habitable worlds
beyond our own. By comparing the oxygen fugacities
of polluted white dwarf atmospheres to those of the
primitive Earth and Mars, it may be possible to identi-
fy the atmospheric oxygen concentration of exoplanets
with similar geochemical compositions to our own
planet. Furthermore, if we can identify a white dwarf
with a more reducing initial composition than that of
the primitive Earth, it is possible that the exoplanet
polluting this star may have developed an hypoxic
atmosphere during its lifetime, and therefore that it
was capable of holding life. This is under the assump-
tion that this planet would have a similar lifespan to
Earth, and it has an hypoxic atmosphere in the present
day, compared to Earth’s normoxic one. It is also pos-
sible that exoplanets with oxygen fugacities similar to
early Earth’s could have developed hypoxic atmos-
pheres during their lifetime, even if they do not have
one currently. This method has multiple limitations,
but it is a possible place to begin the expansion of the
search for habitable worlds.

Through experimentation, I found that the
expansion of the sedimentary hypoxic niche under an
atmosphere of ~10% oxygen was greater within coars-
er sediment as compared to fine sand, likely due to
increased porosity allowing for the more rapid diffu-
sion of oxygen through the sediment. Therefore the
development of an hypoxic sedimentary niche is possi-
ble even at low levels of atmospheric oxygen, and
since hypoxia is required for the emergence and sur-
vival of complex life, the search for life elsewhere in
the universe should not remain limited to planets with
high levels of atmospheric oxygen, but should instead
be extended to include those with reduced atmospheric
02.

To conclude, our understanding of the rela-
tionship between oxygen and life is constantly evolv-
ing, and it is likely that the current theory of high lev-
els of oxygen being required for the development of
complex life is not entirely correct. Instead, further
study is required into the relationship between hypoxia
and life. This relationship can hopefully be extrapolat-
ed to the search for life elsewhere in the universe;
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however an increased understanding of it would be
equally as useful for the study of life here on Earth.
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Appendix A — Additional background information

A.1 — Arguments against the link between insect gigantism and hyperoxia

The evidence for insect gigantism during the Carboniferous Period is based on just a few documented fossils, hence
the concept of gigantic insects during periods of hyperoxia may just be a sampling artefact. Similarly, extant insect
species represent just a small fraction of all species that have ever lived, so it is not necessarily unusual that larger
species existed in the past. There is also the possibility that these giant insects were outliers to the general pattern of
insect body sizes, and not the norm; in fact plots of insect size distribution during the Permo-Carboniferous indicate
that the majority of insects around this time were not giant. For example, Beckemeyer & Hall (2007) found that
most insects of the Wellington Formation of Lower Permian age had forewings <25 mm in length (see fig. 9 of
Beckemeyer & Hall 2007). Harrison et al. (2010) acknowledge that the largest insects of the Permo-Carboniferous
were certainly larger than during any other time period, however it is unknown whether average insect size was
increased during this period (corroborating the theory that this insect gigantism may be a taphonomic artefact, pre-
serving only the largest of a generally small group). Linking this possible gigantism back to hyperoxia, there is pos-
sible evidence for insect gigantism also during the Cretaceous Period, for example among certain families of may-
fly (Carpenter 1992). However, it is still debated whether the atmosphere was hypoxic or hyperoxic during this
period (Harrison et al. 2010), and thus it is unclear whether the presence of these giant insects supports or disproves
the theory of hyperoxia causing insect gigantism.

A.2 — HIF homologues in plants

Groups other than animals are not currently known to have evolved HIF homologues. However, other hypoxia-
response mechanisms are known to exist within plant species. Many plants are known to experience periods of sub-
mergence due to flooding; this submergence is often accompanied by reduced oxygen levels, which has been
shown to lead to the build-up of the hormone molecule ethylene within plant tissues (e.g., Voesenek et al. 1993).
Subsequently, adaptations to these submergence conditions are known to take place within various species, and are
also known to be driven by ethylene-response factors (ERFs, e.g., Bailey-Serres & Voesenek 2008). These ERFs
are transcription factors which alter their rate of protein transcription in relation to the concentration of ethylene
within plant tissues, and many of them have been investigated regarding their role in the hypoxic response of
plants. It was subsequently found that a specific group of ERFs can be regulated post-translationally by oxygen
(Guintoli & Perata 2014). This means that, under normoxia, this group of ERFs can be prevented from accumulat-
ing in the nucleus (Licausi et al. 2011), and therefore prevented from control of gene expression. When hypoxic
conditions are encountered, these ERFs are relocated to the nucleus of plant cells, where they begin the transcrip-
tion of proteins to be utilised in the hypoxic response. A specific example of an ERF within this group is RAP2.12,
a transcription factor that is constitutively expressed within cells of Arabidopsis thaliana (Licausi et al. 2011). Un-
der normoxic conditions, RAP2.12 is stored in the plasma membrane of cells. When the plant is subjected to hy-
poxia, this ERF is rapidly transported to the nucleus of the cell, to promote the transcription of proteins involved in
the hypoxic response (Licausi et al. 2011).

A.3 — HIF target genes in animals

Perhaps the most prominent example of a target gene for HIF-1 is VEGF (vascular endothelial growth factor), a
gene involved in the formation of blood vessels. It was first discovered in the 1990s that VEGF expression was up-
regulated during hypoxia (Shweiki et al. 1992). The result of this up-regulation was the production of ‘collateral’
blood vessels adjacent to hypoxic tissues (Shweiki et al. 1992), allowing for the increased supply of oxygenated
blood to the areas affected by hypoxia. Whilst there was no mention of HIF within this paper, in the years following
this initial discovery multiple authors identified the involvement of HIF-1 in the up-regulation of VEGF during
hypoxia (Liu et al. 1995; Forsythe et al. 1996). Multiple additional examples of HIF-1 target genes that are up-
regulated during hypoxia exist. Ceruloplasmin increases the oxidation of iron from ferrous to ferric molecular spe-
cies, and is up-regulated 5—10-fold during hypoxia (Mukhopadhyay et al. 2000). These ferric species can then be
bound by transferrin (Wenger 2002), the increased production of which enhances the transport of iron to blood cells
(Rolfs et al. 1997). Furthermore, transmembrane carbonic anhydrases convert protons and bicarbonate to carbon
dioxide to regulate pH (Wenger 2002). This final example is especially important as the switch to anaerobic respi-
ration is common during hypoxia, and this can lead to the increased production of lactate, which in turn can cause a
decrease in extracellular pH (Wykoff et al. 2000). This may result in adverse effects for the organism in question,
and therefore the upregulation of carbonic anhydrases is essential for the maintenance of an appropriate pH level
under hypoxia. These examples all therefore outline the importance of HIF as a mediator of gene regulation in the
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hypoxic response.

Another example of a HIF target within animals is the Notch signalling pathway. Notch is a signalling cascade
which controls cell fate (e.g., differentiation, proliferation, apoptosis) within multicellular organisms (Artavanis-
Tsakonas et al. 1999; Simon & Keith 2008). Gustafsson et al. (2005) proved that Notch signalling is required for
the maintenance of the undifferentiated cell state under hypoxia. Furthermore, HIF-1a work in tandem with the
Notch pathway to promote the undifferentiated cell state in multicellular organisms: HIF-1a binds to a hypoxia
response element of a gene within the Notch signalling pathway, which promotes the expression of genes down-
stream within the pathway. This already shows how important Notch signalling is for the development of multicel-
lular organisms, maintaining the stem cell population that is required for the generation and renewal of complex
tissues (Hammarlund et al. 2018). However, what is even more interesting about Notch signalling is that it appears
to be evolutionarily preserved. It was originally thought that the Notch gene family was unique to animals, however
genes within the Notch pathway have since been identified in choanoflagellate (protist) genomes (Richter et al.
2018), implying that this pathway has existed since before the divergence of choanoflagellates and metazoans. HIFs
are also thought to be restricted to metazoans (Graham & Presnell 2017); however, the presence of Notch signalling
in choanoflagellates (the closest known evolutionary relatives of metazoans) could suggest the presence of HIFs
within this group also. This could further imply that hypoxic control of cell fate was also present within this group,
making it a more ancient evolutionary trait than previously realised.

As a specific example of hypoxic control of gene expression, we will look at the expression of two genes of the
fruit fly Drosophila. All information for this paragraph is from Reiling & Hafen (2004), unless otherwise stated.
The genes scylla and charybdis are largely dispensable for Drosophila under normoxia, however they appear to
have a critical role in the endurance of prolonged hypoxia. Both of these genes have been shown to be up-regulated
during hypoxia, and the removal of both genes from Drosophila makes individuals more susceptible to negative
effects of reduced oxygen conditions. In addition to this, individuals lacking both genes showed increased physical
growth, and those with both genes exhibited reduced growth. These genes reduce cell growth by reducing phos-
phorylation of the ribosomal protein S6, which reduces cell size, but not number. The scylla gene also has a mam-
malian counterpart, RTP801, the up-regulation of which was discovered to have differing effects depending on the
cellular context. When up-regulated by hypoxia, it appeared to reduce the production of reactive oxygen species,
therefore protecting certain cells from apoptosis, specifically MCF7 (human breast carcinoma) and PC12 (rat adren-
al tumour) cells (Shoshani et al. 2002). However, the up-regulation of this gene induced toxic effects in differentiat-
ed, neuron-like PC12 cells (also sourced from rat adrenal tumours), along with increasing the sensitivity of these
cells to oxidative or ischemic damage (Shoshani et al. 2002), the latter of which is due to reduced blood flow and
can cause cellular injuries such as rapid acidosis or cellular dysfunction (King 2007). The up-regulation of this gene
appears to only be toxic to non-dividing types of PC12 cells (Shoshani et al. 2002), perhaps suggesting a role for
hypoxia in the maintenance of populations of dividing cells. This further indicates the importance of hypoxia within
the development of multicellular life.

Hypoxia does not just trigger the up-regulation of certain genes; down-regulation is also a common feature
of the hypoxic response. For example, it was found that the blue crab Callinectes sapidus, when exposed to five
days of hypoxia (2-3 ppm dissolved oxygen), down-regulates the expression of several genes that code for proteins
including manganese-dependent superoxide dismutase (MnSOD), hemocyanin, and the ribosomal genes S15 and
L23 (Brouwer et al. 2004). The latter two of these proteins are ribosomes, helping to produce more proteins
(Brouwer et al. 2004), but the former two proteins are involved in the fate of oxygen within the body: hemocyanin
transports oxygen through the body of many invertebrates (Beintema et al. 1994), whilst MnSOD catalyses the par-
titioning of superoxide radicals into molecular oxygen and hydrogen peroxide (McCord et al. 1971). Superoxide
radicals are a type of reactive oxygen species (ROS), which have the capacity to cause many pathological condi-
tions within organisms (e.g., Hermes-Lima & Zenteno-Savin 2002; Halliwell & Gutteridge 2015). Therefore, the
reduced expression of these proteins would result in decreased synthesis of additional proteins, decreased oxygen
transport within the organism, and decreased breakdown of superoxide radicals respectively. Whilst on the surface
the down-regulation of all of these genes seems to be a response by the organism to hypoxic stress (Brouwer et al.
2004), another possibility is that it suggests a reduction in metabolic activity in response to hypoxia. With de-
creased ambient O,, there is less oxygen to be transported throughout the body, hence the down-regulation of he-
mocyanin. Additionally, fewer superoxide radicals would be produced, so there would be less use for MnSOD. Fi-
nally, protein synthesis is an energy-intensive process (e.g. Weinert 2009), and thus reducing protein synthesis
would conserve energy under lower oxygen conditions. Brouwer et al. (2004) also concluded that the down-
regulation of hemocyanin is an indicator that C. sapidus shuts down its aerobic metabolism after five days of expo-
sure to hypoxia. This may provide evidence that the down-regulation of certain proteins during hypoxia is a viable
technique for the conservation of energy and the reduction of metabolic rate.
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A.4 — Metabolic rate reduction in plants and animals

It was found that hypoxia is an active factor used to control MR in hibernating honeybee clusters (Van Nerum &
Buelens 1997). The studied bees within a hibernating cluster were able to control their metabolic rate through con-
trol of the oxygen level within the cluster — a permanent O, level of ~15% was observed within the cluster during
multiple winter periods, with the bees exhibiting a reduced MR as a technique for the conservation of energy (Van
Nerum & Buelens 1997). A further reduction to a state of ultra-low MR was also present within the cluster. This
ultra-low MR state involved absolute immobility and a lack of temperature control, and was observed to be optional
at 15% O,, before becoming compulsory at ~7.5% O, (Van Nerum & Buelens 1997). This hypoxia control and sub-
sequent reduction of MR serves to significantly reduce the energy requirements of the honeybees during hiberna-
tion, presumably allowing them to conserve energy use after the hibernation period.

Suppression of MR in response to reduced O, has also been observed in other groups of insects. It was found
that the larvae of the tiger beetle Cicindela togata can survive up to 5 days of anoxia through suppressing their MR
by 97% of normoxic levels (i.e. the larvae operate at 3% of normoxic levels; Hoback et al. (2000)). This, combined
with the simultaneous downregulation of heat dissipation to 3.4%, allows for the maintenance of normoxic levels of
ATP (adenosine triphosphate, the breakdown of which provides energy for most metabolic processes) for up to 24
hours (Hoback et al. 2000). This response appears to have developed as a result of the flooding risk of the environ-
ments in which C. fogata commonly lives. In a similar situation, the desert locust Schistocerca gregaria can survive
for up to 8 hours under anoxia by entering a state of dormancy, and reducing MR to 6—7% of normoxic levels
(Hochachka et al. 1993). The locusts are also then able to recover from this dormant state when the environment is
reoxygenated by increasing their MR to above the rates initially observed at normoxia, until the ‘oxygen debt’
brought on by the anoxia is cleared (Hoback & Stanley 2001).

The reduction of MR under reduced oxygen conditions is not exclusive to terrestrial animals; this trait is
commonly observed in marine organisms as well. For example, the cephalopod Nautilus pompilius depresses its
aerobic metabolic rate to 4-8% of normoxic levels when travelling through severely hypoxic waters (Boutilier et al.
1996). Furthermore, the marine worm Sipunculus nudus has been shown to exhibit metabolic depression in re-
sponse to the reduction of extracellular pH, which itself was a result of hypoxia (Reipschldger & Portner 1996). The
suppression of MR is also not exclusive to the animal kingdom itself; plants have been shown to utilise similar
methods when exposed to hypoxic conditions. Geigenberger et al. (2000) observed the extensive inhibition of sev-
eral metabolic processes (including glycolysis, respiration and the breakdown of sucrose) within potato tuber discs
exposed to 4% O,. In contrast, an opposite pattern occurred under anoxia, with the doubling of glycolysis, along
with the increased production of starch and lactate. It was therefore concluded that decreased (but not completely
depleted) internal oxygen conditions within potato tubers resulted in the decreased consumption of ATP, through
the reduction of metabolic activity and a switch to less ATP-intensive pathways (Geigenberger et al. 2000). The
same authors measured hypoxia (<5% O,) at the centre of potato tubers that were growing in 18% ambient O, at
20°C. This introduces the possibility that hypoxia is common within the growing stages of potato tubers (and possi-
bly other clades), and therefore that the reduction of MR is a common response to hypoxia within many types of
organisms, and is not exclusive to animals.

A.5 — Utilisation of anaerobic metabolic pathways

One substrate possibly utilised during anaerobic respiration is trehalose, a carbohydrate composed of two glucose
molecules (Zebe 1991). It is likely that trehalose is utilised by the larvae of many aquatic insects under hypoxic/
anoxic conditions (Zebe 1991), and thus Hoback et al. (2000) concluded this molecule to be a likely substrate for
the larvae of both C. fogata and another species of tiger beetle (Amblycheila cylindriformis) during anoxia. This
would initially suggest that both species would be able to perform similarly well during reduced oxygen conditions,
however it was found that C. fogata was able to maintain ATP levels equal to those seen under normoxia for up to
72 hours of anoxia exposure, and A. cylindriformis was not (Hoback et al. 2000). The authors found these perfor-
mance differences to correlate with the flooding risk of the environments in which the species lived, as well as the
distribution of these species (Hoback et al. 2000): the habitats of C. fogata experience seasonal flooding (and there-
fore anoxia), whereas those of 4. cylindriformis do not. A similar example comes in the form of the adult ground
beetle Pelophila borealis. These organisms are frequently exposed to anoxic conditions during the winter, when
they are buried under sediment which is then subsequently flooded and covered by a layer of ice (Conradi-Larsen &
Semme 1973). Experimental data revealed that these beetles exhibited close to 100% survival for up to 127 days in
anoxia (Conradi-Larsen & Semme 1973). It was also found that common products of anaerobic respiration, such as
lactate and alanine, increased in abundance with increased storage time in anoxia. Additionally, individuals that
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were returned from anoxia to normoxia after 49 days exhibited an increased level of oxygen consumption compared
to those that were not kept in anoxia at all. This ‘oxygen debt’ is thought to be caused by the oxidation of metabo-
lites during anaerobiosis (Conradi-Larsen & Semme 1973), which when combined with the other evidence present-
ed above is proof that anaerobic respiration has taken place. These examples outline both the importance of utilis-
ing alternative metabolic pathways during reduced oxygen conditions, as well as the power of evolution and adapta-
tion in the response to fluctuating oxygen levels.

The utilisation of anaerobic metabolic pathways and alternative energy-providing substrates during reduced
oxygen conditions is also exhibited by members of the plant kingdom. Mitochondrial respiration within plants is
inhibited during hypoxia, meaning that the production of ATP, and subsequently the capacity for energy generation,
is reduced (Mustroph et al. 2014). It has been found that many plants have adapted to this reduction in ATP by in-
creasing the production of enzymes that utilise alternative substrates for energy production, one of these substrates
being inorganic pyrophosphate (Mustroph et al. 2014). Pyrophosphate is used within a variety of pathways for the
production of energy within plants, however one pathway is currently known to be particularly important under
hypoxia: the cleavage of sucrose via sucrose synthase (Mustroph et al. 2014). The cleavage of sucrose produces
glucose and fructose, which then must be ‘activated’ by phosphorylation (the addition of a phosphate group). This
entire process usually involves 2 mole of ATP, however the enzyme sucrose synthase can instead utilise 1 mole of
pyrophosphate to produce the same net energy output for half the energy input (Mustroph et al. 2014). This reduc-
tion in energy input allows the organism to conserve ATP, which is useful under hypoxia as the net production of
ATP will be reduced due to the cessation of acrobic respiration. Sucrose synthase has been identified in many plant
varieties, and its induction under low oxygen conditions has been observed in groups such as rice, cotton, soybean
and poplar (Mustroph et al. 2014 and therein). Additionally, the activity and/or protein content of sucrose synthase
is increased under low oxygen conditions in potatoes, wheat and rice (Mustroph et al. 2014 and therein). This all
points to evidence of increased utilisation of inorganic pyrophosphate during hypoxia, and furthermore the im-
portance of anaerobic metabolic pathways and alternative energy substrates during low oxygen conditions.

A.6 — Insect respiratory system regulation

Many insects regulate the levels of carbon dioxide (CO,) and O, within their respiratory systems using a discontin-
uous gas-exchange cycle (DGC, Lighton 1996). This cycle consists of multiple phases: initially the spiracles are
closed, and the insect utilises O, stored within its respiratory system for respiration (the C phase). Whilst O, is con-
sumed, CO, builds up within the insect, thus decreasing the endotracheal pressure of O, within the insect. After a
critical concentration of O, is reached (~5kPa, ~23.8% PAL), the muscles maintaining the closure of the spiracles
are periodically inactivated, causing the spiracles to ‘flutter’ open and closed (F phase). This causes O, to diffuse
into the tracheal system, supplying the insect with sufficient O, for aerobic tissue respiration (Lighton 1996). Multi-
ple authors have suggested different reasons as to why the DGC initially arose, with some claiming it was an adap-
tation to the hypoxic conditions of underground burrows (Lighton 1998), and others theorising the discontinuous
breathing method is used to avoid oxygen toxicity (Hetz & Bradley 2005). No matter the original reason for the
evolution of the DGC, it is clear that it is an effective system for the control of gas exchange, and therefore is a val-
uable tool in the insect hypoxic response. Insects using DGC are shown to exhibit consistent responses when ex-
posed to decreased ambient O,: the C phase becomes shorter, and the rate of CO, emission increases during the F
phase (Harrison et al. 2006), which both allow for O, diffusion to increase in speed. It should also be noted, howev-
er, that the effects of ambient O, on the DGC depend somewhat on the insect species: the duration of the cycle can
be increased, decreased, or unaffected as a result of ambient O, fluctuations (Harrison et al. 2006).

The DGC is not the only physiological alteration that the insect respiratory system utilises in response to
hypoxia. Insects have also been known to alter their spiracles in multiple ways when exposed to hypoxia, causing
them to open more frequently, wider, or for longer durations (Wigglesworth 1935; Case 1956; Harrison et al. 2006),
allowing for the maintenance of O, diffusion within their tissues even at lower oxygen concentrations. Additionally,
it is possible for insects to compress regions of their body to create convective gas flow — these movements are
stimulated by hypoxia, and suppressed by hyperoxia (Harrison et al. 2006).

A.7 — Extent of hypoxic environments on Earth, and the biomass within these environ-
ments

The definition of hypoxia in aquatic settings is different to that of atmospheric/cellular hypoxia, due to the differ-
ences in the diffusion of gases in water compared to air: the diffusion coefficient for O in air is ~8000-times great-
er than that for water (Dejours 1989). Aquatic hypoxia is therefore most commonly cited as being <0.2 ml O,/L of
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water (Kamykowski & Zentara 1990), with OMZs containing <0.5 ml O,/L (Levin 2003). Helly & Levin (2004)
used both of these thresholds to determine the approximate extent of global aquatic hypoxia in the early 2000s,
finding that ~1 000 000 km” of ocean floor was overlain with water containing <0.5 ml O,/L, and 764 000 km® of
ocean floor was overlain with water <0.2 ml O,/L. This area has likely increased since this time, due primarily to
anthropogenic activity increasing eutrophication and atmosphere-ocean cycling (Diaz & Rosenberg 2008). Despite
the low oxygen conditions of OMZs, life is still abundant within these environments. For example, Levin (2003)
collated data on the density of various groups of organisms within OMZs worldwide, finding foraminifera to be
especially abundant within OMZs, with densities as high as ~16 000 individuals/10 cm™ off the coast of Oman
(Gooday et al. 2000). Foraminifera are far from the only organisms identified within OMZs however, with benthic
metazoan meiofauna seemingly reaching their maximum densities at the lowest oxygen concentrations within
OMZs, and nematode densities possibly being up to 5-times higher within OMZs than underneath them (Levin
2003). Levin also noted that nematodes appear to make up ~95% of benthic metazoan meiofauna at low oxygen
concentrations. Benthic macrofauna (~300-500 um) are often less abundant in OMZs, with their densities being
especially depressed in the ‘core’ of OMZs where concentrations are ~0.15 ml O,/L (Levin 2003). Despite this,
Levin still reported a macrofaunal density of ~21 000 individuals/m™ on the central Chile margin (0.13 ml O,/L),
indicating that larger life can also still be abundant at lower O, concentrations. Benthic megafauna (e.g., crusta-
ceans, echinoderms) are admittedly nearly absent from OMZ cores in general (Levin 2003), however they can be
found in surprisingly high abundances near the lower boundaries of OMZs, as well as in the cores of some OMZs
with slightly higher O, concentrations (e.g., hermit crabs off central California, with 0.27 ml O,/L, Thompson et al.
1985; Levin 2003). The high density of fauna, up to and including benthic megafauna, within OMZs worldwide is
one line of evidence for the global hypoxic niche being continuously inhabited, possibly indicating a role for hy-
poxia in the life cycle of many multicellular organisms.

The subsurface of Earth is also a heavily populated environment. Defined in Whitman et al. (1998, pg. 1) as
being “terrestrial habitats below 8 m and marine sediments below 10 cm”, the extent of this low-oxygen environ-
ment is difficult to determine, due largely to the general inaccessibility of it. However many authors have attempted
to estimate the subsurface biomass. Whitman et al. (1998) estimated prokaryotic abundance in a number of environ-
ments on Earth, concluding that soils contained ~2.56 x 10*° prokaryotic cells, and unconsolidated subsurface ma-
rine sediments contained ~3.8 x 10 prokaryotic cells. The total global prokaryotic abundance and biomass, for
comparison, was estimated at 4.15-6.4 x 10°° cells, or 353—546 Pg carbon (C) (1 Pg=10"° g) (Whitman et al.
1998). This estimate later came under scrutiny, particularly by Kallmeyer et al. (2012), who estimated the prokary-
otic cell abundance of subseafloor sediment to be ~2.9 x 10% cells (4.1 Pg C), 50-78% less than the estimate of
Whitman et al. (1998). Despite this, subsequent estimates utilising new data concluded that the evidence still sup-
ported the results of Whitman et al. (1998), with 10'°~10'7 g C estimated for the deep continental biomass
(McMahon & Parnell 2014). One of the most recent estimates of subsurface biomass comes from Bar-On et al.
(2018), who estimated a microbial soil and deep subsurface biomass of ~100 Gt C (1 Gt =1 Pg), with the estimate
for total global biomass being ~550 Gt C. Additionally, it has been suggested that the deep biosphere comprised a
carbon reservoir 1-15-times as large as that of the surface biosphere during the period 2.0-0.4 Ga (McMahon &
Parnell 2018).

The deep subsurface biosphere is subject to a number of life-limiting factors that are not present in most
environments on the surface of the Earth, such as extremes of temperature and pressure, as well as very low O, con-
centrations (Kieft 2016). It is therefore difficult to accurately assess the areal extent of the deep subsurface bio-
sphere (i.e. the area within which life can survive in the deep subsurface is limited in large part by these extreme
conditions). According to models, the abundance and density of life decreases with depth in the subsurface bio-
sphere (McMahon & Parnell 2014), and the current known upper temperature limit of life is ~122°C (Takai et al.
2008). Combining this apparent upper limit with data for average geothermal gradients, Kieft (2016) estimated the
limit of life could be 2—12 km below the land surface. This author also notes that for regions with lower geothermal
gradients, the biosphere may extend greater than twice as deep as has been currently probed, exceeding ~10 km
depth (e.g., in the Witwatersand Basin, with a geothermal gradient of 8—10°C km™, Kieft 2016). Regardless of how
deep the subsurface biosphere extends, it is clear that low-oxygen environments make up a large portion of the
known habitable niches on Earth, and the organisms within them form a large part of the global biomass.

When thinking about the deep subsurface, it is natural to assume that the life here is simple and unicellular,
and indeed the majority of life within the deep biosphere is prokaryotic (Bar-On et al. 2018). However, there is also
evidence of more complex, multicellular life within these environments. Fungi, for example, are reported to have an
essential role in important biogeochemical cycles in the deep biosphere, being widespread up to 1 km deep in the
continental crust (Drake & Ivarsson 2018). Interestingly, whilst this environment is anoxic, the majority of fungi in
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the subsurface are species which are known aerobes in surface environments (Drake & Ivarsson 2018), suggesting
that very low oxygen concentrations do not limit the functions of many species of fungi. This also introduces the
possibility that fungi are capable of switching between aerobiosis and anaerobiosis depending on the ambient oxy-
gen conditions. It has also been suggested that the ecological role of fungi in OMZs has been underestimated
(Jebaraj et al. 2010), indicating that fungi are abundant and important in a wide variety of hypoxic habitats. It
should be noted here that these fungi were performing anaerobic processes, and thus utilising alternative nutrients
than oxygen. The alternative nutrients utilised by these fungi in the absence of oxygen are not currently known
(Drake & Ivarsson 2018), however many fungi are known to utilise nitrate (NO3") and nitrite (NO;) under anaero-
bic conditions. The availability of nitrate and nitrite ions for anaerobic processes relies somewhat on the previous
presence of oxygen. In turn this would suggest that the success of this type of anaerobic metabolism in the deep
subsurface of a planet would require that the planet had been somewhat oxygenated at some point in time, and
therefore that perhaps higher levels of atmospheric oxygen are required even for the initial development of the sub-
strates of anaerobic metabolism. However, it is still possible that these fungi were utilising substrates devoid of
oxygen for their anaerobic metabolism, and this is still evidence that fungi form essential parts of biogeochemical
cycles within low-oxygen environments.

The most exciting form of large life to be identified in the deep subsurface thus far are nematodes discov-
ered in groundwater at depths of 0.9-3.7 km (Borgonie et al. 2011). This discovery compliments a growing body of
evidence that proves it is possible for complex multicellular life (including metazoans) to survive in hypoxic/anoxic
conditions. Danovaro et al. (2010), for example, identified three new Loriciferan species living in permanently an-
oxic conditions within the sediments of the L’ Atalante basin in the Mediterranean Sea. This discovery was very
important for the study of the metazoan relationship with oxygen as these individuals were found to operate through
obligate anaerobiosis, presumably suggesting they are intolerant to PAL of O,. These species were found to not
possess mitochondria (the energy-producing organelle of choice for most acrobic eukaryotes), but instead they pos-
sess hydrogenosomes, which are known to be utilised by anaerobic organisms to produce energy through the reduc-
tion of pyruvate rather than oxygen (Lindmark & Miiller 1973). This obligate anaerobiosis was previously only
observed in unicellular eukaryotes (Danovaro et al. 2010). The authors concluded that this metabolic pathway was
an adaptation to the anoxic conditions in which the individuals lived, however under the assumption that hypoxia is
required for multicellular life, perhaps the reverse is true — these species simply ‘retained’ the traits which were
once exhibited by all early metazoans before the group expanded into the oxic world.

In addition to the hypoxic environments discussed above, other low-oxygen environments of course exist on
Earth. Therefore the total low-oxygen niche on Earth, and the total biomass within these environments, are both
likely much greater than estimated. One such environment is sulphidic cave systems, populated predominantly by
chemolithoautotrophic microorganisms (Engel 2007). The global biomass of these caves is difficult to determine,
considering that: the full global extent of sulphidic cave systems is not currently known; they are difficult to physi-
cally study; and most of the organisms within these environments are microscopic. Despite this, some authors theo-
rise that the primary productivity of chemolithotrophs may surpass the primary productivity exhibited by photosyn-
thetic organisms on the surface of the Earth (Stevens 1997). This is another example of just how influential low-
oxygen environments are for Earth’s biosphere, as well as expanding the extent of the known hypoxic niche.

Appendix B — Experiment methods/results

B.1 — Expansion of the hypoxic niche results
B.1.1 — Fine sediment, unclaved, 21% oxygen

The profile taken within this sample on day 1 was almost identical to that of day 2, so is not included in the corre-
sponding graph (fig. 3A). On days 1 and 2, this sample shows very little variation throughout the whole profile,
with only a slight decrease to ~260 umol/L at the bottom of the profile from a starting position of ~275 pmol/L. On
day 3, the water oxygen concentration is slightly lower, remaining at ~265 umol/L until the sediment-water inter-
face, at which point the concentration begins to decrease until it reaches ~180 pmol/L at ~26 mm profile depth (~15
mm sediment depth). The profile then increases at a much slower pace than the previous decrease until it reaches
the end of the profile, at a final concentration of ~220 pmol/L. On day 4 the water oxygen concentration begins at
~225 umol/L, and is relatively stable before a slight increase beginning at ~7 mm profile depth (~4 mm above the
sediment-water interface) to ~235 umol/L. This is then followed by a rapid decrease when crossing the sediment-
water interface, with the concentration reaching 0 umol/L by ~20 mm profile depth (~9 mm sediment depth). The
vertical extent of the hypoxic zone within this profile is ~4.5 mm; the previous profiles did not reach hypoxia.
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B.1.2 — Coarse sediment, unclaved, 21% oxygen

As can be seen in fig. 3B, on day 2 the water oxygen concentration began ~275 umol/L, where it remained until
~17 mm profile depth, at which point the concentration began to decrease very slowly, dropping by a total of ~10
pmol/L by the sediment-water interface. This decrease pattern continued at roughly the same pace for the remainder
of the profile, eventually reaching ~235 pmol/L. On day 3, the water oxygen concentration was very stable, remain-
ing at ~240 pmol/L until the sediment-water interface. When entering the sediment the concentration decreased
more rapidly than on day 2, however the decrease was still relatively small, reaching ~190 umol/L at ~35 mm pro-
file depth (~12 mm sediment depth) before becoming more stable once again. The concentration remained within
this range of 190 + 10 umol/L for the remainder of the profile. The profile on day 4 follows a very similar pattern to
that of day 3, with the concentration remaining at ~270 pmol/L throughout the water column, and decreasing at a
similar rate to that of day 3 when entering the sediment. At ~35 mm profile depth (the depth at which the day 3
profile stopped decreasing as rapidly), the day 4 profile reached ~185 pmol/L, and also stopped decreasing so rap-
idly. The day 4 profile then remained at 185 + 5 pmol/L for the remainder of the profile. None of the profiles taken
within this sample reached hypoxia.

B.1.3 — Fine sediment, autoclaved, 21% oxygen

As seen from fig. 3C, the oxygen concentration on day 1 remained stable at ~245 pmol/L throughout the water col-
umn, decreasing very slightly to ~240 umol/L by the sediment-water interface. After entering the sediment, the
profile continues to decrease slightly until ~41 mm profile depth (~22 mm sediment depth), where it reaches ~210
pmol/L and begins to increase very slowly to reach ~220 pmol/L by the end of the profile. On day 2, profile 1 be-
gins at roughly the same water concentration as day 1, remaining ~240 + 5 umol/L throughout the water column.
When entering the sediment, this profile decreases much faster than day 1, reaching ~110 pmol/L by ~34 mm pro-
file depth (~15 mm sediment depth), before increasing again to ~180 pmol/L by the end of the profile. Profile 2 of
day 2 has a lower water oxygen concentration than the previous profiles (~210 pmol/L), and remains within ~10
umol/L throughout the water column. Within the sediment, the profile decreases to reach ~20 umol/L by ~32 mm
profile depth (~13 mm sediment depth), before increasing more rapidly to ~140 pmol/L by the end of the profile.
The day 3 profile begins at a lower concentration than all the other profiles, remaining ~170 pmol/L throughout the
water column and the first 1 mm of sediment, before decreasing rapidly to reach 0 umol/L by ~26 mm profile depth
(~7 mm sediment depth). The hypoxic zone has a vertical extent of ~22 mm on day 2 (profile 2 only), decreasing
quickly to ~4.25 mm by day 3.

B.1.4 — Fine sediment, double-autoclaved, 10% oxygen

The 21% oxygen ‘control’ profile taken on the day after sample creation (day 2) began with an oxygen concentra-
tion of ~225 umol/L in the water overlying the sample, decreasing slowly until a concentration of ~200 pmol/L was
reached at the sediment-water interface at roughly 14 mm profile depth (fig. 4A). After entering the sediment, the
oxygen concentration continued to decrease at a slightly faster pace, reaching ~130 pmol/L by 30 mm profile depth,
at which point the decrease slowed once more, reaching ~90 pmol/L by the end of the profile at 70 mm depth.

After the O, concentration was reduced and the sample was covered with Parafilm for ~3 hours, the 10%
oxygen profile also taken on day 2 began with a water oxygen concentration of ~180 umol/L and remained relative-
ly stable throughout the water column, decreasing by ~20 umol/L before reaching the sediment-water interface.
Within the sediment, there was a rapid decrease of oxygen concentration, falling to ~60 pmol/L at 6 mm sediment
depth, followed by a slightly slower decrease to 0 umol/L by ~30 mm of profile depth (16 mm sediment depth).
After maintaining the water oxygen concentration through bubbling with 10% O, the profiles from day 3 and day 4
follow a very similar pattern: both profiles reach 0 pumol/L by ~30 mm profile depth, as well as very similar water
oxygen concentrations, apart from some slight variations.

The day 5 profile was taken first thing in the morning after the sample was left covered overnight, and
begins with a much higher water oxygen concentration of ~225 umol/L, displaying very little variation from this
value until reaching the sediment-water interface. After entering the sediment, the concentration decreases very
rapidly to 0 pmol/L (within ~7 mm of sediment depth), and remains at this value for the entire profile. The day 9
profile was taken after leaving the sample to rest covered for two days, then reducing the water concentration with
dithionite and leaving to rest for ~1.5 hours. The water oxygen concentration was stable at ~125 pmol/L for ~5 mm,
before increasing rapidly to ~180 umol/L, and decreasing back to 125 umol/L at the sediment-water interface.
Within the first millimetre of sediment, there was a slight increase of oxygen concentration by ~15 pmol/L before a
rapid decrease to 0 umol/L at 22.5 mm profile depth (8.5 mm sediment depth). This profile also closely follows the
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pattern of days 2, 3 and 4, with a major difference being the more ‘curved’ appearance of the decrease patterns of
the previous profiles, whilst the day 9 profile has a decrease which is more ‘flat’.

The vertical extent of the hypoxic zones on days 2 and 3 are fairly similar at 10-10.5 mm. This increases
slightly on day 4 to ~12.5 mm, before decreasing significantly by day 5 to ~5.25 mm. The vertical extent is still at a
similar value by day 9, at ~5.75 mm.

B.1.5 — Coarse sediment, double-autoclaved, 10% oxygen

The 21% oxygen control profile taken on day 2 follows a very similar pattern to that of the fine double-autoclaved
sediment, with a slightly lower concentration: the profile begins at ~225 pmol/L at the top of the water column,
followed by a slow decrease to ~185 pmol/L by the sediment-water interface (fig. 4B). After entering the sediment,
the decrease appears to continue at the same pace until ~17 mm into the sediment, at which point the concentration
is ~135 umol/L, and the profile levels out. The decrease continues at a slower pace until the end of the profile, at
which point there is a brief, sharp negative excursion and the profile reaches ~100 umol/L.

The 10% oxygen profile taken on day 2 begins at a water concentration of ~135 pmol/L, where it remains
until ~10 mm of profile depth, at which point the concentration begins to decrease before reaching ~90 pmol/L at
the sediment-water interface. Within the sediment the decrease continues at a slightly slower pace until ~20 mm of
profile depth (~7 mm of sediment depth), where the profile reads ~10 pmol/L before continuing to decrease much
more slowly to reach 0 umol/L by ~25 mm of profile depth (~12 mm sediment depth).

The day 3 profile begins at a water oxygen concentration of ~180 pumol/L, and remains within =10 pmol/L
of this value throughout the water column. The concentration begins to decrease rapidly slightly above the sediment
-water interface, decreasing to ~30 pmol/L by ~21.5 mm profile depth (~8.5 mm sediment depth). This is followed
by a much slower decrease to 0 umol/L by ~27 mm of profile depth, slightly deeper than the previous day. The day
4 profile follows a very similar pattern, especially within the sediment, although this profile shows a much smooth-
er decrease than day 3. The water oxygen concentration of day 4 begins ~160 umol/L, and initially shows a slight
increase to ~170 pumol/L, before beginning to decrease at the same depth as day 3, slightly above the sediment-
water interface. Both profiles reach 0 umol/L at roughly the same sediment depth.

The day 5 profile begins ~190 pmol/L in the water column, and slowly increases to ~200 pmol/L by the
sediment-water interface. It then shows a similarly rapid decrease to the previous days, albeit with a higher overall
concentration. The concentration drops to ~30 umol/L by ~24 mm profile depth (~11 mm sediment depth), before
decreasing more slowly to reach 0 umol/L by ~32.5 mm profile depth (~19.5 mm sediment depth). Similarly to the
previous profiles, this profile reaches 0 pmol/L at a greater depth.

The profiles of days 8 and 9 have fairly similar patterns, especially when it comes to the water oxygen
concentrations: both profiles remain ~170 pmol/L throughout the entire water column. When entering the sediment,
both profiles also initially display very similar patterns of decrease, down to a profile depth of ~21 mm (~8 mm
sediment depth), by which point the oxygen concentration has decreased to ~90 umol/L. After this point, the pro-
files diverge slightly more: the day 8 profile decreases slightly less rapidly than day 9, eventually reaching 0 umol/
L by ~41 mm profile depth (~28 mm sediment depth); the day 9 profile initially decreases more rapidly, reaching
~30 umol/L by ~16 mm sediment depth. After this, the profile decreases more slowly to reach 0 pmol/L at roughly
the same level as the profile of day 8. Both of these profiles reach 0 umol/L much deeper than the profiles of the
previous days.

The vertical extent of the hypoxic zone is fairly similar from days 2—5, being ~10 mm on day 2, ~9 mm for
days 3 and 4 and increasing slightly to ~10.5 mm on day 5. By day 8, the vertical extent has increased greatly to
~17 mm, increasing slightly again to reach ~17.5 mm on day 9.

B.2 — Exoplanet oxygen fugacity method

Step 1: Calculate the ratio of the abundance of each metal compared to the abundance of oxygen, Z/O, using Equa-
tions 1 and 2:

Eq. 1: log(Z/0) =log(Z/X) - 1log(0/X)
Eq. 2: Z/0 = 100(Z/0)
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Where Z = the atomic abundance of the metal (Si, Mg, Al, Ca or Fe), X = atomic abundance of H or He (this de-
pends on the type of white dwarf), and O = atomic abundance of oxygen. The values used for this step are available
in table 1.

Step 2: Assign O atoms to Si, Mg, Al and Ca to form metal oxides using the relationships between Z/O and the
number of O atoms required by each oxide, (O)i, below:

(0)Si02 = 2*Si/0
(0)Mg0 = Mg/0
(0)Al03 = (3/2)*Al/0
(0)CaO =Ca/0

It is important to note here that from this point forward, total oxygen, Oy, does not have the same value as atoms
of oxygen assigned to each oxide, (O)i.

Step 3: Next, calculate the excess oxygen available for bonding with Fe (Oxg) relative to Oy, using Equation 3:
Eq. 3: Oxs = 1 - (0)SiO2 - (0)MgO - (0)Al203 - (0)Ca0
Oxs is then assigned to Fe to create FeO (representing all possible oxides of iron present within the WD atmos-

phere). The value of FeO for use in the following calculations is dependent on the relationship between Oxs and Fe/
O (calculated in Step 1):

If Fe/O > Oxs, then FeO = Oxs
If Fe/O < Oxs, then FeO = Fe/0

Step 4: Calculate the mole fraction of FeO for the material accreted to the white dwarf in question (xFeO), using the

ratios of all the metal oxides relative to Oy, as well as that for FeO calculated above. The oxide ratios for the re-
maining metals can be calculated using the relationships below:

Si02 = Si/0
MgO = Mg/0
Al;03 = 0.5*Al/0
Ca0 =Ca/0
xFeOQ is then calculated using Equation 4:

FeO

xFeQ = -
FeO + Si02 + MgO + Al203 + Ca0

Eq. 4:

Step 5: Calculate the oxygen fugacity for the polluted WD relative to the iron-wiistite standard (AIW) using the
xFeO calculated above with Equation 5:

AIW = 2log + (>22)

Eq. 5: 0.85

Where 0.85 is the nominal mole fraction of Fe in the metal phase during the formation of the parent body which
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polluted the WD.

In order to determine the uncertainties (plus and minus errors) associated with the calculated fO, values for each
polluted WD, the uncertainties with each step must be calculated according to the method below:

Step 6: To calculate the uncertainties of the log(Z/O) values (clog(Z/O)) use Equation 6:

Bq. 6 clog(Z/0) = \/a2log(Z/X) + 62log(0/X)

Where clog(Z/X) is the error associated with the abundance of each metal ion that is polluting the WD atmosphere
and clog(O/X) is the error associated with the abundance of oxygen in the WD atmosphere (see table 1 for these
errors).

Step 7: To calculate the uncertainties associated with the Z/O values, 6Z/O, use Equation 7:

Eq. 7 6Z/0 = Z/0 = In(10) * clog(Z/X)

Where Z/O represents the metal abundances compared to oxygen, calculated using Equation 2 during Step 1.
Step 8: Next, the uncertainty in excess oxygen, cOxs, can be calculated using Equation 8:
Eq. 8:

60xs = +/4 * 625i/0 + a2Mg/0 + (3/2)? = 02Al/0 + ¢2Ca/0

In a similar way that Oxs was assigned to Fe above, 6Oxs can be used to determine the uncertainty in FeO/O
(cFeO):

If Oxs > Fe/O, then 6FeO = cFe/O
If Oxs < Fe/O, then 6FeO = cOxs

Step 9: The uncertainty in mole fraction of Fe, cxFeO, can then be calculated using Equation 9:

Eq. 9:

l[(3i—-FeO)\ | —FeQ\* —Mg0y: —ALOg —Ca0y*
ogxFe0 = || —————|#*c“FeO + ( — ) * g=5i0, + ( — ) +a=Mg0 + ( = ) * g-Al,05 + (—,,) + g=Cal
\ T X z L L

Where )i represents the sum of all metal oxides (SiO,, MgO, Al,0O3, CaO and FeO) that were calculated previous-
ly.

Step 10: Finally, to calculate the plus and minus error of each AIW value, use Equations 10-13:

ATWmin = 2 * log10 (M)

Eq. 10: 0.85
. (FeO+oFe0)
. ATWmax = 2 + log10 » (* =)
Plus error = AlWmax — AIW
Eq. 12:
Minus error = AIW — AIWmin
Eq. 13:

41



B.3 — Exoplanet oxygen fugacity results
B.3.1 — Doyle et al. 2019
B.3.1.1 — He-dominated

WD 1145+017 has a temperature of 16 900 K, with an fO, of AIW -0.568. The positive error for this fO, is +0.118,
and the negative error is -0.136. WD 1536+520 (20 800 K) has a much lower oxygen fugacity of -1.34, and also has
much larger positive and negative errors of +0.387 and -0.717 respectively. GD 40 has a much lower temperature
(15 300 K) but a relatively similar fO, of -1.14. The errors for this value are +0.292 and -0.443. The final He-
dominated WD from this study, J0738+1835, has an even lower temperature of 13 950 K, but again a fairly similar
1O, (-1.12), and positive and negative errors of +0.188 and -0.240 respectively.

B.3.1.2 — H-dominated

There are only two H-dominated WDs present within this study, with the data sourced from Doyle et al. (2019b).
The papers from which the original data was sourced for these WDs (i.e. the data which Doyle et al. (2019a) cor-
rected for settling times) are Génsicke et al. (2012) and Melis & Dufour (2017). WD 1226+110 has a temperature
0f20 900 K and an fO, of -0.536 (positive error +0.288, negative error -0.435). J1043+0855 has a slightly lower
temperature of 18 330 K, but a substantially lower fO, of -1.84 with a positive error of +0.658 (negative error was
not able to be calculated for this WD).

B.3.2 — Harrison et al. 2018

GD 362 has a temperature of 10 500 K and an fO, of AIW -0.665. The positive and negative errors associated with
this value are +0.188 and -0.241 respectively. PG 1225-079 has a similar temperature at 10 800 K, accompanied by
a slightly lower fO, of -0.865. The errors for this value are also slightly smaller than those of GD 362, with +0.132
and -0.155 positive and negative errors respectively. J1242+5226 has a significantly lower fO, of -1.833, despite
having a relatively higher temperature of 13 000 K. The errors are similarly large, with a positive error of +0.485
and negative error of -1.196. HS 2253+8023 is not much hotter than the previous WD at 14 400 K, but has an in-
creasingly positive fO, value (-0.887), as well as the smallest errors within this study (+0.054 and -0.057 respective-
ly). G241-6 is 15 300 K and has an fO, of AIW -1.5. The errors for this value are rather large, with a positive error
of +0.378 and negative error of -0.685. GD 61 (17 300 K) and J0845+2257 (19 780 K) have the most negative fO,
values discussed so far, with -2.62 and -3.685 respectively. GD 61 has a positive error of +1.153, and J0845+2257
has the largest positive error of the study with +2.848. No negative errors could be calculated for these WDs.

B.3.3 — Doyle 2021

GALEX J2339 has a temperature of 13 735 K and an fO, of -1.454, with positive and negative errors of +0.386 and
-0.711 respectively. GD 378 has a slightly higher temperature of 15 620 K, accompanied by a more positive fO, of -
0.974. The associated errors for this WD are +0.344 and -0.579. WD 0446-255 (10 120 K) has a very similar fO, to
GALEX J2339, with AIW -1.418. The positive and negative errors for this WD are slightly lower than for GALEX
however, with +0.203 and -0.265 respectively. WD 1232+563 is 11 787 K, and has an fO, of -1.189, with errors of
+0.194 and -0.251. Finally, WD 2207+121 and WD 15514175 have essentially identical temperatures (14 752 K
and 14 756 K respectively), but relatively different fO, values of -1.295 and -1.351 respectively. Their associated
errors also differ: WD 2207+121 has a positive error of +0.240 and negative error of -0.333, whilst WD 1551+175
has a positive value of +0.174 and a negative value of -0.218.
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