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Foreword

We all know that oxygen is a central element of life, and yet it comprises 

less than one-fifth of the volume of Earth's current atmosphere. This 

gas (O
2
), that we all need to breathe, was not always present in the 

atmosphere, although oxygen was always present in compounds in 

the interior of the Earth. It has been a long Earth history before this 

gas appeared in the Ocean and accumulated in the atmosphere. 

Oxygen is critical to the health of the planet. It affects the cycles 

of carbon, nitrogen and other key elements, and is a fundamental 

requirement for marine life from the seashore to the greatest 

depths of the Ocean. It is well known that the Ocean is afflicted by 

many stressors, from pollution and extractive activities, to Ocean 

acidification and global warming. However, the global loss of oxygen in the Ocean, also known as Ocean 

deoxygenation, has not yet gained as much public awareness. Deoxygenation is increasing in the coastal 

and open Ocean. Human-induced global warming and nutrient run-off from land are the main causes. Just 

like on land, having sufficient oxygen in the Ocean is of paramount importance to most living organisms. 

Therefore, the consequences of oxygen loss in the Ocean are extensive, and projections show that the Ocean 

will continue losing oxygen as global warming continues. Although there are still gaps in our knowledge, we 

know enough to be very concerned about the consequences of Ocean deoxygenation: the impacts might even 

be larger than from Ocean acidification or heat waves. Solutions to Ocean deoxygenation and mitigation 

strategies depend on sound knowledge and raising awareness – a main aim of this Future Science Brief.

In addition to understanding the multiple aspects and impacts of Ocean deoxygenation, another aim of 

this document is to explain the role of the Ocean in the oxygen we breathe. Because the Ocean produces 

approximately 50% of Earth’s oxygen, sentences such as “every second breath we take comes from the Ocean” 

are commonly used to highlight the importance of the Ocean. However, the science behind this sentence is 

more complicated than it might seem at first glance, because of the time it has taken to produce the oxygen 

that has thus far accumulated in the atmosphere. And then there is the question of who do we actually mean 

with “we”? Is it humans, or all organisms on Earth? This document explains the role of the Ocean in Earth’s 

oxygen production and accumulation, how the Earth became oxygenated, the modern oxygen cycle, the 

distribution of oxygen between land and Ocean, and the problem of Ocean deoxygenation.
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The sense of urgency to improve Ocean health is reflected in the UN Decade of Ocean Science for Sustainable 

Development and the EU Mission: Restore our Ocean and Waters, and tackling the loss of oxygen in the 

Ocean is critical to achieving the aims of these two initiatives. This document will contribute to raising the 

necessary awareness and action. It will not be easy to reverse Ocean deoxygenation – but the consequences 

of inaction are far greater than the costs of action.

The Working Group on Ocean Oxygen kicked off in June 2022, after the European Marine Board decided that 

it was timely and necessary to write a document on Ocean oxygen. On behalf of the Members of EMB, I would 

like to sincerely thank the Members of the Ocean Oxygen Working Group for their enthusiasm and drive in 

producing this publication, particularly the Chairs Marilaure Grégoire and Andreas Oschlies. I would also like 

to thank the external reviewers for their valuable input, as well as the EMB Secretariat, and specifically the 

Science Officer Ana Rodriguez, for supporting the Working Group and coordinating the production of this 

document. Finally, I would like to thank the students Lucas Devisscher, Emma Losfeld and Anouk Hofman 

from the Artevelde University of Applied Sciences in Belgium for designing and creating the infographics 

used in this document to illustrate complex issues in a simple way.

 

Gilles Lericolais 
Chair, European Marine Board
June 2023
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Executive summary

Oxygen is essential for the survival of most life on Earth. It is Earth’s most abundant chemical element and is involved in 

numerous chemical reactions, including many biogeochemical cycles. Biogeochemical cycles are continuous loops that 

support life by cycling essential elements between Earth’s living and non-living components, as well as between land and 

the Ocean. Most marine life also relies on oxygen to obtain energy. However, the Ocean is slowly losing oxygen (termed 

Ocean deoxygenation), mainly due to climate change and nutrient run-off from agriculture. Ocean deoxygenation 

promotes the production of the greenhouse gases nitrous oxide and methane, and is an increasing threat to marine life, 

the Ocean’s ecosystems, and ultimately to humans, which all depend on a healthy Ocean. 

This Future Science Brief outlines the most recent science on Ocean oxygen, including the global oxygen cycle, current 

deoxygenation and the influence of the Ocean on the oxygen we breathe. It is not meaningful to discuss Ocean oxygen 

in isolation, therefore the full Earth oxygen system, including the Ocean and atmosphere, are considered. Chapter 

1 provides a general introduction to the importance of Ocean oxygen for life and the problem of deoxygenation. 

Chapter 2 describes how oxygen got into the Earth’s atmosphere, the feedbacks that stabilise oxygen concentrations, 

and the association of several mass extinctions with Ocean deoxygenation. It also examines whether the sentence 

commonly used in Ocean Literacy and science communication “every second breath we take comes from the Ocean” 

is scientifically accurate. Chapter 3 covers the modern oxygen cycle, with an emphasis on oxygen in the Ocean. It also 

describes millennial to decadal natural variability in atmospheric and oceanic oxygen content. Chapter 4 details current 

Ocean deoxygenation, including the mechanisms and degree of oxygen loss, effects on marine life and ecosystems, 

and impacts of deoxygenation on biogeochemical processes. Chapter 5 explains the methods used to study oxygen 

and the strengths and limitations of modelling Ocean oxygen. Chapter 6 discusses management, mitigation and 

adaptation needs to address Ocean deoxygenation. The final recommendations of this document are presented in 

Chapter 7 and summarised below.

Recommendations for policy and management:

• Recognise Ocean deoxygenation as one of the major threats to marine ecosystems;

• Reduce and eventually reach net-zero anthropogenic emissions of greenhouse gases to stop upper 

Ocean deoxygenation;

• Limit run-off of nutrients and organic waste into the Ocean to reduce coastal deoxygenation and 

hypoxia (low oxygen conditions impacting marine life);

• Reduce stressors and increase protection of marine ecosystems, especially in deep-sea ecosystems,  

to increase resilience to deoxygenation; 

• Include Ocean oxygen in future projections by intergovernmental bodies and in high-level frameworks 

for planetary health to spur action and societal awareness; and

• Promote the following statements on the role of the Ocean in the oxygen we breathe, to provide the 

most accurate information:

 ✓	 The Ocean produces ~50% of Earth’s oxygen;

 ✓	 Every second breath taken by all life on Earth comes from the Ocean; and

 ✓	 Since the origin of life on Earth, the Ocean has provided most of the oxygen in the atmosphere, and  

  is responsible for 6 of 7 breaths humans take.
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Recommendations for funders, research and monitoring:

• Fund and perform coordinated research to better understand historical, current and future Ocean 

deoxygenation rates;

• Fund and perform targeted research to enhance understanding of the biological, chemical and physical 

processes controlling oxygen dynamics;

• Fund and increase Ocean oxygen observations and modelling efforts, and ensure that all oxygen data is 

compiled and shared, feeding into global databases, to accurately document and predict Ocean oxygen 

changes;

• Develop new low-power and low-cost oxygen sensors;

• Include oxygen in multiple stressor studies of marine environments; 

• Fund and perform research to better understand how deoxygenation will impact marine life, from 

populations to ecosystems; and

• Fund and perform research to better understand the vulnerability of ecosystem services, our society and 

our economy to deoxygenation.

Long Beach in Namibia. Ocean deoxygenation can impact the visual appeal of coasts and degrade water quality.
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Contribution to the UN Ocean Decade  
Challenges and Outcomes

This Future Science Brief and its recommendations support the 

following societal outcomes (O) and challenges (C) of the United 

Nations Decade of Ocean Science for Sustainable Development (Ocean 

Decade):

 • ‘A clean Ocean’ (O1) where we ‘Understand and beat marine pollution’ (C1) by contributing to understanding 

the impacts of nutrient pollutants on ecosystems and to developing solutions to remove or mitigate them. This 

document outlines the direct link between land-based nutrient run-off and enhanced Ocean deoxygenation 

and hypoxia in coastal ecosystems, and its consequences on Ocean ecosystems and marine life. 

• A healthy and resilient Ocean’ (O2) where we ‘Protect and restore ecosystems and biodiversity’ (C2) by 

contributing to understanding the effects of multiple stressors on Ocean ecosystems and to developing solutions 

considering future changing conditions. This document highlights the combined effects of deoxygenation, 

warming and acidification on marine life, stressing the need for studies on multiple stressors. Moreover, it 

elucidates how the deep Ocean will continue to lose oxygen for centuries, even if anthropogenic greenhouse 

gas emissions would be stopped today, highlighting the need for deep-sea ecosystem protection to enhance 

their resilience.

• ‘A productive Ocean’ (O3) where a sustainable food supply allows to ‘Sustainably feed the global population’ 

(C3) by highlighting how Ocean deoxygenation can lead to habitat compression and changes in food web 

structure, thereby impacting global fisheries, and influencing the development of solutions to supply food from 

the Ocean.

• ‘A predicted Ocean’ (O4) where we need to ‘Expand the Global Ocean Observing System’ (C7) by highlighting 

the need to include oxygen in all Ocean observing efforts.

• ‘Unlock Ocean-based solutions to climate change’ (C5) by contributing to understanding the Ocean-climate 

nexus and the effects of climate change on the oxygen cycle. This document describes the oxygen cycle, its link 

to the carbon cycle and the effects of climate change on the oxygen cycle.

Knowledge on Ocean oxygen and the threat of Ocean deoxygenation is thus essential to achieve the objectives of 

the Ocean Decade.
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Contribution to the EU Mission: Restore our 
Ocean and Waters

This Future Science Brief and its recommendations support 

the following three objectives (O) and one enabler (E) of 

the EU Mission: Restore our Ocean and Waters (Mission 

Ocean):

• ‘Protect and restore marine and freshwater ecosystems and biodiversity’ (O1) by highlighting the threats of 

Ocean deoxygenation to marine life and ecosystems, and thus the importance of protection and restoration to 

increase resilience.

• ‘Prevent and eliminate pollution’ (O2) by describing the direct link between anthropogenic nutrient run-off and 

hypoxia in coastal waters, which frequently leads to changes in marine animal community structure and mass 

mortality. These threats highlight the need to limit run-off of nutrients and organic waste into the Ocean.

• ‘Make the sustainable blue economy carbon-neutral and circular’ (O3) by explaining the direct link between 

anthropogenic greenhouse gas emissions and Ocean deoxygenation, stressing the need to transition to a 

carbon-neutral economy.

• ‘Promote a participatory governance based on public mobilisation and engagement’ (E2) by heightening 

awareness of the threat of Ocean deoxygenation to marine ecosystems, which is currently heavily under-

communicated compared to similar stressors, such as Ocean acidification. Participatory governance and 

engagement will be key to increase public awareness. 

EMB acknowledges that while 
the Working Group members 
writing this document and its 
recommendations represent  
diversity in European geo-
graphical location (see Annex I), 
professional background, and  
career level, their views do not 
represent ideas from other 
geographical locations and 
other forms of diversity and may 
therefore be biased. Although 
all authors are affiliated with 
European institutions, the 
document covers the global 
Ocean oxygen dynamics and the 
messages and recommendations 
are therefore relevant at the 
global scale.

Kelp below the sea surface in the Isle of Seil, Scotland. Coastal vegetative ecosystems, 
such as kelp beds, seagrass meadows, mangroves and tidal marshes may help to enhance 
oxygen levels locally through photosynthetic oxygen production.
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1 Introduction

Most life on Earth, including marine life, relies on oxygen for its survival. 
Oxygen is the most abundant element on Earth and is involved in 
many chemical reactions, including biogeochemical cycles of essential 
elements, such as carbon, sulphur, nitrogen and phosphorus. These 
cycles continuously loop essential elements between the living and 
non-living components of Earth. Biogeochemical cycles also connect 
the land and the Ocean. The Ocean is therefore essential to maintain 
the balance of biogeochemical cycles, and the whole Earth system. 
Biogeochemical cycles not only support life on Earth but are also 
vital for regulating Earth’s climate and therefore have strong climatic, 
economic and societal relevance.

Although many of us take our richly oxygenated atmosphere for 
granted, there was very little free oxygen during most of Earth’s 
4.5-billion-year history. It was only when oxygen-producing 
cyanobacteria evolved that oxygen started to slowly accumulate 
in our atmosphere. The rise of oxygen is closely linked with the 
evolution of progressively more complex life-forms on Earth. 
Conversely, major drops in oxygen, especially in the Ocean, have 
been accompanied by global mass extinction events – with at 
least three of the five mass extinctions being linked to no oxygen 
(anoxia) in the Ocean.

The percentage of oxygen in our modern atmosphere has currently 
stabilised at ~21% and this stability is due to a balance in the global 
oxygen cycle, i.e. the processes that produce oxygen and consume 
it. Photosynthesis by plants on land and microscopic marine 
algae  (called phytoplankton) in the Ocean produces roughly equal 
amounts of oxygen every year, leading to the notion that every 
second breath we take comes from the Ocean. But virtually all this 
oxygen is used shortly after by terrestrial and marine organisms,  
respectively, for respiration (i.e. the use of oxygen by animals, plants 
and microbes to produce energy). Therefore, understanding the role 
of the Ocean in the oxygen we breathe is more complicated than it 
might seem at first. In this document, we explain all components 

needed to understand this, including differences in timelines for 
marine- and terrestrially-produced oxygen. 

In contrast to the relatively well-mixed atmosphere, oxygen in the 
Ocean exhibits strong spatial gradients. The surface of the Ocean 
is usually close to saturation (i.e. it has the maximum possible 
amount of dissolved oxygen at a given temperature). However, 
at intermediate depths, oxygen is supplied via Ocean circulation, 
and this supply cannot compensate for its consumption, creating 
persistent, natural, low oxygen areas, which have intensified and 
expanded in recent decades.

In addition to the decline in oxygen in naturally-occurring low oxygen 
areas, the whole Ocean has also been losing oxygen since the middle 
of the 20th century. This so-called Ocean deoxygenation is one of 
the most worrying changes occurring in marine ecosystems and yet 
it is heavily under-communicated. Global warming leads to oxygen 
loss, both directly, by reducing the amount of oxygen seawater can 
hold (i.e. reducing oxygen saturation levels), and indirectly, through 
changes in physical dynamics, such as intensifying stratification, 
which slows down Ocean circulation and reduces the transport of 
oxygen into the Ocean interior. The global Ocean oxygen content 
has decreased by more than two percent since the middle of the 
20th century (Schmidtko et al., 2017). Model projections for the end 
of this century predict a further decrease of several percent under 
both “business-as-usual” and “high mitigation” greenhouse gas 
emission scenarios (Bopp et al., 2013).

Another major source of Ocean oxygen loss is eutrophication  
(i.e. nutrient enrichment) in coastal zones as a result of nutrient run-
off from land. The increased application of fertilisers in agriculture 
has doubled the input of nutrients from land into the Ocean over 
the past half century. Eutrophication can lead to the development 
of very low oxygen conditions, ranging from hypoxia (reduced 
oxygen) to anoxia, with detrimental impacts on marine life.

The sentence “every second breath you take comes from the Ocean” is commonly used in Ocean Literacy 

and science communication to highlight the importance of the Ocean for humans. Despite the widespread 

use of this phrase, there is growing debate among scientists about its accuracy. To avoid misleading the 

public, there is a need to clarify the science underpinning the actual connection between the oxygen 

reservoir in the atmosphere and oxygen production in the Ocean, including differences in timelines for 

marine- and terrestrially-produced oxygen. In contrast to the widely used "every second breath" sentence, 

there is little public awareness on the fact that the Ocean is currently losing oxygen, termed deoxygenation. 

This is of great concern, with likely significant detrimental effects on marine life, ecosystem functioning, 

and ultimately humans, and there is a need for heightened awareness about this threat.
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Key terminology

Ocean deoxygenation refers to a decline in dissolved oxygen concentrations with time. 

Oxygen Minimum Zone (OMZ) generally refers to regions that display persistent, low oxygen concentrations in vertical profiles, 

often found to occur naturally in the tropical Ocean at a depth of several tens to a few hundred metres. 

Oxygen Deficient Zone (ODZ) refers to regions where oxygen concentrations are below critical threshold values, thereby impacting 

marine life and/or biogeochemistry. ODZs can occur naturally in particularly intense Oxygen Minimum Zones (OMZs). Throughout 

this document we will use ODZs as an overarching term for low oxygen regions, because OMZs refer to the shape of the vertical 

profile, not to the absolute level of oxygen concentrations.

The consequences of oxygen loss in the Ocean include decreased 
biodiversity, shifts in species distributions, displacement or 
reduction in fisheries resources, changes in biogeochemical 
cycling and mass mortalities. Low oxygen conditions also 
drive other chemical processes which produce greenhouse 
gases, toxic compounds and further degrade water quality. The 
degraded water quality directly affects marine ecosystems, 
but also indirectly impacts ecosystem services supporting local 
communities, regional economies and tourism. For instance, 
island communities that depend on coral reefs are increasingly 
subjected to deoxygenation, which has a detrimental impact on 
their livelihoods.

These changes are taking place on such a large scale that experts 
foresee that they will have implications for global biochemistry and 
climate, with a less productive Ocean and a lower capacity of both land 
and Ocean to serve as carbon sinks (Long et al., 2019). The continued 
spread of deoxygenated areas in the Ocean is therefore of great 
concern, with potentially large impacts on biodiversity and human 
societies (Laffoley & Baxter, 2019). Raising awareness of the causes, 
impacts and solutions to Ocean deoxygenation is therefore critical.  
This document investigates the different mechanisms driving 
Ocean oxygen changes, their impacts and potential mitigation 
strategies.

A herring shoal in Scotland, UK. The consequences of oxygen loss in the Ocean include decreased biodiversity, shifts in species distributions and 
displacement or reduction in fisheries resources.
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2 History of the oxygen cycle 
on Earth 

This chapter presents the history of the oxygen cycle on Earth, including what type of life existed before 

there was oxygen in our atmosphere, how the Earth became oxygenated, and how that changed life on 

Earth. It also discusses the relationship between mass extinctions and Ocean deoxygenation. Furthermore, 

it explains the mechanisms that maintain the balance of oxygen in the atmosphere and historical tipping 

points. Finally, the amount of atmospheric oxygen originating from land and the Ocean is presented, and 

the question of whether every second breath we take comes from the Ocean is discussed. 

The key messages from this chapter are:

• During most of Earth’s 4.5-billion-year history, there was virtually no free oxygen in our atmosphere (i.e. it was anoxic); 

• The Great Oxidation Event (GOE) occurred ca. 2.4 billion years ago and was a tipping point in the history of atmospheric oxygen. 

Oxygen-producing cyanobacteria (i.e. blue-green algae) evolved and oxygen started accumulating in the atmosphere, radically 

changing the chemistry and biology of Earth;

• Eukaryotes (i.e. organisms that have cells with a nucleus) evolved in an Ocean with oxygenated surface water, anoxic deep 

waters and atmospheric oxygen levels likely 1-10% of present levels;

• The Paleozoic Oxygenation Event (POE) was another tipping point, which occurred ca. 400 million years ago and was associated 

with the evolution of land plants;

• Numerous feedbacks stabilise the oxygen content of the atmosphere;

• Three out of five mass extinctions were associated with Ocean deoxygenation; and

• 86% of the oxygen humans breathe (or six out of seven breaths we take) originated from the Ocean over geological time scales.

2.1 History of oxygen and its relationship to life 

2.1.1 Life before oxygen 

The Earth is 4.5 billion years old and contained virtually no free 
oxygen (in its O

2
 gas form) in the atmosphere or the Ocean for the 

first ca. 2 billion years (during the Hadean Eon and the Archean 
Eon, Figure 2.1 and 2.2; an eon is the largest geological time 
unit) - although oxygen (O) was always present in compounds 
in the interior of the Earth. Life evolved around 3.7 billion years 
ago (during the Archean Eon) (Rosing, 1999), but was anaerobic, 
i.e. it neither produced nor used oxygen. Organisms producing 
methane and organisms metabolising sulphate evolved 3.5 
billion years ago (Shen et al., 2001). These are both important 
biological processes today that help control the biogeochemical 
cycling of carbon and sulphur. Despite the evolution of these 
organisms, the rates of primary production on the anoxic 
Earth, including the Ocean, was likely considerably lower than 
today (Canfield et al., 2006). Only very simple life forms existed 
with a species diversity likely substantially lower than today.  

2.1.2 Oxygenation of Earth 

The chemistry and biology on land and in the Ocean changed 
profoundly with the evolution of oxygen-producing cyanobacteria, 
which produce oxygen and organic matter (i.e. matter composed 
of carbon-based compounds) through photosynthesis (Box 2.1), and 
spread to all aquatic environments receiving sunlight. The timing 
of cyanobacterial evolution is unclear, but they certainly evolved by 
2.4 billion years ago (during the Proterozoic Eon, Figure 2.1 and 2.2) 
when a dramatic increase in oxygen occurred in the atmosphere, 
called the Great Oxidation Event (GOE) (Figure 2.1). The spread 
of cyanobacteria increased biological primary production on the 
Earth by several orders of magnitude. This was beneficial to all 
life on Earth, feeding the anaerobic life in sediments and marine 
waters that were still mostly anoxic. The introduction of oxygen 
into the environment allowed the evolution of aerobic metabolism 
(i.e. energy production or consumption using oxygen), which 
dramatically increased the complexity of marine ecosystems. 
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Increased atmospheric oxygen liberated many micro-nutrients 
contained in rocks through weathering, which were delivered to 
the Ocean through rivers. Phosphorus is one of the nutrients that 
were delivered to the Ocean. Because it is essential for life, it gave 
an extra boost to marine phytoplankton growth and thus primary 
production (Bekker & Holland, 2012). Similarly, dissolved silicate 
also reached the Ocean from the weathering of rocks and is an 
essential nutrient for diatom growth (i.e. a type of phytoplankton 
that forms the base of many modern oceanic and coastal food 
webs).

During the GOE, the surface mixed layer of the Ocean (i.e. the 
surface waters which are well mixed by wind, and other processes, 
typically covering the first tens of metres of the Ocean) became 
oxygenated and allowed the efficient cycling of elements because 
oxygen plays a central role in the biogeochemical cycling of many 
elements. For example, organic matter produced by cyanobacteria 
from carbon dioxide (CO

2
) and water (H

2
O) created oxygen (O

2
), that 

could be rapidly respired back to carbon dioxide and water (Box 2.1). 
Similarly, nitrogen (N) could now also be efficiently recycled and this 
allowed another key nutrient for life, nitrate (NO

3
), to accumulate in 

the surface of the Ocean (Cheng et al., 2019).

Box 2.1   Mechanisms of biological oxygen production and consumption through photosynthesis  
and respiration

Oxygen (O
2
) is produced through photosynthesis and consumed through aerobic respiration, which includes decomposition by 

microbes.

Photosynthesis is a process whereby oxygen is produced by cyanobacteria, plants and algae, using sunlight, water and carbon dioxide 

(CO
2
) to produce organic matter. This process of organic matter production is called “primary production”. Both on land and in the 

Ocean, photosynthesis is responsible for virtually all biological primary production. The equation for photosynthesis is:

 Sunlight Energy + Water + Carbon Dioxide → Organic matter + Oxygen

(Aerobic) respiration is the process whereby living organisms produce energy from organic matter and oxygen. In humans 

and other animals this involves breathing oxygen and eating (i.e. consuming organic matter). Microbes respire (aerobically) 

when they use oxygen to decompose organic matter, thereby producing energy. The equation for aerobic respiration is: 

 Organic matter + Oxygen → Carbon Dioxide + Water + Energy 

Figure 2.1 History of atmospheric oxygen since the formation of Earth 4.5 billion years ago. Oxygen levels are expressed in percentage of present 
atmospheric oxygen levels. The black shaded areas denote the most likely oxygen levels at the time (based on most scientific studies), whereas the 
the grey shaded areas indicate the range of uncertainty (i.e. possible oxygen levels based on some studies). Note that the percentage oxygen levels 
are represented on a logarithmic scale to show the very wide range of values; the oxygen level values therefore do not increase linearly. GOE = Great 
Oxygenation Event; NOE= Neoproterozoic Oxygenation Event; POE = Paleozoic Oxygenation Event. 
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2.1.3 The emergence of eukaryotes 

Although oxygen accumulated in the atmosphere and the Ocean 
after the GOE, levels of oxygen were likely much lower than today, 
probably around 1-10% of present values. However, the exact values 
remain uncertain and they might have been considerably higher or 
lower (see grey bands in Figure 2.1). While the surface mixed layer 
of the Ocean would have been in equilibrium with the atmosphere, 
the waters directly above the seabed were mostly anoxic. Anoxia 
was probably also common below the surface mixed layer of the 
Ocean (Guilbaud et al., 2015). The deep-sea, however, could have 
been mildly oxygenated depending on where the deep water 
formed and on patterns of Ocean circulation. Eukaryotes, including 
eukaryotic algae, first evolved in this unevenly oxygenated Ocean, 
with the earliest fossil evidence dating back to 1.7-1.6 billion years 
ago (Knoll et al., 2006).

It is unknown if more advanced marine eukaryote ecosystems first 
emerged at the same time as algae and eukaryotic grazers (1.7-1.6 
billion years ago), but by 750 million years ago they were certainly 
present (Zumberge et al., 2019). Animals, which first evolved in the 
Ocean, also likely appeared around this time. Sponges are thought 
to be one of the first animal groups that evolved on Earth, and the 
first possible sponge fossils are around 600 million years old (Yin et 
al., 2015). 

There is a longstanding hypothesis that the rise in atmospheric 
oxygen concentrations enabled animal evolution. This hypothesis 
is supported by the rise in animal evolution around 650-700 million 
years ago in what is known as the Neoproterozoic Oxygenation 
Event (NOE) (Figure 2.1) (Och & Shields-Zhou, 2012). However, the 
atmosphere and Ocean might have accumulated sufficient oxygen 
for the earliest animals as far back as 1.7 billion years ago (Canfield 
et al., 2021), long before the NOE. In addition, evidence for the NOE 
is not as straightforward as for the GOE. Atmospheric oxygen might 
have not reached modern-like levels until about 400 million years 
ago during the Paleozoic Oxygenation Event (POE) - another tipping 
point in the history of atmospheric oxygen - when land plants 
evolved and proliferated (Dahl et al., 2010) (Figure 2.1 and 2.2). The 

relationship between oxygen dynamics and animal evolution is, 
therefore, still unclear.

2.1.4 Mass extinctions and Ocean deoxygenation 

Deep-sea and seabed anoxia remained common in the Phanerozoic 
Eon (the current eon, covering the last 551 million years), well 
after animals first evolved (Sperling et al., 2021). Deep-sea anoxia 
probably persisted due to low atmospheric oxygen levels, but it 
might also be due to different configurations of continents, which 
led to different patterns of deep-water circulation (Pohl et al., 2022).

Three out of the five mass extinctions that have occurred throughout 
Earth’s history have so far been linked to expanded Ocean anoxia. 
These mass extinctions all happened during the current Phanerozoic 
Eon, in the Ordovician, Devonian and Permian periods (periods 
are smaller geological time units than eons typically lasting many 
millions of years, and one eon can contain several periods) (Figure 
2.2). The Ordovician mass extinction (85% death rate, ca. 443-445 
million years ago) occurred during a period of rapid cooling, which 
probably changed Ocean circulation and expanded anoxia (Bartlett 
et al., 2018). The Devonian mass extinction (70% death rate, ca. 
375 million years ago) is similarly associated with expanded Ocean 
anoxia. This was probably related to the development of rooted land 
vegetation, which increased weathering on land, thereby delivering 
more phosphorus to the Ocean and increasing productivity. This, in 
turn, would have increased the organic matter reaching the deep 
sea, which upon decomposition would have decreased oxygen in 
the deep-sea (Zhang et al., 2020). The Permian mass extinction (95% 
death rate, ca. 252 million years ago) is the largest known in Earth’s 
history. This extinction is associated with expanded Ocean anoxia 
and was most likely caused by high levels of CO

2
 released from 

volcanoes and the resulting global warming. The global warming 
led to slower Ocean circulation and Ocean deoxygenation (Kiehl & 
Shields, 2005). Overall, while the mechanisms may vary, enhanced 
Ocean anoxia, sometimes associated with climate change, was 
likely responsible for some of the major mass extinctions in Earth’s 
history.
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A dinosaur skeleton of the species Edmontosaurus annectens at the Royal Ontario Museum in Canada. All dinosaurs went extinct about 65 million 
years ago, during the Cretaceous mass extinctions.

https://creativecommons.org/licenses/by/3.0/
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Figure 2.2 Geological times, mass extinctions (where 70-95% of life on Earth died) and increase of oxygen in the atmosphere since the 
formation of Earth. The four eons (Hadean, Archean, Proterozoic and Phanerozoic) are highlighted in brown, dark green, light green 
and blue, respectively. The periods of the Phanerozoic Eon are shown in different shades of blue. The skulls symbolise the occurrence 
of a mass extinction. The organisms shown represent their evolution (except for the modern human symbol, which indicates that we 
are currently in the Holocene). Note that the Phanerozoic Eon is not to scale (indicated by the break in the graphic). Oxygen levels are 
shown as a percentage of the current atmospheric oxygen level.
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A cyanobacteria (blue-green algae) Cylindrospermum species under magnification. The evolution of oxygen producing cyanobacteria was associated 
with the first marked increase of oxygen in our atmosphere.
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Encrusting sponge in the Mediterranean Sea. Sponges were among the first animals to evolve around 600 million years ago.

https://creativecommons.org/licenses/by/3.0/
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2.2 Oxygen in the atmosphere 

2.2.1 Sources and sinks of atmospheric oxygen 

The concentration of oxygen in the atmosphere is a balance between 
the processes releasing oxygen to the atmosphere (sources) and 
the processes consuming it (sinks) (Figure 2.3). Oxygen comes from 
primary production by cyanobacteria, plants and algae, but most 
of this oxygen is consumed again when these organisms respire 
and as their remains are decomposed by other organisms (Box 2.1). 
Therefore, if all the organic matter produced by photosynthesis was 
respired, all the oxygen produced during photosynthesis would be 
used and no oxygen would accumulate in the atmosphere. However, 
some organic matter escapes respiration and instead becomes 
buried in sediments, therefore some oxygen is not used. This 
unused oxygen represents a surplus, and is a net source of oxygen 
to the Ocean and ultimately to the atmosphere. In other words, 
the burial of organic matter creates a small imbalance between 
oxygen production and consumption through which oxygen slowly 
accumulates in the atmosphere. Therefore, the oxygen we breathe 
today has slowly accumulated in the atmosphere over very long 
time-scales as a result of organic matter burial.

Perhaps less obvious, the burial of pyrite (FeS
2
, a naturally occurring 

mineral that is commonly found in a variety of rocks and geological 
formations) also represents a source of oxygen to the atmosphere1. 
Pyrite is a common mineral in marine sediments and its burial has 

the same impact on oxygen accumulation in the atmosphere as the 
burial of organic matter. In marine sediments, both organic matter 
and pyrite are buried, while on land, organic matter is buried as 
coal with very little accompanying pyrite. Thus, in the Ocean, both 
organic matter and pyrite contribute to the oxygen release to the 
atmosphere, while on land it is mainly organic matter burial (Figure 
2.4). During the last 12,000 years (throughout the Holocene) the 
burial of organic matter and pyrite in the Ocean has contributed 
86% of the oxygen that has accumulated in the atmosphere, while 
the burial of coal on land has contributed the remaining 14% of 
oxygen (see Section 2.2.2).

Oxygen is consumed by reacting with organic matter and pyrite in 
sedimentary rocks (i.e. rocks that are formed on or near the Earth’s 
surface from the compression of pre-existing rocks or remains of 
dead organisms), and by reactions with volcanic gases (Figure 2.2). 
The reaction of oxygen with volcanic gases occurs very rapidly and 
does not depend on oxygen concentration. This process is thought 
to have declined in importance throughout time as the Earth’s 
interior has cooled and the release of gases from the Earth’s mantle 
to the surface has declined (Holland, 2009). In one hypothesis, the 
Great Oxygenation Event (GOE) resulted when the flux of gases 
from the Earth’s interior (mostly hydrogen) decreased so much 
that the reactions to consume atmospheric oxygen could not 
happen anymore (Holland, 2009), resulting in increase of oxygen 
concentration in the atmosphere. 

1 The burial of pyrite also represents an oxygen source to the atmosphere through the oxidation of organic matter by sulphate reduction and the fixation of the sulphide 
product as pyrite in sediments. The net reaction is: 16H+ + 8SO4

2- + Fe2O3 → 8H2O + 4FeS2 + 15O2

Figure 2.3 The major processes controlling the concentration of atmospheric oxygen. Oxygen accumulates in the atmosphere as a result of organic 
matter (OrgC) and pyrite being buried into sediments, and it is consumed by reacting with organic matter and pyrite in sedimentary rocks during 
weathering and through reactions with volcanic gases. 
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2.2.2 Contribution of the land and Ocean to the 
 oxygen in the atmosphere 

The rate at which oxygen is currently produced is about the same on 
land as in the Ocean (see Chapter 3), leading to the notion that every 
second breath we take comes from the Ocean (Box 2.2 and Figure 2.5). 
However, almost all this oxygen is rapidly respired again: the oxygen 
produced on land is respired by terrestrial organisms, while the oxygen 
produced in the Ocean is respired by marine organisms (Figure 2.5). 

Oxygen has accumulated in the atmosphere over geological time 
scales (millions of years) due to the burial of small amounts of 
organic matter and pyrite in sediments (Section 2.2.1).  In broad 
terms, the Ocean has been responsible for nearly all the oxygen in 
the atmosphere from the time of cyanobacterial evolution (around 
2.4 billion years ago). Data are available to estimate a more precise 
contribution of the land and Ocean to the oxygen in the atmosphere 
for the last 12,000 years. However, it has to be remembered that 
oxygen in the atmosphere has accumulated over millions of years 
(not just over the last 12,000 years) and that the processes of 
oxygen liberation were not constant over geologic time.

Throughout the Holocene (the last 12,000 years), organic matter 
has been buried in Ocean sediments at a rate of 0.016 Petamol  
(1 Pmol = 1015 mol) per year (Wallmann, 2010). In contrast, on 
land, organic matter burial in peat is roughly four times slower 
(0.0033 Pmol per year) (Canfield et al., 2020). The oxygen released 
to the atmosphere from the Ocean and land is approximately 
equal to the organic matter burial rate (i.e. four times lower 
on land than in the Ocean). Pyrite burial in Ocean sediments 
contributed another ca. 0.005Pmol of oxygen to the atmosphere 
(Figure 2.4) per year during the Holocene (approximately 1.5 
times more than all carbon burial on land) (Canfield, 2005). If we 
sum these sources of oxygen to the atmosphere, organic matter 
and pyrite burial in the Ocean have released a total of 0.021Pmol 
of oxygen per year and organic matter burial on land has released 
0.003Pmol of oxygen per year to the atmosphere during the 
Holocene. The combined oxygen release to the atmosphere from 
the Ocean and land was thus 0.0243Pmol per year, of which 86% 
of this oxygen came from the Ocean. Therefore, if we consider the 
sum of the processes that ultimately control the oxygen content 
of the atmosphere, the Ocean is responsible for more than six 
out of seven breaths humans breathe! As noted above, on short 
times scales, the organisms in the Ocean and land produce similar 
amounts of oxygen (Figure 2.5 and Chapter 3). It is not known 
what the oxygen release rates from carbon and pyrite burial are 
today, because they are measured over time scales of thousands 
of years.

2.2.3 Controls on atmospheric oxygen 

As explained in Section 2.2.1, the reactions of oxygen with pyrite 
and organic matter represent oxygen removal mechanisms (i.e. 
oxygen sinks) from the atmosphere (Figure 2.3). There are, however, 
natural control mechanisms that ensure that oxygen levels do 
not drop below levels which would impact life on Earth. The rate 
of oxygen removal depends on the oxygen concentration in the 
atmosphere (Chang & Berner, 1999), where the rates of oxygen 
removal through reaction with organic matter and pyrite become 
slower as oxygen concentration decreases. This creates a negative 
feedback that helps to keep oxygen concentration from becoming 
too low. Pyrite oxidation (i.e. the reaction of pyrite with oxygen) 
happens very fast and may only control oxygen at very low levels 
of oxygen (0.001% of present oxygen levels), but organic matter 
oxidation is slower and could control oxygen levels even at current 
oxygen concentrations (Daines et al., 2017).
 
There are other biogeochemical feedbacks that could help regulate 
oxygen concentrations. One potentially important feedback is 
related to controls on the concentrations of phosphorus in the 
Ocean (Colman et al., 1997). Phosphorus is an essential element 
for life that is primarily delivered to the Ocean via continental 
weathering. It is a key limiting nutrient in primary production, and 
it is generally considered the most important limiting nutrient 
over long geological times. Phosphorus is buried at higher rates in 
marine sediments when the Ocean is oxygenated, because its burial 
efficiency depends on the availability of oxygen at the seabed. 
The increase in phosphorus burial results in lower phosphorus 
concentration in the Ocean, in turn reducing the rates of primary 
production. As primary production decreases, so does the burial of 
organic matter and the amount of oxygen that is released to the 
atmosphere. Similarly, when oxygen decreases, anoxia expands, 
resulting in lower rates of phosphorus burial, thereby increasing 
phosphorus concentrations in the Ocean. This in turn enhances the 
rates of primary production and organic matter burial, therefore 
increasing the amount of oxygen release. The expansion of Ocean 
anoxia should therefore lead to an increase in oxygen concentrations 
in the Ocean and atmosphere, due to the biogeochemistry of 
phosphorus, which acts as a negative feedback and keeps oxygen 
concentrations from becoming too low. Phosphorus is also delivered 
to and buried in lake sediments. However, lakes have relatively short 
lives, and are not viewed as long-term repositories for phosphorus 
and are, therefore, not important in oxygen control.
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Figure 2.4 The geological oxygen cycle. Oxygen fluxes are given in Pmol per year.
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Box 2.2   Does every second breath we take come from the Ocean?

The land and Ocean each produce ~50% of Earth’s oxygen, leading to the notion that every second breath we take comes from 

the Ocean. But is this statement correct?

There are two ways to look at this statement: 

1.  If “we” refers to humans: While the land and Ocean each produce about half of Earth’s oxygen, almost all of this oxygen 

is rapidly used again when organisms respire: terrestrial organisms use the oxygen produced on land, while marine 

organisms use the oxygen produced in the Ocean. This means that on short time scales (~1-10 years), the net release of 

oxygen from the Ocean is close to zero. Oxygen in the atmosphere has accumulated over millions of years (geologic time). 

Therefore, if “we” refers to humans, we have to calculate the contribution of the Ocean and land to the oxygen in the 

atmosphere: The Ocean has released ~86% of the oxygen in the atmosphere. Therefore, six out of seven breaths humans 

take come from the Ocean.

2. If ‘’we” refers to all life on Earth: If every second breath “we” take refers to all living organisms on Earth – both on land and 

in the Ocean – then the sentence is correct. We can say that every second breath taken by all life on Earth comes from the 

Ocean – recognising that phytoplankton in the Ocean produce the same amount of oxygen as land plants. 

In both cases, the importance of oxygen produced in the Ocean – both for humans and all life on Earth – is clear.
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Figure 2.5 Does every second breath humans take come from the Ocean? Illustrating the contribution of the land and Ocean to the oxygen in the 
atmosphere.
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3 The modern  
oxygen cycle 

Today, over 99% of all freely available oxygen is in the atmosphere, and only a very small fraction (<0.1%) 

is dissolved in the Ocean. Nevertheless, oxygen plays a critical role for life in the Ocean, just like it does 

for life on land. This chapter covers the modern oxygen cycle (i.e. from around the 19th century on, when 

we started to make oxygen measurements), and explains how, in contrast to the atmosphere, there are 

very sharp gradients in oxygen distribution in the Ocean. The chapter further describes the physical and 

biological processes influencing oxygen concentrations, and how global warming might affect the balance 

between oxygen production and consumption in the Ocean. Finally, natural variability of atmospheric and 

oceanic oxygen is discussed, in order to assess whether changes in current oxygen levels might also be 

affected by natural variability.

The  key messages from this chapter are:

• The land and Ocean each produce about 50% of Earth’s oxygen, yet almost all this oxygen is respired again by terrestrial and 

marine organisms, respectively - resulting in a virtually zero net change on atmospheric or Ocean oxygen;

• The burning of fossil fuels has only a very minor impact on atmospheric oxygen levels; however, it has a major impact on oceanic 

oxygen, which is decreasing due to global warming (see Chapter 4);

• While there are no substantial variations in oxygen in the atmosphere, there are very large differences in oxygen concentration 

in the Ocean, both geographical (high versus low latitudes) and throughout the water column. These differences result from both 

physical and biological processes; and

• The current trend of expanding and intensifying ODZs are a continuation of the millennial trends that were detected since the 

mid-Holocene, most likely amplified by anthropogenic climate change.

3.1 Oxygen in the atmosphere 

3.1.1 Atmospheric oxygen dynamics 

Today, the air in our atmosphere is made up of 20.95% oxygen. Our 
atmosphere contains more than 99% of the freely available oxygen 
on the planet, and this oxygen is essentially in equilibrium with 
the oxygen in the surface mixed layer of the Ocean. Due to the 
large amount of oxygen in the atmosphere the impact of seasonal 
variations in oceanic oxygen on the release of oxygen to the 
atmosphere due to temperature and primary productivity is very 

small (about 0.002%, Keeling & Shertz, 1992). In addition, almost 
all organic matter produced by photosynthesis (both on land and in 
the Ocean, Figure 3.1) is respired within months to years, resulting 
in virtually no net accumulation of oxygen in the atmosphere. 
Photosynthetic primary production on land and in the Ocean is 
about the same: around 5Pmol of oxygen per year (Field et al., 1998; 
Keeling & Shertz, 1992) (Figure 3.2). Because photosynthesis and 
respiration are closely balanced, biological productivity has almost 
no impact on atmospheric oxygen concentrations over short time 
scales (Figure 2.5).
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2 Animations of how marine chlorophyll changes over the year 2022 and how terrestrial vegetation cover changes over the year 2000 can be found here:  
https://earthobservatory.nasa.gov/global-maps

Figure 3.1 Global distribution of marine chlorophyll (in July 2022) and spatial extent of land vegetation  (in July 2000), as proxies for the spatial 
distribution of photosynthetic oxygen and organic matter production2. 
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As described in Chapter 2, there have been two tipping points in 
the history of atmospheric oxygen: (1) The Great Oxygenation 
Event (GOE) where oxygen concentration rose dramatically in 
association with the evolution of cyanobacteria; and (2) the 
Paleozoic Oxygenation Event (POE), where an increase in oxygen 
was associated with the evolution of land plants and their 
impact on organic matter burial on land. To have a sustained 
increase in atmospheric oxygen, organic matter produced 
during photosynthesis must be removed from contact with the 
atmosphere (e.g. burial in soils or oceanic sediments) before it is 
respired (see Section 2.2.1). On the other hand, if organic matter 
that was previously locked away comes into contact with the 
atmosphere (e.g. through the extraction and burning of fossil fuels), 
there could be a sustained decrease in oxygen in the atmosphere. 
Below we explore below whether the burning of fossil fuels will 
lead to a significant decrease in atmospheric oxygen, resulting in a 
third tipping point.
 

3.1.2 Fossil fuels - the largest atmospheric oxygen sink 

The burning fossil fuels is currently the largest single global oxygen 
sink, consuming about 1Pmol of oxygen per year since the early 
21st century (Keeling & Manning, 2014, Figure 3.2). This is about 50 
times larger than oxygen released due to burial of organic matter 
and pyrite (see Section 2.2.2 and Figure 2.4). From 1991 to 2014, the 
oxygen in the atmosphere decreased by about 76 parts per million 
(ppm) (i.e. 0.0076%) while the CO

2
 increased by 35 ppm (i.e. 0.0035%) 

(Keeling & Manning, 2014). The proportionally smaller increase of 
CO

2
 compared to the decrease of oxygen is because a large portion 

of the CO
2
 released from the burning of fossil fuels is taken up and 

dissolved in the Ocean with no accompanying oxygen consumption/
production. Therefore, CO

2
 accumulates proportionally less in the 

atmosphere, although oxygen and CO
2
 are consumed/produced at 

roughly equal quantities.

Different future fossil fuel burning scenarios will have differing 
impacts on the oxygen in the atmosphere. Work by Keeling et 
al., (2021) shows that if we followed the ‘business as usual’ high-
emission scenario, CO

2
 will peak at 1,200 ppm in 2100, and oxygen 

will decrease by 1,700 ppm, a drop of 0.8% to a level of 207,700 
ppm. If we assume that all of the known fossil fuel reservoirs (ca. 
5,000Pg of carbon) are burnt, atmospheric oxygen will drop by 1.6% 
to 205,700 ppm. This means that the high emission scenario would 
take the oxygen inventory in our atmosphere down to 20.77% (from 
the current 20.95%) and burning all known fossil fuels will take it 
down to 20.57%. These are small changes. Therefore, while future 
climate change scenarios will lead to many threats to the climate, 
ecosystems and human well-being, the burning of fossil fuels 
will not have a significant impact on the oxygen available in the 
atmosphere and will not cause a new tipping point. 

In conclusion, although there are seasonal cycles in oxygen 
production (e.g. more oxygen production in the summer) and small 
long-term trends (such as the decrease of oxygen due to burning 
of fossil fuels), on millennial time scales it is virtually impossible to 
significantly change atmospheric oxygen concentrations. Humans 
and other terrestrial species will therefore always have oxygen to 
breathe, but this might not be true for Ocean life (see Chapter 4).

Figure 3.2 The modern oxygen cycle. Oxygen reservoirs are given in Petamol (Pmol) and fluxes in Pmol per year.
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3.2 Oxygen in the Ocean 

Compared to the atmosphere, there is about 132 times less oxygen 
in the Ocean (< 0.1% of the freely available oxygen, Figure 3.2). While 
the atmosphere is well mixed on time scales shorter than a year, it 
takes about 1,000 times longer for the water in the Ocean to mix. 
This creates significant gradients in dissolved oxygen in the Ocean 
because the exchange of oxygen between the Ocean and the air, 
and photosynthesis and respiration of the organisms in the Ocean 
vary in time and space. Ocean oxygen concentrations therefore vary 
both geographically and throughout the water column.

3.2.1 Physical processes influencing oxygen   
 concentrations in the Ocean 

In surface waters, oxygen concentrations are highest in polar 
regions because cold water can hold more oxygen than warm water 
(i.e. oxygen has higher solubility in cold waters). When surface 
waters moving towards the poles cool, oxygen is taken up from the 
atmosphere resulting in high oxygen concentrations in the water. At 
low and mid latitudes, higher temperatures result in warm waters 
that can hold less oxygen. Surface waters warming on their way 
towards the tropical Ocean therefore tend to release oxygen to the 
atmosphere. As a result, surface waters at mid and low latitudes 
have lower oxygen concentrations (Figure 3.3a). Globally, the Ocean 
takes up nearly the same amount of oxygen as it releases. 

Oxygen in surface waters is typically very homogenous, because 
surface waters are well mixed by the wind. Heat loss at night or 
in the winter can also enhance mixing because the water becomes 
denser. As noted before, this so-called surface mixed layer typically 
covers the first tens of metres of surface waters, although its depth 
changes seasonally. Within this layer, air-sea gas exchange typically 
homogenises oxygen levels within days (Kihm & Körtzinger, 2010). 
Temperature and salinity (and therefore the density of the water) 
are also fairly uniform in surface waters due to mixing. However, 
below this layer water properties change rapidly with depth 
creating sharp changes in temperature, salinity and density (called 
thermocline, halocline and pycnocline, respectively). The resulting 
sharp density changes inhibit mixing. Therefore, below the surface 
mixed layer oxygen concentrations can vary considerably within 
the water column (Figure 3.3b).

Polar regions are the main entry point for oxygen from the 
atmosphere into the Ocean due to the higher solubility of oxygen. 
This cold, oxygen-rich water sinks into deep waters, where the 

oxygen is transported by currents (blue arrows in Figure 3.3b; 
Figure 3.4). Between the deep, relatively well-oxygenated waters 
originating from the polar regions and the surface mixed layer, 
there is a body of water in the upper few hundred metres of the 
Ocean that is stratified and oxygenated by mostly wind-driven 
circulation that moves water towards the equator (red arrows 
in Figure 3.3b). This water is deflected to the west due to the 
rotation of the Earth (red arrows in Figure 3.3c), resulting in so-
called ‘shadow zones’ along the eastern margins of the tropical 
Ocean. These regions are marked by low oxygen levels (Figure 3.3c) 
because they are out of reach from the westward turning flow 
and thus lack oxygenation by waters from higher latitudes. Most 
of the equatorward flow cycles back to high latitudes in narrow 
boundary currents (i.e. shaped by the presence of a coastline) 
along the western margin of each Ocean basin, such as the Gulf 
Stream in the North Atlantic.

3.2.2 Ocean oxygen dynamics: the interplay  
 between biological and physical processes 

Ocean oxygen dynamics are governed by physical and biological 
processes (Figure 3.4). The physical processes influencing oxygen 
concentration are described in Section 3.2.1. The two major 
biological processes influencing oxygen concentrations in the 
Ocean are: photosynthesis and respiration. In the sunlit Ocean 
surface waters (covering a maximum depth of around 200m), 
primary producers (mainly phytoplankton) produce oxygen 
through photosynthesis – and this oxygen constitutes about 50% 
of the oxygen produced on Earth (Box 3.1). Below the depth where 
light penetrates, no significant oxygen can be produced through 
photosynthesis, and oxygen is only supplied via physical transport. 
Conversely, the Ocean loses oxygen throughout the water column 
when microbes and multicellular organisms use oxygen during 
respiration. Primary producers that are not consumed, as well 
as other dead organisms, sink through the water column to 
the deep Ocean where they provide food and energy to deep-
sea organisms that, in turn, consume oxygen. As this sinking 
matter is consumed, the amount of organic matter and the 
associated respiration decreases with depth (Figure 3.4). Most 
oxygen produced by photosynthesis in the sunlit surface layer is 
consumed by respiration throughout the water column. The total 
amount of respiration is controlled by the availability of organic 
matter, which ultimately depends on primary production in the 
surface Ocean. Although in coastal waters, some of this organic 
matter can be terrestrial, transported to the Ocean through rivers 
and groundwater.
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Figure 3.3 a) Annual mean concentrations of dissolved oxygen in surface waters globally. b) Annual mean concentrations of 
dissolved oxygen through the water column. Thick blue arrows illustrate how oxygen flows into the interior of the Ocean with cold 
and oxygen-rich waters flowing from the polar regions to the equator; thin red arrows illustrate the predominantly wind-driven 
circulation in the upper few hundred metres of the low- and mid-latitude Ocean. c) Annual mean dissolved oxygen at 300m depth 
globally, with the wind-driven lateral flow illustrated by the red arrows.
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Box 3.1   Approximately 50% of Earth’s oxygen is produced in the Ocean

Marine algae and plants produce about 50% of Earth’s oxygen – and most of this oxygen is produced by phytoplankton. But what 

are phytoplankton? 

Phytoplankton are microscopic marine algae that, similar to terrestrial plants, require sunlight in order to live and grow because they 

obtain their energy through photosynthesis. They are the foundation of marine food webs, supporting most life in the Ocean. The 

distribution of phytoplankton can vary considerably both geographically (e.g. Figure 3.1) and seasonally, and is influenced by sunlight, 

nutrient availability, water temperature, salinity, and Ocean currents. Phytoplankton are mainly found floating in sunlight surface 

waters. They also require nutrients like nitrogen, phosphorus, and iron to grow and reproduce, therefore areas with high nutrient 

availability often have high phytoplankton concentrations. Water temperature and salinity can also influence the distribution of 

phytoplankton because different types of phytoplankton have different temperature and salinity preferences or tolerances. Finally, 

Ocean currents can transport phytoplankton over large distances, which affects their distribution patterns.

Phytoplankton, magnified with a microscope. The citizen science Secchi Disk study3 is mapping the global phytoplankton distribution with the 
help of seafarer participation.
 

Marine algae (such as kelp and seaweed) and seagrasses are also important oxygen producers in the Ocean. They are most abundant 

in coastal waters and play an important role in supplying oxygen to coastal marine areas.

3 http://www.secchidisk.org/
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Marine macro-organisms, such as kelp and seagrass, also play an important role in producing oxygen in the Ocean.

http://www.secchidisk.org/
https://www.theoceanagency.org/ocean-image-bank
https://www.theoceanagency.org/ocean-image-bank
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Figure 3.4 Schematic representation of oxygen uptake and release, physical transport, and biological production and consumption in the Ocean. 
Oxygen is mostly taken up into the Ocean in the cold waters of the high latitudes, in which oxygen is most soluble. When this water sinks into deeper 
waters, it oxygenates deeper parts of the Ocean. Transport of oxygen in the interior of the Ocean happens along density layers (isopycnals marked 
as σ1 and σ2). Some organic matter (green) produced by photosynthesis in the surface Ocean sinks and oxygen is consumed through its respiration 
throughout the water column, leading to a decline in oxygen as water flows from the poles to the equator in the Ocean’s interior (the colour change 
from blue to pink illustrates the decreasing oxygen concentration from oxygen-rich waters originating in the poles). 
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The increased amount of respiration in waters with more organic 
matter results in extended low-oxygen regions, Oxygen Deficient 
Zones (ODZs), at tens to a few hundred metres below the surface 
in the western coasts of Peru/Chile, Namibia, California and 
Mauritania/Senegal, also called the Eastern Boundary Upwelling 
Systems (EBUS) (Figure 3.5). This is because these regions are 
extremely productive (i.e. produce a lot of organic matter) due 
to high nutrient inputs. The large amounts of nutrients are due 
to strong wind-circulation patterns, which push surface waters 
away from the coast, causing deeper, nutrient-rich waters to rise 
and replace the surface waters (called upwelling). These nutrients 
enhance primary and secondary production in these upwelling 
zones, which support the largest fisheries in the world. The high 
primary production implies very high oxygen consumption rates. 
Just below the surface mixed layer, this leads to the most intense 
and thickest ODZs found in the Ocean. Naturally occurring ODZs are 
thus the result of an interplay of physical and biological processes.

3.2.3 Modern oceanic oxygen sources and sinks 

As explained in previous sections, photosynthesis generates 
oxygen that is again consumed once the organic matter is respired. 
However, the organic matter that is not respired and instead is 
buried in Ocean sediment creates a net oxygen source of about 
0.021Pmol per year globally (see Section 2.2.2 and Figure 2.4). This 

oxygen source is counteracted by the oxygen that is consumed 
when riverine input of organic matter is respired (presently 
consuming about 0.04-0.07Pmol of oxygen per year, Resplandy et 
al., 2018; Figure 3.2). If we add the oxygen that is not used due 
to the burial of organic matter and the oxygen that is consumed 
when the riverine organic matter is respired, today’s Ocean 
appears to use more oxygen than it releases (i.e. it is a net oxygen 
sink, where overall more oxygen goes into the Ocean than out of 
it; Smith & Mackenzie, 1987). However, we still do not have good 
enough estimates for these individual oxygen fluxes. In addition, 
global warming leads to reduced oxygen uptake and enhanced 
oxygen outgassing (Chapter 4). This deoxygenation, represents 
a new source of oxygen from the Ocean to the atmosphere of 
about 0.1Pmol of oxygen per year (Schmidtko et al., 2017). This 
could shift the balance to a net flux of oxygen from the Ocean to 
the atmosphere. Thus, Ocean deoxygenation represents a source 
of oxygen from the Ocean to the atmosphere, at the cost of a 
shrinking oceanic oxygen inventory.

Another way that the Ocean could become a source of oxygen 
to the atmosphere – without the cost of shrinking oxygen 
concentrations in the Ocean – is through blue carbon approaches, 
such as expanding seagrass, salt marsh and mangrove ecosystems. 
These approaches are aimed at managing carbon, but, if they 
are well-managed, they can also be a source of oxygen to the 



EMB FUTURE SCIENCE BRIEF

30

Fi
gu

re
 a

da
pt

ed
 f

ro
m

 t
he

 W
or

ld
 O

ce
an

 A
tl

as
 2

0
0

9
 (G

ar
ci

a 
et

 a
l.,

 2
01

0)
.

Figure 3.5  The four major Eastern Boundary Upwelling Systems (EBUS) drawn against the annual mean dissolved oxygen concentrations at 300m 
depth globally. The four EBUS are: the Humboldt Current System (west coast of Peru/Chile), the Benguela Current System (west coast of Namibia 
and South Africa), the California Current System (California west coast) and the Canary Current System (west coasts of Mauritania/Senegal). 

4 https://www.marineboard.eu/blue-carbon

atmosphere through the continued burial of organic matter. 
Well-managed means that, among others, coastal erosion is 
counteracted, dredge and fill operations do not affect these 
systems, and coastal development and pollution are minimised. 
All organic carbon that these systems accumulate in biomass 
(predominantly in mangroves) or bury in sediments (seagrasses 
and salt marshes) leaves behind the oxygen generated during its 
photosynthetic production. Estimates of the potential oxygen 
source to the Ocean and ultimately the atmosphere via global 
blue carbon organic matter removal are between 0.007-0.03Pmol 
oxygen per year, if macroalgae are included (e.g. Bertram et al., 
2021; Krause-Jensen & Duarte, 2016; Figure 3.2), but these numbers 
are still largely hypothetical. Blue carbon could provide as much 
oxygen to the atmosphere as is currently created through the 
natural burial of oceanic organic matter. However, uncertainties 
in these estimates are large and it has been argued that they are 
biased towards high values (Williamson & Gattuso, 2022). The 
European Marine Board is currently working on a Policy Brief on 
Blue Carbon4 that will be available in the summer of 2023 and will 
provide a state-of-the art overview of the topic as well as science 
and policy recommendations.

3.2.4 The balance between primary production and  
 respiration in a warming climate 

Human induced global warming and nutrient run-off from 
agriculture will cause changes in phytoplankton distribution and 
activity. For instance, climate-changed induced alterations in 

oceanic circulation and wind patterns, will alter the availability of 
nutrients regionally. Increased nutrient run-off from rivers into the 
Ocean from agriculture is also already altering primary production 
and respiration rates (Chapter 4) and nutrient enrichment is foreseen 
to worsen in the future, unless effective management measures are 
put in place (Malone & Newton, 2020). Moreover, warming surface 
waters due to climate change will increase the metabolic rates. This 
complex interplay of climate change induced changes in the Ocean 
means that organisms will have to adapt and this will result in new 
community structures of plankton communities. 

Because of the complex combination of changes that will 
take place, there are large uncertainties in primary production 
projections for the future (Tagliabue et al., 2021). Nonetheless, 
most models predict a decrease in Ocean primary production and 
its associated oxygen production over the next decades (Bindoff 
et al., 2019; Kwiatkowski et al., 2020), although with large regional 
variations. In low- to mid-latitudes, oxygen production is expected 
to decrease in some regions of the Ocean, because increased 
stratification will reduce the amount of nutrients reaching the 
surface waters (D’Alelio et al., 2020). In light-limited, high-latitude 
areas, increased upper-Ocean stratification and reduced ice cover 
are expected to enhance primary production, at least temporarily 
(Pinkerton et al., 2021). 

Respiration consumes oxygen and its rate is expected to increase 
with higher temperatures (Gillooly et al., 2001). However, we still 
have a poor knowledge of the biogeochemical processes that 

https://www.marineboard.eu/blue-carbon
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interact with temperature to determine respiration rates and 
their variation with climate change. The poor understanding of 
organic matter respiration rates and locations reduces the quality 
of model projections of Ocean respiration and its balance with 

photosynthesis in a warming climate. Hence, we do not have 
enough knowledge yet to accurately predict how global warming 
will affect oxygen production and consumption, and their spatial 
patterns in the future Ocean.
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Phytoplankton bloom in the Bay of Biscay.

https://creativecommons.org/licenses/by/4.0/
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3.3 Natural variability of atmospheric and Ocean oxygen 

Air bubbles trapped in Antarctic ice cores have shown that the 
amount of oxygen in the atmosphere has declined by 0.7% (from 
about 21.09% to the current 20.95%, Stolper et al., 2016) over the 
last 800,000 years. Although the reason is not entirely clear, this 
decline is consistent with a small reduction in the burial of organic 
matter due to a long-term global cooling trend. Global cooling leads 
to a reduction in the burial of organic matter, because organic 
matter is degraded faster and more efficiently under oxygenated 
conditions. Therefore, in a colder and better oxygenated Ocean, 
enhanced organic matter degradation leads to a reduction in burial.

In contrast to the slow change in the concentration of oxygen in 
the atmosphere, marine oxygen conditions can change much faster. 
Geological records have shown this for ODZs that have expanded 
and contracted on glacial-interglacial, millennial, centennial and 
decadal time scales. These changes were caused by a combination of 
changes in temperature-driven oxygen solubility, the redistribution 
of nutrients related to changes in biological productivity and Ocean 
circulation in response to the global climate fluctuations (Jaccard & 
Galbraith, 2012).

In order to assess the magnitude, cause and importance of current 
Ocean deoxygenation (see Chapter 4) it is important to quantify the 
natural variability of oceanic oxygen and understand how this is 
linked to climate. Natural oxygen variability occurs on a wide range 
of temporal scales from seasonal to multi-millennial.

3.3.1 Glacial-interglacial variability of oceanic  
 oxygen and Oxygen Deficient Zones (ODZs)

At the Last Glacial Maximum (about 21,000 years ago, a time 
period during the last ice age where the ice sheets where at their 
largest extent) the upper Ocean (i.e. the top 1,500m) was generally 
better and the deep-sea less well oxygenated than today, because 
reduced deep-sea circulation led to oxygen depletion in the deep-
sea while the colder surface waters could hold more oxygen 
(Jaccard & Galbraith, 2012). When the glaciers were largely melted 
(deglaciation, ca. 21,000-11,700 years ago), this pattern reversed. 
The warmer and saltier surface waters in high latitudes stimulated 
deep-water formation and thus oxygenation of the deep-sea. 
The subsurface Ocean experienced most of the warming and 
regional deoxygenation, resulting in a progressive intensification 
and general expansion of the ODZs. These examples illustrate the 
well-established general pattern for strong climate variations like 
glacial-interglacial cycles, in which warm climates correspond to 
less oxygenated surface and subsurface waters, as well as strong 
ODZs. The paragraphs below explore the millennial variability of 
ODZs, which occurred under more moderate climate variation.

3.3.2 Millennial variability of oceanic oxygen  
 and ODZs 

During the last glacial period (115,000-14,000 years ago) 25 rapid 
climate fluctuations of quick warming and more gradual cooling in 
the North Atlantic were associated with the occurrence of oxygen-

poor conditions during the respective warm episodes. This effect 
was shown for the modern ODZs regions in the Atlantic, the Eastern 
Tropical North Pacific and the Arabian Sea (west of India) (red areas 
in Figure 3.5) (Altabet et al., 2002). 

Two major deoxygenation events also occurred after the Last Glacial 
Maximum (ca. 21,000 years ago) in the Mediterranean. The first 
was in the Alboran Sea in the Western Mediterranean (ca. 15,000 
years ago) and lasted for a couple of millennia (Pérez-Asensio et al., 
2020). The second affected the entire Eastern Mediterranean deeper 
than 500m roughly 9,500 to 5,500 years ago, and occurred during 
the Holocene Climate Optimum (a warmer than average period 
during the Holocene) (Tesi et al., 2017). Both events were driven by 
a combination of warming and freshening of the seawater following 
the melting of ice sheets or Monsoon-driven precipitation changes. 
These sudden changes led to lighter surface waters, which did not sink 
as readily, thereby reducing oxygenation in the deep Mediterranean 
Sea. In addition, the nutrient-rich freshwater input further enhanced 
primary production, increasing oxygen demand at depth.

During the last 12,000 years (in the Holocene) ODZs in the global 
Ocean also varied substantially, although this period is characterised 
by rather stable and warm global climate conditions. For instance, 
the Eastern Tropical South Pacific ODZ was better oxygenated 
during the warm mid-Holocene Climate Optimum (which occurred 
roughly 9,500 to 5,500 years ago) than during the current late 
Holocene. According to model simulations these changes were 
caused by changes in Ocean circulation rather than regional biology 
(Segschneider et al., 2018). Similarly, over the last 6,000 years, there 
has been a gradual decrease in oxygen supply to the Arabian Sea 
ODZ via currents from the Indian Ocean, which has led to a gradual 
intensification of the Arabian Sea ODZ (Rixen et al., 2020). Thus, 
both the Eastern Tropical Pacific and the Arabian Sea ODZs are 
currently receiving less oxygen via Ocean circulation than during 
the mid-Holocene.

Taken together, over millennial time scales, warm climates are also 
often associated with less oxygenated surface and subsurface 
waters, and intensified ODZs (as during the glacial-interglacial 
cycles). However, when climate fluctuations are moderate, the 
development of ODZs can differ regionally, because of the specific 
regional dynamics.

3.3.3 Decadal variability of ODZs 

ODZs also vary at decadal and interannual time scales. These ODZ 
variations are related to phenomena which impact sea surface 
temperature, such as the Pacific Decadal Oscillation (PDO)5 and the 
El Niño-Southern Oscillation (ENSO)6, which are patterns of recurring 
warm (El Niño) and cool (La Niña) phases across the tropical Pacific 
(Figure 3.6). The Eastern Tropical North Pacific ODZ shows decadal 
fluctuations with more oxygenated conditions during cold phases 
of the PDO and the opposite during warm PDO phases (Stramma 
et al., 2020). These effects can last from years to decades. Similar 
effects are seen on shorter time scales such as the interannual sea 

5 https://psl.noaa.gov/pdo/ 
6 https://psl.noaa.gov/enso/

https://psl.noaa.gov/pdo/
https://psl.noaa.gov/enso/
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surface warming and cooling patterns of ENSO variability (El Niño 
and La Niña respectively), or simply seasonality. 

On decadal time scales, the variability of the oxygen conditions in 
the ODZs of the Eastern Boundary Upwelling Systems (EBUS) (Section 
3.2.2 and Figure 3.5) depends on the intricate interplay between local 
conditions (such as local wind mixing versus stratification) and remote 
forcing (e.g. the equatorial current system, the eastern boundary 
currents and ENSO like events). These in turn affect the current 
circulation patterns, the productivity of the region and the intensity 
of the upwelling (e.g. Bachèlery et al., 2016; Bettencourt et al., 2015). 

Overall, ODZs have intensified and/or expanded in recent decades. 
For instance, an expansion and intensification of the Tropical 
Pacific and Arabian Sea ODZs has been observed since 1960. These 

trends are heading in the same direction as the millennial-scale 
development since the mid-Holocene, where oxygen in the ODZs 
of the Eastern Tropical Pacific and the Arabian Sea has decreased 
due to changes in Ocean circulation. In the tropical Pacific, a 
1975 regime shift from PDO cold to PDO warm has probably also 
contributed to the observed oxygen decline. However, during the 
last two decades, the PDO has shifted again to a colder phase, so 
that an additional effect of human induced climate warming and 
associated reduced oxygen solubility is likely (see Chapter 4). The 
observed oxygen decline in the last decades is thus both linked to 
natural climate fluctuations and anthropogenic activities. It is not 
yet clear to which degree each of these factors has contributed to 
the observed oxygen loss, but they all drive oxygen trends in the 
same negative direction (see Chapter 4 for more information on 
human-induced oxygen loss).

7 https://www.climate.gov/news-features/blogs/enso/what-el-ni%C3%B1o%E2%80%93southern-oscillation-enso-nutshell
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Figure 3.6 Maps showing the El Niño Southern Oscillation (ENSO) sea surface temperature anomaly in the Eastern Tropical North Pacific Ocean. 
Temperatures are shown as difference (on a scale from 0 to 9) from the average temperature (in Fahrenheit). Top: A strong La Niña with colder than 
average sea surface temperatures in 1998. Bottom: A strong El Niño with warmer than average sea surface temperatures in 1997. 

https://www.climate.gov/news-features/blogs/enso/what-el-ni%C3%B1o%E2%80%93southern-oscillation-enso-nutshell
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4 Current Ocean 
deoxygenation 

Since the middle of the 20th century, the Ocean has been losing oxygen, termed Ocean deoxygenation. 

These changes are taking place on such a large scale that they might have long lasting implications for 

for Ocean ecosystem functioning, life in the Ocean, and ultimately humans, who depend on the Ocean. 

This chapter explains the mechanisms that lead to oxygen loss in the Ocean, describes how much oxygen 

has already been lost since the mid-20th century, and how much more the Ocean might still lose by the 

end of this century. The chapter also outlines deoxygenation events in the four major European marginal 

and (semi-) enclosed seas, namely the Mediterranean, the Baltic, the Black Sea, and the North-Western 

European coastal seas. Finally, the impacts of deoxygenation on biogeochemical cycles, marine life and 

ecosystems, as well as on marine ecosystem services, are explained.  

The  key messages from this chapter are:

• The Ocean has been losing oxygen since the 1950s, mainly due to human induced global warming and anthropogenic 

nutrient input;

• In the open Ocean, oxygen loss is primarily driven by physical changes due to climate change: increasing temperatures 

reduce the amount of oxygen seawater can hold, and the combined changes in wind and precipitation patterns, as well as 

higher temperatures increase stratification, thereby hindering oxygen transport to deeper waters;

• In coastal waters, eutrophication (excessive nutrient input) is the main cause of increased oxygen loss; yet, warming, 

increased precipitation and delivery of freshwater will worsen the situation;

• Low oxygen levels alter the cycling of many elements in the marine environment that are important for life. It also 

promotes the production of nitrous oxide and methane in the Ocean, both of which are greenhouse gases that may be 

released to the atmosphere;

• Biogeochemical feedbacks enhance oxygen loss in marine systems;

• Deoxygenation strongly impacts life in the Ocean: it can lead to habitat loss, major changes in diversity, food-web 

interactions and ecosystem structure. Acute or chronic low oxygen levels can result in mass mortality; and

• Deoxygenation negatively affects marine ecosystem services (e.g. decreasing and displacing fisheries, and reducing the 

aesthetic and cultural value), and it can hinder the transition to a sustainable blue economy and to healthy open Ocean 

and coastal waters. 
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4.1 Deoxygenation in the coastal and open Ocean 

4.1.1 Mechanisms of Ocean deoxygenation 

Human induced global warming and anthropogenic nutrient input 
have been causing Ocean deoxygenation since the mid-1900s 
(Figure 4.1). Global warming leads to oxygen loss, both directly, 
by reducing the solubility of oxygen in seawater, and indirectly, 
through changes in biogeochemical and physical dynamics, such as 
intensifying stratification, which reduces the transport of oxygen 
into the Ocean interior and slows down Ocean circulation (Figure 
4.1). This reduced transport of oxygen into the Ocean interior 
will reduce the oxygenation of the deep-sea over a time scale of 
decades to hundreds of years to come - even if anthropogenic 
greenhouse gas emissions would stop today (see Chapter 6). The 
timeline of recovery for the deep-sea to re-oxygenate depends on 
water depth and location (Oschlies, 2021). Increased stratification 
also leads to increased oxygen release from the surface Ocean 
to the atmosphere. This is because the surface waters, which are 
over-saturated with oxygen, and the subsurface waters, which are 
under-saturated with oxygen (from photosynthesis and respiration, 
respectively), cannot mix.

While the importance of the different mechanisms driving oxygen 
loss as a result of global warming is uncertain, the direct thermal 
effect explains only ~15% of the oxygen decrease observed globally. 
Hence, indirect effects dominate the current oxygen loss in the Ocean 
(Schmidtko et al., 2017). Importantly, the mechanisms of deoxygenation 
in the Ocean differ with water depth. In the top 1,000m of the water 
column, ~50% of the oxygen loss is attributed to changes in oxygen 
solubility, and the remaining ~50% is due intensified stratification 
(which hinders mixing of water) and a slowed down circulation. Below 
1,000m depth, changes in Ocean circulation and deep water formation 
explain up to 98% the observed oxygen loss (Breitburg et al., 2018). 

Eutrophication as a result of nutrient run-off is another major source 
of oxygen loss in the Ocean (Figure 4.1). Since the 1950s, synthetic 
fixation of nitrogen to form ammonia (NH

3
) has been applied at an 

industrial scale for the mass production of nitrogen fertiliser. Mining 
of phosphorus for use in phosphorus-fertiliser has also accelerated. 
The increased application of these fertilisers in agriculture has led to 
a doubling of riverine inputs of nitrogen and phosphorus into global 
coastal waters over the 20th century (Beusen et al., 2016). This influx 
of nutrients has led to eutrophication (over-enrichment in nutrients) 
of coastal waters in many regions (Figure 4.2). 
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Figure 4.1 Mechanisms of oxygen loss in the Ocean: global warming and anthropogenic nutrient input are causing deoxygenation in the Ocean.

8 https://marine.copernicus.eu/explainers/phenomena-threats/deoxygenation 
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Figure 4.2 Coastal eutrophication is a worldwide phenomenon. This picture depicts the coast of Brittany in France, where the green substance is an 
algal bloom caused by excess nutrients (eutrophication).

Eutrophication stimulates primary production and may lead to 
large algal blooms that can sink to the seabed. When bottom 
waters cannot mix with surface waters due to stratification, the 
oxygen consumed cannot be replaced, and hypoxia (defined as an 
oxygen concentration of less than 62 µmol/kg) or anoxia develops. 
Low oxygen in coastal waters is often an intermittent feature (e.g. 
seasonal) but can also be near-permanent as, for example, in the 
Baltic Sea, where nutrient input from agricultural fertilisers has 
caused one of the biggest Oxygen Depleted Zones (ODZs) in the 
world. 

Projections of riverine nutrient inputs to coastal areas indicate that 
eutrophication will likely continue in many regions globally and will 
be further amplified by warming that will reduce oxygen solubility 
and ventilation of bottom waters (i.e. the transport of oxygen rich 
surface waters to deeper waters). However, temporal changes (from 
years to seasons) in coastal hypoxia in the global coastal Ocean are 
currently not well-quantified.

4.1.2 Quantifying the amount of oxygen loss  
 in the Ocean 

The oxygen concentration in the Ocean has decreased by 0.5-3% 
(1.1-6.8Pmol) over the past five decades (e.g. Bopp et al., 2013; 
Schmidtko et al., 2017). Model projections for the end of this century 
show a further decrease of several percent (~2-3%) under both the 
“business-as-usual” and the “high mitigation” IPCC greenhouse 
gas emission scenarios (Bopp et al., 2013). Global models are able 
to reproduce the observed decline in the global oceanic oxygen 
inventory since 1960. However, they appear to systematically 

underestimate observed rates of deoxygenation, and are not able to 
recreate spatial (region-specific) patterns of decrease, in particular 
the observed decline in the depth of the tropical thermocline, the 
transition layer between warm surface waters and colder deeper 
waters (e.g. Oschlies et al., 2018). 

The human-induced climate change effects on the Ocean to date 
have disturbed the equilibrium in oxygen between the Ocean and 
the atmosphere, reducing the amount of oxygen that enters the 
Ocean from the atmosphere and increasing the amount of oxygen 
released from the Ocean. Hence, the Ocean is becoming a source of 
oxygen to the atmosphere (Bopp et al., 2002) at the expense of a 
decrease in oceanic oxygen concentrations (see Section 3.1.5). 

Regions with historically very low oxygen concentrations are 
expanding and new low oxygen regions are forming. Naturally 
occurring ODZs (at 100-1000m water depth), such as the Tropical 
Pacific and Arabian Sea ODZs (red areas in the respective seas of 
Figure 3.3c), have thickened and expanded by an area about the size 
of the European Union (4.5 million km2) since the middle of the 20th 

century. The volume of anoxic coastal areas, which are completely 
oxygen depleted, has also quadrupled over the same time period 
(Schmidtko et al., 2017; Stramma et al., 2010). The degree of oxygen 
decline is not uniform but varies across Ocean basins and depths 
(Ito et al., 2017, Figure 4.3). The largest loss is observed at the main 
thermocline, between 100-300m deep in the Tropical and North 
Pacific Ocean, the Southern and Arctic Ocean and the South Atlantic 
Ocean (Schmidtko et al., 2017). Moreover, rates of oxygen decline 
seem to be faster in the coastal Ocean (<30 km from the coast) than 
in the open Ocean (>100 km from the coast) (Gilbert et al., 2010).
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Globally, in the coastal Ocean, hypoxic and anoxic areas are mostly 
intermittent features that recurrently appear in the summer near 
the benthic boundary layer (i.e. the water directly above the seabed 
where processes are influenced by the seabed), or in wider volumes 
of the water column, when the oxygen consumption through 
respiration outpaces the oxygen supply by ventilation and bottom 
photosynthesis (e.g. Pitcher et al., 2021). The number of coastal 
hypoxic sites has increased in response to worldwide eutrophication 
(Breitburg et al., 2018; Diaz & Rosenberg, 2008, Figure 4.4), however 

the exact scale of this oxygen trend in coastal areas is still debated. 
This is because there are not enough oxygen observations in 
international databases to make a comprehensive quantitative 
assessment of the severity of low-oxygen conditions at seasonal and 
interannual scales. This is particularly critical in regions with limited 
institutional infrastructure to measure and share oxygen data, and 
where the connection with National Oceanographic Data Centres 
(NODCs) and international oceanographic databases is not always 
well established, or where NODCs do not exist (Grégoire et al., 2021).
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Figure 4.3 Global map of oxygen decrease (blue) and increase (red) between 1958-2015 at a depth of (a) 100m and (b) 400m. Black areas represent 
incomplete data.



EMB FUTURE SCIENCE BRIEF

38

C
re

di
t:

 B
re

it
bu

rg
 e

t 
al

. (
2

01
8

), 
in

cl
ud

in
g 

da
ta

 f
ro

m
 D

ia
z 

&
 R

os
en

be
rg

 (2
0

0
8

). 
R

ep
ri

nt
ed

 w
it

h 
pe

rm
is

si
on

 
fr

om
 A

A
A

S

Figure 4.4 Global distribution of hypoxic areas (i.e. O2 < 62 µmol/kg) in the coastal and open Ocean. In coastal areas, more than 500 sites have 
developed low oxygen conditions over the past half century (red dots), while in the open Ocean the extent of low oxygen waters amounts to several 
million km3 (blue dots refer to conditions at 300m).
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Anthropogenic greenhouse gas emission is driving Ocean deoxygenation.
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4.2 Deoxygenation in European regional seas 

With a coastline of 185,000km9, the European continent is bordered 
by a number of marginal (shelf-) and (semi-) enclosed seas. The 
oxygen dynamics of coastal zones and adjacent Ocean basins 
differ from the ones in the open Ocean due to the close connection 
between surface waters, the seabed, tides and influences from 
land, including rivers, land use, and runoff. There is also growing 
human pressure from heavy and overlapping use of these marginal 
and enclosed seas (e.g. from transport, fisheries, energy production 
and recreation). Changes in oxygen-related water quality will 
therefore have a large impact on coastal ecosystems and strong 
socio-economic effects. This section describes the historical and 
current deoxygenation events of the four major European marginal 
and (semi-) enclosed seas. The historical events are provided as a 
reference to understand the current oxygen changes.

4.2.1 Mediterranean Sea 

The Mediterranean is a semi-enclosed sea, which is currently well 
ventilated due to active deep circulation. However, for several 
millions of years, recurring deoxygenation has affected the 
Mediterranean, leading to the formation of organic-rich, nearly black 
marine sediments, known as sapropels (Rohling et al., 2015) (Figure 
4.5). Mediterranean sapropel formation is correlated with the cyclical 
intensification of African monsoons that occur approximately every 
36,000 years. Intense monsoons increase freshwater and nutrient 
input to the Eastern Mediterranean that, in turn, change the general 

circulation and increase biological productivity, which is followed 
by increased oxygen consumption due to the respiration of this 
organic matter. The most recent deoxygenation event occurred in 
the Mediterranean about 10,000 years ago during the Holocene. 
The event lasted 3,000 years, due to a combination of warming and 
freshening of the seawater (see Section 3.3.2). 

Although the modern Mediterranean is well mixed and largely 
oligotrophic (nutrient poor), oxygen depletion has been observed 
in summer in the shallow northern Adriatic Sea, which fluctuates 
between hypoxic and anoxic conditions. The frequency of these 
events varies as a function of the nutrient supply by the Po River 
and how stagnant the water becomes in summer. Since the 1990s, 
EU regulations have reduced the anthropogenic input of nutrients 
and, consequently, the frequency of these deoxygenation events. 

In the western Mediterranean basin, the intensity of deep-water 
formation in the Gulf of Lion is decreasing (although there are strong 
inter-annual variabilities) and this, in turn, is decreasing the oxygen 
supply in intermediate waters (Fourrier et al., 2022). Projections 
show that the ventilation of the deep-sea will strongly decrease in 
the Mediterranean in the future. This will impact oxygen levels at 
depth across the Mediterranean (Somot et al., 2018).

4.2.2 Baltic Sea 

The Baltic Sea was formed ca. 8,000 years ago when a freshwater 
lake became connected to the North Sea due to rising sea levels. 
Because of its low salinity compared to the open Ocean, it is prone 
to deoxygenation as a result of strong salinity stratification, which 
inhibits vertical mixing. Since its formation, the Baltic Sea has been 
subject to three distinct intervals of low oxygen. The first occurred 
when it was formed and lasted until 4,000 years ago. The low 
oxygen concentrations were a result of increased stratification 
linked to climatic warming and elevated salinity, because oceanic 
water entered into the Baltic Sea. The second event, also caused 
by increased stratification, occurred between 1,700-700 years 
ago during a period of relative warming in the Medieval age 
(called the Medieval Climate Anomaly) (Jilbert & Slomp, 2013). 
The third, modern deoxygenation event began ca. 1950 and is the 
direct consequence of human induced eutrophication (nutrient 
enrichment), with global warming exacerbating the situation 
(Kuliński et al., 2022).

4.2.3 Black Sea 

Around 8,000 years ago, with rising sea levels, high salinity 
Mediterranean seawater also entered the Black Sea, filling the 
bottom basin of what had previously been a fully enclosed 
freshwater lake. This created a permanent salinity stratification, 
which inhibited vertical mixing and oxygenation of subsurface 
waters, so that a permanent deep, anoxic and sulphidic marine 
basin developed. C
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Figure 4.5 Sediment core collected in the Southern Adriatic Sea. The 
dark sediment shows the sapropel deposited about 10,000 years ago.

9 https://www.eea.europa.eu/themes/water/europes-seas-and-coasts 

https://www.eea.europa.eu/themes/water/europes-seas-and-coasts
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Currently only the top 100-150m of the >2,000m deep Black Sea are 
well-oxygenated so that approximately 87% of its total volume is 
oxygen poor. The top layers of the Black Sea are well oxygenated 
because of winter cooling and surface water mixing. However, 
below this depth, stratification acts as barrier for the vertical mixing 
and exchange of oxygen. Only at times, when seawater enters from 
the Mediterranean through the (only 36m deep) Bosporus Strait 
(which connects the Black Sea to the Sea of Marmara), the deeper 
oxygen poor water layers of the Black Sea are oxygenated. With its 
massive amount of toxic hydrogen sulphide, formed by the lack of 
oxygen, the Black Sea is the largest sulphidic basin in the world.

In the last decades, warming and further deoxygenation of the 
Black Sea have occurred. From 1955 to 2015, the inventory of 
oxygen in the Black Sea has decreased by 44% and the average 
oxygen penetration depth has decreased from 140m in 1955 to 
90m in 2015. Because of fewer persistent and extreme cold events, 
the volume of cold water forming annually has reduced, and 
together with intense eutrophication during the 1980s, the well 
oxygenated top layer has become shallower (Capet et al., 2016). 
On the north-western shelf, eutrophication in the 1980’s has led 
to bottom hypoxia with deleterious consequences for benthic 
species like mussels (Mee, 2006). The reduction of fertilizer use in 
the 2000’s has improved the situation, but bottom hypoxia is still 
present along the coast, where warming reduces oxygen solubility 
and extends the stratification period.

4.2.4 North-Western European coastal seas 

The coastline of the North-Western European shelf was very different 
at the end of the last ice age (18,000 years ago), with the North Sea 
and Irish Sea forming around 10-12,000 years ago as sea levels rose 
due to the ice melt.  This shelf region has likely been well oxygenated 
since formation, though in the 1980s, low oxygen levels in the bottom 
waters of some regions of the North Sea have been reported during 
late summer (Topcu & Brockmann, 2015). These low oxygen levels are 
possibly caused by summer stratification in waters on the continental 
shelf, fuelled by increased nitrogen inputs from rivers, although the 
extent of the observed oxygen decline appears to be more strongly 
regulated by biological processes (Große et al., 2016). Seasonal 
hypoxia, likely driven by eutrophication, has been found to occur in 
some estuarine waters in France (Dubosq et al., 2022), including the 
Rhone Delta (southern France), and Spain (Iriarte et al., 2010) along 
the Bay of Biscay. Along the British Isles coast and shelf, including the 
Irish Sea, there is no evidence to date for anoxic or hypoxic conditions 
occurring (O’Boyle et al., 2009). Continued reductions in riverine 
inputs of nitrogen and phosphate to this region, in response to the 
Nitrates Directive (Directive 91/676/EEC, 1991), the Water Framework 
Directive (Directive 2000/60/EC, 2000) and the EU Marine Strategy 
Framework Directive (Directive 2008/56/EC, 2008), are acting to 
decrease the risk of localised eutrophication and subsequent hypoxia. 
In general, however, over the wider North West European Shelf, the 
near-bottom oxygen concentrations in summer are expected to 
continue to decline due to global warming (Wakelin et al., 2020).
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Agricultural nutrient-run off from fertilisers is causing deoxygenation in European coastal seas. 



N° 10 2023

41

4.3  Impact of deoxygenation on biogeochemical processes 

Deoxygenation of marine ecosystems dramatically changes the 
cycling of elements which interact with living organisms (i.e. bio-
active elements), such as carbon, nitrogen, phosphorus, sulphur and 
trace metals (i.e. metals that are present in very small quantities 
in seawater, such as iron). Where oxygen is low or absent, animals 
can no longer thrive and the energy produced at the surface by 
phytoplankton is instead transferred to microbes, which consume 
the sinking organic matter (Diaz & Rosenberg, 2008). With a lack 
of oxygen, aerobic respiration of organic matter (i.e. using oxygen) 
is constrained, but anaerobic degradation (i.e. without oxygen) 
takes place through microbially-driven processes. Especially in 
coastal regions, this anaerobic degradation can lead to the release 
of ammonium (NH

4
+), toxic hydrogen sulphide (H

2
S), the potent 

greenhouse gas methane (CH
4
) from the seafloor. The reaction of 

oxygen with these compounds can then contribute to further oxygen 
loss (Testa & Kemp, 2011). In eutrophic coastal systems, methane 
may even be released to the atmosphere (Rosentreter et al., 2021).

Low oxygen enhances nitrogen (N) loss in marine ecosystems, 
because the forms of nitrogen that can be easily used by living 
organisms (i.e. bioavailable nitrogen), such as nitrate (NO

3
-), nitrite 

(NO
2

-) and/or ammonium (NH
4

+), are transformed to dinitrogen 
gas (N

2
), which only a few organisms can use. This transformation 

occurs through microbial processes called denitrification and 
anaerobic ammonium oxidation, and occurs in sediments and the 
water column of ODZs of both the open and coastal Ocean. The 
resulting nitrogen loss may lead to lower primary productivity 

if nitrogen fixation – the compensating microbial process – does 
not balance nitrogen loss. In coastal systems, ammonium may 
also accumulate and support further productivity. The relevant 
feedbacks and timeline for these processes remain uncertain. 
Both nitrification (i.e. the conversion of NH

4
+ to NO

2
- and NO

3
- in a 

process using oxygen) and denitrification (the processes in which 
NO

3
- is converted to the low-bioavailable N

2
) may also produce 

nitrous oxide (N
2
O), another potent greenhouse gas (Breitburg et 

al., 2018; Lam & Kuypers, 2011), which can contribute to further 
global warming and deoxygenation (Figure 4.6). Low oxygen zones 
currently account for a large proportion of marine nitrous oxide 
emissions to the atmosphere (Breitburg et al., 2018).

Recycling of the essential nutrient phosphate is enhanced in low 
oxygen zones because of enhanced regeneration of phosphate 
from organic matter (linked to a lower retention of phosphorus by 
anaerobic bacteria) and release of phosphate bound to iron (Fe)-
oxides (Figure 4.6). This enhanced recycling accelerates in coastal 
systems where oxygen is so low that hydrogen sulphide (H

2
S) reacts 

with iron oxides liberating phosphate. This can lead to efficient 
reuse of phosphate by phytoplankton, which may ultimately 
further increase Ocean deoxygenation through increased primary 
productivity (Figure 4.6). In the Baltic Sea, such recycling results 
in excess phosphate relative to nitrogen in surface waters, 
thereby stimulating growth of N

2
-fixing cyanobacteria, and the 

production and degradation of organic matter, promoting further 
deoxygenation (Conley & Slomp, 2019).
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Figure 4.6 Examples of feedbacks involving nitrogen (N) and phosphorus (P) in the Ocean that enhances deoxygenation.
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Ocean deoxygenation leads to major changes in the cycling of bio-
essential metals (i.e. metals that are essential for the functioning 
of living organisms), such as iron, manganese, cobalt, nickel, copper 
and zinc (Lam & Anderson, 2018). The release of metals from marine 
sediments may increase when there is low oxygen, for example 
due to changes in mineral solubility, potentially increasing primary 
productivity. However, ongoing deoxygenation may also lead to 
enhanced sequestration of metals in organic matter and sulphide 
minerals in sediments, making them potential indicators of bottom 
water oxygen and/or hydrogen sulphide concentrations (called 
redox proxies). Examples of metals that can be used as redox proxies 
are iron, which is sequestered in sulphide minerals in the presence of 
hydrogen sulphide (Conley & Slomp, 2019), and molybdenum (Mo), 
which increases in sediments in low oxygen water. Knowledge of 
the marine cycling of (trace) metals and their isotopes in low oxygen 
zones is still incomplete because of a lack of observations and/or 
difficulty of the analyses. This incomplete knowledge applies to 
both the cycling of bio-essential metals and that of (trace) metals 
used solely as redox proxies (Bennett & Canfield, 2020).

Biogeochemical cycles of elements in low oxygen zones are 
intimately connected (Ulloa et al., 2012). For example, microbial 
removal of methane in the water column, can be linked to removal 
of oxygen, nitrate and/or nitrite. This happens through oxidation-
reduction (i.e. redox) reactions, in which methane is oxidised (i.e. it 
loses electrons) and oxygen, nitrate and/or nitrite are reduced (i.e. 
they gain electrons), which transforms them into other compounds. 
Our knowledge of such coupled biogeochemical processes and their 
microbial drivers is still incomplete, which hinders model projections 
of the biogeochemistry of the future Ocean. Many questions also 
remain on how coupled biogeochemical cycles in low oxygen zones 
will change, due to seasonal and episodic changes in the input of 
organic matter and water circulation. A key example is the periodic 
release of hydrogen sulphide to the water column during “sulphidic 
events” in low oxygen zones, driven by the enhanced organic matter 
input, which not only impact biogeochemical cycling but can also 
kill fish (Callbeck et al., 2021). 

Multiple biogeochemical feedbacks in low oxygen marine systems 
can act to sustain a low oxygen state. As mentioned above, a 
more efficient recycling of phosphate and ammonium from 
sediments in low oxygen zones may fuel further algal blooms, 
thereby decreasing oxygen concentrations upon respiration of this 
organic matter. Another feedback is related to the accumulation 
of organic matter in anoxic sediments. Part of this organic matter 
is degraded anaerobically (without oxygen) which enhances the 
release of methane, ammonium and hydrogen sulphide to the 
waters above. Because microbes use these compounds to obtain 
energy with oxygen (i.e. they oxidise the compounds), the oxygen 
demand increases. The continued release of these compounds, 
even after re-oxygenation, means that the area might not recover 
because oxygen will continue to be used to oxidise the compounds. 
The strength of these feedbacks (“legacy of hypoxia”), which are 
particularly relevant in coastal systems, depends on how much 
organic matter accumulates at the seabed and the residence time 
of the overlying water (i.e. the time it takes for the overlying water 
to be “renewed”, which means that it is exchanged, or mixed with 

new water). The Baltic Sea is a key example of a coastal system 
suffering from strong legacy effects (Conley & Slomp, 2019). 
By contrast, the Louisiana shelf in the Gulf of Mexico, is barely 
affected because of a much shorter residence time of the overlying 
water. This emphasises the need to consider system-specific and 
multi-disciplinary characteristics of low oxygen areas (Fennel & 
Testa, 2019).

4.4 Effect of deoxygenation on marine  
 life and ecosystem structure
Oxygen supports life in the Ocean, which is the largest ecosystem 
on the planet. Deoxygenation has a strong impact on marine life, 
which require oxygen concentrations above certain thresholds to 
function normally, and the impact increases with the degree of 
oxygen deficiency (Table 4.1). Low oxygen leads to migration and 
mortality of fish, crustaceans and other animals. The threshold of 
62 µmol/kg, used in this report to define hypoxia, is frequently seen 
as the boundary below which metabolic stress occurs (Rabalais et 
al., 2010), but species, taxa and trophic groups vary greatly in their 
tolerance and behavioural response and can already be affected at 
concentrations above this threshold (e.g. Vaquer-Sunyer & Duarte, 
2008). In the absence of sufficient oxygen, animals will reduce their 
respiration rate and will no longer continue energetically expensive 
processes such as reproduction, digestion and movement. In some 
species, vision can be affected. At oxygen levels much lower than 
the species-specific threshold, survival depends on the ability of 
an animal to activate oxygen-independent pathways of energy 
production, although most marine species have a very poor ability 
to respire in the absence of oxygen. While some coastal and benthic 
fauna are adapted to acute or chronically low oxygen levels, the 
most common consequences at the ecosystem level are changes in 
community structure and mass mortality (Figure 4.7; Breitburg et 
al., 2018).

Many species of marine animals require different habitats 
throughout their growth and development; hence, an individual 
will face very different degrees of oxygen depletion over its 
lifetime. For example, European sea bass (Dicentrarchus labrax) is 
a species that inhabits coastal and estuarine areas during the first 
three years of its life, and is therefore exposed to acute hypoxic 
events during juvenile growth (Dufour et al., 2009). Just before 
reaching maturity, juvenile sea bass migrate offshore to feed and 
subsequently join spawning areas in the open Ocean. In contrast, 
marine intertidal molluscs experience much more frequent and 
extreme fluctuations in oxygen concentrations. Intertidal rhythms 
result in lack of oxygen during low tide, when intertidal animals, 
such as molluscs, close their shells to prevent water loss. 

Oxygen availability is a key determinant of the vertical and 
horizontal distribution of organisms in the Ocean. Expanding low 
oxygen zones in the open Ocean reduce the vertical habitat of, for 
instance, fish and their prey, because the vertical extent of the well-
oxygenated surface waters decreases, while that of the subsurface 
hypoxic waters expands, encroaching into shallower waters. This is 
known as habitat compression, which can lead to major changes 
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Table 4.1 Effects of low oxygen concentrations on marine organisms. Adapted from the CLAMER factsheet prepared for the Marine Board Special 
Report Synthesis of European Research on the Effects of Climate Change on Marine Environments (Heip et al., 2011)

OXYGEN CONCENTRATION AND TERMINOLOGY IMPACT ON ORGANISMS

≤ 62 µmol/kg (hypoxia)

Hypoxic zones are areas where oxygen concentrations are too 
low for organisms to function normally. Although ~62 µmol/
kg is the conventional threshold for hypoxia, thresholds can 
vary strongly between different groups of organisms and with 
temperature. Crustaceans and fish, which are both important  
for the fishing industry, seem to be the most sensitive.

Organisms show reduced fitness and aberrant behaviour. 
Depending on the dynamics in oxygen changes and mobility of 
the organisms, further decrease in oxygen concentration would 
lead to migration and increased mortality of the different species.

~ 5-10 µmol/kg (suboxia)

Suboxic zones are the transition layers between oxic water 
(with oxygen) and anoxic water. The oxygen concentration in 
these zones is very low.

Disappearance of practically all multi-cellular life.

<1 µmol/kg (anoxia)

Anoxic zones have no oxygen. Technically, this means 0 µmol/
kg O

2
, but because of measurement uncertainty a small positive 

threshold value of around 1 µmol/kg is used.

Only anaerobic microorganisms (i.e. not requiring oxygen for 
energy production) are present.
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Figure 4.7 Mass mortality of lobsters due to low oxygen along the coast of South Africa in March 2022.



EMB FUTURE SCIENCE BRIEF

44

in food-web interactions and ecosystem structure in surface 
waters. Habitat compression can increase the vulnerability of fish 
to predation as they have less space into which they can escape. 
Only some hypoxia-tolerant species of fish and invertebrates can 
hide in the expanding hypoxic areas, where their predators cannot 
find them and their competitors are excluded (Breitburg et al., 
2018). Extreme and short-term habitat compression events can also 
occur on sub-seasonal and seasonal time scales through natural 
variability. These events have the potential for major impacts on 
ecosystem functioning and require further study (Köhn et al., 2022). 

Predators, such as sharks, skates and rays have comparatively high 
oxygen demands because they are large-bodied, active predators. 
They are therefore less able to tolerate hypoxia, and their behaviour 
and distribution will be strongly influenced by oxygen depletion. 
Moreover, as seawater temperatures rise with climate change, the 
metabolic rates of these animals will also increase. This means that 
they will need even more oxygen to sustain their metabolism, while 
there will be less oxygen in the water. Sharks, skates and rays are 
therefore very vulnerable to deoxygenation and will be increasingly 
less able to tolerate the effects of even mild hypoxia (Sims, 2019). 

Deoxygenation also leads to major changes in the faunal diversity 
and food web structure of coastal ecosystems. A key example is 

the Baltic Sea where hypoxic events have led to the loss of benthic 
fauna, such as fish, crustaceans, worms, echinoderms and molluscs 
(Vaquer-Sunyer & Duarte, 2008). In tropical regions, coral reefs are 
also impacted by hypoxic events (Altieri et al., 2017). Importantly, 
the recovery of an ecosystem from severe hypoxia differs because 
of the different needs for populations to recover, including species-
specific food and habitat requirements. As a result, a system can 
only fully recover when the different components of the ecosystem 
have recovered. This generally lengthens the timeline of ecosystem 
recovery following severe hypoxia (Diaz & Rosenberg, 2008). When 
hypoxia persists, there are often long-lasting changes in ecosystem 
composition, with a shift to much lower species diversity and 
abundance (Rabalais & Baustian, 2020). 
 
Very limited research to date has focused on the evolutionary 
implications of the differences within a given species (i.e. intra-
specific variation) in low oxygen tolerance thresholds. However, 
marked intra-specific variation in responses to changes in oxygen 
and other environmental conditions appear across populations and 
life stages, even when standardising for age and environmental 
conditions (Joyce et al., 2016). Natural selection acts on individuals 
within a population, so it is of specific interest to study individual 
differences in oxygen thresholds to understand how populations, 
and, in turn, species will respond to deoxygenation.
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Predators, such as sharks, skates and rays have comparatively high oxygen demands and are therefore especially vulnerable to deoxygenation.

https://www.theoceanagency.org/ocean-image-bank
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4.4.1 Multiple stressors 

Deoxygenation is one of the most challenging environmental 
stressors for marine animals, but many other stressors may 
exacerbate its impact. Ocean acidification and warming, which 
frequently co-occur with deoxygenation, are prime examples. 
This “triple threat” to Ocean ecosystems has a common cause: 
the rise of anthropogenic CO

2
 in the atmosphere driving climate 

change. Climate change may also change precipitation on land 
and hence freshwater inputs, which may impact stratification 
and consequently oxygen supply (Fennel & Testa, 2019). Warming 
seawaters also increase the respiratory and metabolic rate of 
marine organisms, which enhances their oxygen demand, while 
at the same time there is less oxygen in warmer seawater. This 
worsens the physiological impact of deoxygenation. Currently, we 
cannot accurately predict the impact of these combined processes 
within the expanding low oxygen areas of the Ocean and impacts 
on the physiology of marine organisms (Breitburg et al., 2018).
  
Various indices have been developed to quantify the effects 
of warming and deoxygenation on marine organisms. These 
include, for example, the “metabolic index”, which represents the 
relationship between oxygen supply and demand (Deutsch et al., 
2020) and the “aerobic growth index”, which calculates a theoretical 
oxygen supply-to-demand ratio (Clarke et al., 2021). These indices 
have been used to assess potential spatial patterns in habitat loss 
for fish and other species under continued global warming and 
deoxygenation (Clarke et al., 2021). While the combined effects of 
warming and low oxygen are frequently studied, limited empirical 
data are available on the effects of additional stressors (i.e. three or 
more stressors). One solution may be to conduct experiments in the 
field that incorporate environmental variations on multiple time 
scales and provide a truly biologically relevant multiple-stressor 
perspective.

Species loss from warming and oxygen depletion due to accelerating 
greenhouse gas emissions will become comparable, by the end of 
this century, to the amount of species lost due to all human activities 
(both on land and in the Ocean) since the industrial revolution, 
and may culminate in a mass extinction similar to those in Earth’s 
past (Penn & Deutsch, 2022; see Figure 2.2). Projected species 
loss depends on the anthropogenic greenhouse gas emissions 
scenarios that we will end up following. Extinction risk is greatest 
when climate anomalies are strong (i.e. there is a large difference 
between the average climate over a period of several decades or 
more, and the climate during a particular month or season), or 
when species are living close to their physiological thresholds. The 
most vulnerable regions are the highly productive ecosystems 
with naturally low oxygen concentrations, such as the Eastern 
Boundary Upwelling Systems (Figure 3.5) (Penn & Deutsch, 2022). 
These regions also support some of the world’s richest fisheries 
and species loss will have strong detrimental consequences for our 
economy and society.

4.5 Deoxygenation and  
 ecosystem services
The majority of marine ecosystem services (Figure 4.8) are dependent 
on oxygen dynamics. Both oxygen depletion below biologically vital 
thresholds and oxygen loss in well-oxygenated waters may impact 
ecosystem services via direct effects on animals, biogeochemical 
processes and ecosystem structure (see Sections 4.3 and 4.5).

It is difficult to quantify the influence of only oxygen depletion 
on ecosystem services, because it typically co-occurs with other 
stressors, such as warming and acidification. Other stressors such as 
eutrophication, overfishing (or resource overexploitation) and habitat 
degradation also co-occur in oxygen-depleted coastal locations 
and contribute to the impacts, which makes it even more difficult 
to quantify the impacts of oxygen depletion alone. Nonetheless, 
numerous effects on ecosystem services have been observed. 

Direct consequences, such as the direct exposure of fish or benthic 
species to hypoxia, and eventual habitat loss in deoxygenated 
areas, can influence food provisioning. Both benthic commercial 
species (e.g. lobsters and shellfish) and commercial species living in 
the water column (e.g. fish) can be lost, with the loss of the former 
often preceding the loss of the latter. In addition to the somewhat 
gradual reduction in living resources, the relatively swift reversal to 
anoxic conditions in coastal regions can cause fish deaths (Figure 
4.9), and thereby severely reduce the food availability for a given 
area (Limburg et al., 2020). An example of a long-lasting effect of 
hypoxia is the mass mortality of Norway lobsters in the Kattegat 
sea (located between the North Sea and the Baltic Sea) in 1988. The 
lobsters did not recover even after re-oxygenation of the bottom 
waters, because of changes in benthic species that altered the 
food resources (Conley & Josefson, 2001). Less is known about 
the impact of oxygen loss on non-living material provisioning, 
although deoxygenation alters the biogeochemical landscape and 
can influence the type of raw materials (e.g. metals) deposited in a 
sea area. Moreover, altered water quality, such as the accumulation 
of toxic sulphidic deep waters, can negatively impact aquaculture 
through sulphide toxicity or oil and gas industries through corrosive 
effects on the infrastructure.

Process and modelling studies demonstrate the effects of 
deoxygenation on the regulating services provided by the Ocean, 
including climate regulation, nutrient recycling and habitat 
maintenance (Limburg et al., 2020). Changes in the Ocean's carbon 
storage and uptake mechanisms – a key climate mitigation 
service - are closely tied to the Ocean's oxygen concentration, and 
consequently are impacted directly by deoxygenation (Hayes & 
Waldbauer, 2006). The production of greenhouse gases in oxygen 
deficient zones further diminishes the climate mitigation service 
provided by the Ocean (Levin & Le Bris, 2015). In addition, the loss of 
coral reefs (Altieri et al., 2021) or fauna over seamounts (Ross et al., 
2020) has also been attributed to deoxygenation. The loss of these 
types of habitats signifies the loss of other regulatory services, such 
as habitat maintenance and biodiversity support, which indirectly 
ties to provisioning services and aesthetic services (in the case of 
coral reef loss). 
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In a deoxygenating Ocean, cultural and aesthetic services are 
likely to diminish. A direct effect of oxygen depletion may be the 
replacement of once-healthy and aesthetically-pleasing coastlines 
with foul-smelling places (e.g. due to animal die-offs or the 
production of hydrogen sulphide, which has a strong sulphur smell 
that reduce the areas appeal (Limburg et al., 2020). In addition, the 
degradation of coastal ecosystems does not end with the depletion 
of oxygen; rather, this is an intermediate step that is followed by 
more obvious and damaging effects, such as the production of toxic 
algal blooms and the creation of marine mucilage (or sea snot, a 
gelatinous component of marine organic matter that can aggregate 
into thick masses, float on the sea surface and can be dangerous for 

recreational users of the sea). Although more research is needed, 
deoxygenating areas may be more susceptible to such outbreaks. 
For instance, the most severe mucilage outbreaks to date have been 
documented in the northern Adriatic, intermittently between the 
years 2000-2020 (Precali et al., 2005), and in the Marmara Seas, 
intermittently during the 2010s and 2020s, with the most intense 
event occurring in 2021 (Figure 4.10). This 2021 mucilage outbreak 
was both the longest in duration and the largest in areal extent 
recorded to date, and comparative analyses indicate that this event 
was of historical magnitude. Both the Marmara Sea and the Adriatic 
suffered from serious coastal hypoxia caused by anthropogenic 
nutrient run-off at the time of the outbreaks.
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Figure 4.8 Marine ecosystem services and their influence on human well-being.
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Figure 4.9 Dead fish following a low oxygen event in coastal waters in Ostend, Belgium in 2018. 

Figure 4.10 Mucilage in the Marmara Sea, which is currently facing deoxygenation and rapid ecosystem decline.
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5.1  Measuring Ocean oxygen 

Scientists have been interested in measuring oxygen in the Ocean 
since the inception of Oceanography (Dittmar, 1880). A critical step 
in the evolution of Ocean oxygen studies was the development by 
Winkler (1888) of an analytical wet chemistry method to measure 
oxygen in seawater, called the Winkler method. Modern variants 
of this method still underpin best practice in oceanographic 
oxygen measurements today (Langdon, 2010). The adaptation 
of the Winkler method for use onboard research vessels enabled 
the first basin-scale investigation of oxygen in the early 20th 
century (Wüst et al., 1932). It has since been the main method 
used in international (repeated) hydrography studies, such as 

the Geochemical Ocean Section Study (GEOSECS)10, the Joint 
Global Ocean Flux Study (JGOFS)11, the World Ocean Circulation 
Experiment (WOCE)12, the Climate Variability and Predictability 
Experiment (CLIVAR)13 and the Global Ocean Ship-based 
Hydrographic Investigations Program (GO-Ship)14. Initially, discrete 
oxygen samples were collected using sampling bottles (e.g. Niskin 
bottles; Figure 5.1) which were deployed over the side of the ship 
using a hydrowire (i.e. a wire which is equipped to be lowered 
over the side of a ship into the water) and can be closed from the 
surface electronically or with a messenger (i.e. a dropping weight 
deployed on the wire).

5 Methods to study  
Ocean oxygen

Measuring and modelling Ocean oxygen is critical to accurately map deoxygenation, forecast oxygen 

loss and predict the effects of Ocean deoxygenation on the marine environment. This chapter describes 

methods and technologies that are available to study Ocean oxygen, including technological advances 

and limitations that still have to be overcome, such as the need for more observations and more 

accurate models of Oxygen Deficient Zones (ODZs).

10 https://iridl.ldeo.columbia.edu/SOURCES/.GEOSECS/index.html?Set-Language=en
11 http://usjgofs.whoi.edu/
12 https://www.ewoce.org/ 
13 https://www.clivar.org/
14 https://www.go-ship.org/

The  key messages from this chapter are:

• Technological advances (e.g. sensor development and autonomous platforms) have increased our capabilities to observe Ocean 

oxygen, enabling continuous measurements, increased spatial coverage and a better understanding of important processes 

affecting oxygen dynamics. Yet, more observations are needed and some areas remain under-sampled;

• Although the scientific and societal need to better understand ODZs and their variability is driving technological advances, 

observing and modelling very low oxygen concentrations remains challenging;

• Seabed sediments record the history of deoxygenation dating back millions of years. However, paleo oxygenation data sets from 

the geological past are still scarce and scattered;

• Earth System Models (ESMs) are powerful tools to assess how the land and Ocean will respond to different natural or anthropogenic 

scenarios. However, accurately representing oxygen variations in ESMs is challenging because low oxygen concentrations are the 

result of a balance between two large opposing processes: the ventilation of deeper waters with oxygen-rich surface waters and 

respiration; and

• Costal models can support the implementation of regional management strategies, such as managing excessive nutrient run-

off through rivers leading to oxygen deficiency. To improve these models, data on atmospheric conditions and riverine inputs of 

nutrients and organic matter at higher spatial and temporal resolution are needed.

https://iridl.ldeo.columbia.edu/SOURCES/.GEOSECS/index.html?Set-Language=en
http://usjgofs.whoi.edu/
https://www.ewoce.org/
https://www.clivar.org/
https://www.go-ship.org/
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Figure 5.1 Niskin bottles used to collect discrete water samples. Niskin bottles are plastic cylinders with stoppers at each end 
to seal the bottle and ensure no accidental introduction of dissolved oxygen during the descent or ascent.
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Figure 5.2 A Conductivity-Temperature-Depth (CTD) device. The combination of CTDs with dissolved oxygen sensors and 
Niskin bottle collections facilitates the continuous measurement of oxygen in the water column.
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The advent of electrochemical and optical fluorescence oxygen 
sensors (from around the 1970s and the early 2000s, respectively) 
has dramatically changed our capacity to measure oxygen. This 
has allowed continuous measurements of oxygen in the water 
column to be made, thanks to the inclusion of Clark oxygen 
electrodes - an electrode system that measures ambient dissolved 
oxygen concentrations in water (Clark et al., 1953), in a standard 
Conductivity-Temperature-Depth (CTD) device (Figure 5.2). A CTD 
is an instrument cluster that measures seawater conductivity 
(a measure of the salinity of water), water temperature, and 
depth. While Clark oxygen electrodes have been a mainstay in 
oceanography for many decades, they have known issues with 
long-term reproducibility in deep-sea environments (Edwards et al., 
2010).

5.1.1 Step change in observing capacity  
 by modern oxygen sensors
A long-standing challenge in the observation of Ocean oxygen has 
been to increase the spatial and temporal coverage of data in order to 
observe seasonal or long-term trends. Going to sea is expensive and 
the standard Winkler method (see above) is labour-intensive, and 
requires shipboard technicians and sampling equipment, making 
it expensive to use at large spatial scales. Repeat hydrography 
programs, such as the ones described above, do provide a valuable 
baseline for important Ocean regions, but some areas of the Ocean 
(e.g. Southern Ocean, Pacific and Indian Oceans) are still poorly 
studied due to logistics and cost.
  
Recently, low-power sensing optical sensors, called optodes, with 
good long-term accuracy and precision, have been developed, 
and can be applied to study oxygen (Bittig et al., 2018). This new 
technology allows oxygen to be sampled at increased spatial 
and temporal ranges. Optodes are now routinely deployed on a 
range of Ocean-going platforms, including on the Argo network 
of autonomous floats15 (Roemmich et al., 2019; Figure 5.3). Argo 
is an international programme that collects information from the 
open Ocean using a fleet of robotic instruments that drift with 

the Ocean currents and move between the surface and deeper 
water, with standard Argo floats able to reach ~2,000m depth). 
Argo floats are deployed over the global Ocean and collect vertical 
profiles of temperature and salinity, along with other parameters, 
roughly every 10 days and relay their data back to shore via 
satellite links. The inclusion of oxygen optodes within the Argo 
program is the result of a major effort by the Argo community 
on sensor qualification (Bittig et al., 2018) and data management 
(Virginie et al., 2022) following foresight and effort by the Ocean 
biogeochemistry community (Gruber et al., 2010) and Argo float 
manufacturers. Oxygen optodes form part of the Biogeochemical 
Argo program, along with sensors for nitrate and chlorophyll. There 
are now more than 500 Argo floats equipped with oxygen sensors, 
which represents 12-15% of the global array (generating >4,000 
vertical oxygen profiles per year).

The data quality that can be obtained from optodes depends on 
their calibration method. A community-adopted calibration and 
calculation method has reduced uncertainty by a factor of two 
to three compared to the previous generation, resulting in an 
oxygen concentration precision of ~2 µmol/kg (e.g. Grégoire et al., 
2021). This compares to a precision of 0.15 µmol/kg for Winkler 
measurements (Langdon, 2010), which is therefore the reference 
method for measuring oxygen concentrations in the Ocean (except 
for very low oxygen environments such as ODZs) (Garcia‐Robledo 
et al., 2021), but this has limitations as highlighted above. The 
quality of measurement that oxygen sensors can make is improving 
continuously (Mignot et al., 2019). Other Autonomous Underwater 
Vehicles (AUVs), such as Ocean gliders are now also routinely fitted 
with oxygen optodes (Barone et al., 2019). 

While the Argo programme provides good coverage for open Ocean 
oxygen data, Argo floats do not usually operate on the continental 
shelf. Only repeat hydrographic surveys or time series stations can 
make oxygen concentration measurements in these areas, and data 
resulting from these programs are scarce compared to Argo data. 
Therefore, many coastal areas, such as the southern continental 
shelf of the Mediterranean Sea, are not as well studied.

15 https://www.argo.ucsd.edu

Figure 5.3 Left: An Argo float being deployed. Right: An Argo float with an oxygen sensor.
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http://www.legislation.gov.uk/uksi/2010/490/contents/made
https://www.argo.ucsd.edu
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5.1.2 Measuring oxygen in ODZs

The value of data from repeat hydrographic surveys for oxygen is 
clear, in particular with regard to the expansion of ODZs (Stramma 
et al., 2008). Interest in processes impacting oxygen cycling in 
ODZs has also driven improvements in observations, specifically 
the measurement of extremely low oxygen concentrations, 
typically below 1 µmol/L, which is at or below the detection 
limit of Winkler’s method, Clark electrodes and oxygen optodes 
(Revsbech et al., 2009). To measure such low concentrations of 
oxygen, the Switchable Trace Oxygen (STOX) electrode, a variant 
of the Clark electrode, was developed (Revsbech et al., 2009, 2011). 
This electrode is very fragile and has a relatively slow response 
time, but it has enabled new insights into ODZs (Tiano et al., 2014) 
revealing large zones of extremely low (nanomole -nM- level) or 
no oxygen.

5.1.3 Compiling and making Ocean oxygen  
 data available
The recent initiative to establish a global database and atlas 
(GO2DAT) for Ocean oxygen measurements (Grégoire et al., 2021) 
is a key step to making quality-controlled oxygen data openly 
available as a valuable resource to improve Ocean deoxygenation 
and Ocean health assessments. GO2DAT will gather oxygen 
data from both fixed and free-floating platforms, will adopt a 
community-agreed, fully documented meta-data format, and a 
consistent quality control procedure and quality flagging system. 
With the ever-increasing need to protect and sustainably manage 
the services the Ocean provides, GO2DAT will allow scientists to 
fully harness the increasing volumes of oxygen data delivered by 
the expanding global Ocean observing system and enable smooth 
incorporation of much higher quantities of data from autonomous 

platforms in the open Ocean and coastal areas into comprehensive 
data products in the years to come. This database will also link to 
existing international databases, such as the European Marine 
Observation and Data network (EMODnet)16.

5.1.4 Determining the rates of biological processes   
 impacting oxygen in the Ocean
Oxygen concentrations in the Ocean are affected by both physical 
and biological processes (Section 3.2.2), meaning that determining 
the exact causes of the observed oxygen changes can be 
challenging. A number of efforts are therefore trying to understand 
the individual effects of physical and biological processes on oxygen 
concentrations (Craig & Hayward, 1987). 

The rates of biological processes impacting oxygen in the Ocean can 
be estimated thanks to analytical advances in mass spectrometry, 
a technique through which dissolved gases such as oxygen 
(O

2
), Nitrogen (N

2
) and Argon (Ar) can be measured in seawater 

(Emerson et al., 1999). As Argon is not biologically active and is only 
impacted by physical mixing processes, the ratio of oxygen to Argon 
(O

2
:Ar) in seawater can be used to make estimates of respiration 

(Barone et al., 2019) and of net biological community production 
(the difference between gross photosynthesis, i.e. the overall 
photosynthesis before respiration, minus community respiration) 
(Teeter et al., 2018). The advent of ship-based methods for the 
continuous monitoring of gases dissolved in water (Membrane Inlet 
Mass Spectrometry) has allowed the simultaneous measurement 
of CO

2
 and O

2
:Ar over basin scales (Guéguen & Tortell, 2008).  Such 

basin scale measurements collect large amounts of data over wide 
areas, allowing to estimate the rate of these biological processes 
(particularly respiration and photosynthesis) at regional scale.

16 https://emodnet.ec.europa.eu/en
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Marine snow, such as depicted on this picture, is a shower of organic matter falling from the upper Ocean to the deep-sea. It serves as energy source 
for deep-sea animals, which consume oxygen upon its respiration.

https://emodnet.ec.europa.eu/en
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5.1.5 Measuring photosynthesis and respiration  
 rates in the Ocean
Rate measurements (i.e. changes in concentration over time) of 
processes affecting oxygen concentration and distribution in the 
Ocean have been made as part of methods to measure primary 
production (Cullen, 2001). Community production is measured 
using either the Winkler method or oxygen optodes in a see-through 
bottle, while oxygen consumption (or respiration) is measured by 
the same methods in a dark bottle (Collins et al., 2018). 

Laboratory-based studies of the natural isotopic fractionation 
of oxygen (i.e. the partitioning of heavier and lighter oxygen 
isotopes) during marine photosynthesis (Luz & Barkan, 2000) 
have also advanced this field and provide information on gross 
oxygen production and respiration. The most reliable method for 
measuring gross oxygen production is the 18O method, where water 
enriched with the oxygen-18 isotope (H

2
18O) is added to a sample 

and the subsequent photosynthetic production of 18O-labeled O
2
 is 

measured by a mass spectrometer (Ferrón et al., 2016). This method 
is not affected by respiratory processes or incubation duration. 
Estimates of oxygen production can also be made from incubations 
using the differences in isotopic fractionation of carbon 14C to 
estimate marine primary production, assuming a known ratio of 
oxygen produced to CO

2
 consumed. 

Large-scale measurements of oceanic respiration have proven 
more difficult due to the slower nature of this process in the 
intermediate and deep Ocean. Estimates of large-scale respiration 
in the Ocean have come from oxygen datasets collected as part 
of international repeat hydrography programs.  These estimates, 
measured as oxygen consumed over time, and defined as Oxygen 
Utilization Rate (OUR), are obtained using transient abiotic tracers 
to infer the OUR from the Apparent Oxygen Utilization (AOU). 
AOU is a measure of oceanic respiration based on the assumption 
that the surface oxygen concentration is close to saturation with 
the overlying atmosphere and, therefore, that the difference in 
oxygen concentration is the amount taken up by respiration since 
the last contact of the respective water mass with the atmosphere. 
Transient abiotic tracers are chemical compounds that have 
been released to the atmosphere by humans as part of industrial 
activities (e.g. Chlorofluorocarbons, which were once used to keep 
fridges and freezers cold) and that upon entering the Ocean can be 
used to infer the time-scale since a particular water mass was in 
contact with the atmosphere (i.e. water age). Therefore, transient 
abiotic tracers can be used to estimate the water age of a particular 
water mass and, thus, represent a temporal component that allows 
to infer OUR from AOU. However, vertical mixing of different water 
masses and transient abiotic tracer means that the true respiration 
rate can differ substantially from the calculated OUR (Koeve & 
Kähler, 2016). 

Oxygen optodes have been used to directly measure in situ 
respiration rates and the remineralisation rate of organic matter, 
trapped while sinking through the water column, and then 
deployed at depth at the actual in situ temperature and pressure 
(Boyd et al., 2015). STOX electrodes are now also routinely deployed 
to measure respiration under low oxygen conditions (Holtappels 

et al., 2014). However, much of the current research focuses on 
microbial respiration (Robinson, 2019) and the respiration of 
individual organisms (Vajedsamiei et al., 2021), such as zooplankton 
(Hernández-León et al., 2019) and mesopelagic fish (Belcher et al., 
2020). There are, therefore, not yet any direct measurements of all 
respiration taking place on the Ocean basin scale.

The increase in temporal and spatial data coverage provided by 
the Biogeochemical Argo program has provided insight into net 
community productivity and respiration over large Ocean areas 
(Gordon et al., 2020), although measurement uncertainty remains 
very large (Hemming et al., 2022).

5.1.6 Air-sea oxygen fluxes

One of the first reports on Ocean deoxygenation used changes 
in the concentration of oxygen in the atmosphere to identify an 
oxygen increase in the atmosphere that was attributed to a flux 
of oxygen from the Ocean (Keeling et al., 2009). The loss of oxygen 
from the Ocean to the atmosphere due to global warming has 
been estimated using the Atmospheric Potential Oxygen (APO), a 
measure to study air-sea gas exchange (Keeling et al., 2010). APO 
is calculated using high precision measurements of CO

2
 and the 

ratio of O
2
 to N

2
 in the atmosphere  (APO = O

2
 + 1.1CO

2
) (Stephens et 

al., 1998). APO is primarily influenced by air-sea exchanges of CO
2
, 

O
2
 and N

2
, insensitive to exchanges with the land biosphere and 

impacted by the exchange between O
2
 and CO

2
 due to fossil fuel 

burning. Seasonal changes in APO are a good indicator of seasonal 
variations in upper-Ocean biological production and ventilation 
(Nevison et al., 2018). Thus, direct measurements of air-sea fluxes 
of oxygen could, at least theoretically, be used to quantify the loss 
of oxygen from the Ocean. Although this has been done in a few 
studies, a large amount of measurements are needed to accurately 
estimate the loss of oxygen from the Ocean to the atmosphere.

5.1.7 Oxygen fluxes at the seabed

Sediments are important sinks for oxygen in the Ocean. Processes 
occurring in sediments can have a significant oxygen demand 
(Rasmussen & Jørgensen, 1992), impacting oxygen fluxes across 
the benthic boundary layer (the sediment-water interface) 
(Jørgensen et al., 2022). Efforts to measure oxygen concentrations 
in sediments have been facilitated by the development of micro-
electrode oxygen sensors (Reimers, 2007). Initially, micro-electrode 
oxygen sensors were used onboard research vessels, were sediment 
cores were incubated to estimate water-sediment exchange. Later 
this technology was applied in situ by using benthic landers (Figure 
5.4) and chambers (strong plastic cylinders with lid, Figure 5.5) 
(Spagnoli et al., 2019). The incorporation of micro-electrodes into 
benthic landers, has allowed to create “benthic stations”, which 
provide time series of oxygen concentration at the seabed for a 
period of several months (Toussaint et al., 2014). In addition, mobile 
platforms (called crawlers or rovers) have also been deployed to 
provide data on the spatial and temporal oxygen variations at 
the seabed (Lemburg et al., 2018). During the last decade, oxygen 
micro-electrodes and optodes have been combined with acoustic 
Doppler velocimeters (ADV) measurements (which record three-
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Figure 5.5 A benthic chamber operational on the seabed with various instruments.

Figure 5.4 A benthic lander being deployed from a ship. Benthic landers are observational platforms that sit on the seabed to record physical, 
chemical or biological activity.

https://creativecommons.org/licenses/by/4.0/
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dimensional current velocity field, temperature and depth) to 
measure oxygen fluxes at the sediment-water interface, without 
disturbing natural hydrodynamic and light conditions (e.g. Berg et 
al., 2022). This is done through non-invasive Aquatic Eddy Covariance 
measurements, which measure vertical turbulent fluxes, such as 
the vertical oxygen fluxes at the sediment-water interface.

5.1.8 Reconstructing oxygen levels of the past

In the absence of observations, proxy data obtained from lake 
and marine sediments provide indirect evidence on past oxygen 
dynamics. Although this information is mostly non-quantitative, 
proxy data allow to reconstruct the degree of oxygenation at the 
seabed and in the water column over thousands to millions of years 
(see Chapter 2 and Section 3.3). Proxies encompass a wide range of 
different ecological and chemical parameters. For example, changes 
in benthic foraminifera (single-celled heterotrophic organisms with 
calcium carbonate shells) diversity are widely used to reconstruct 
bottom-water deoxygenation events because different foraminifera 
species can live at different oxygen levels (e.g. infaunal species 
living in the sediment versus epifaunal species living at the surface 
of the seabed can tolerate different levels of oxygen). Frequently 
these ecological data are combined with redox-sensitive elements, 
i.e. elements which can be used as semi-quantitative indicators 
for bottom-water oxygen concentrations because they are found 
more frequently in oxygen-poor sediments, such as Uranium (U), 
Vanadium (V), Molybdenum (Mo) and Antimony (Sb), and which are 
typically found in organic carbon-rich sediments. Their enrichment 
factor (i.e. the amount of substance relative to a standard), as well 
as their isotopic composition, varies as a function of the degree 
of oxygen deficiency (ranging from oxic to anoxic). Enrichment of 
sulphur, presence of pyrite and absence of biological mixing are also 
used as evidence of reduced oxygen conditions in bottom waters in 
the past. However, the oxygen concentrations inferred from redox-
sensitive elements are semi-quantitative, because these elements 
only show clear signals when oxygen values are below certain 
(element-specific) thresholds. In addition to inorganic parameters, 
organic molecules provide information about past oxygen levels in 
the upper water column. For instance, specific pigments of green 
and purple sulphur bacteria are indicative of an anoxic euphotic 
zone (a zone with sufficient light to permit growth of plants) 
in which sunlight and reduced forms of sulphur provide the key 
ingredients for bacterial metabolism. Another proxy widely used in 
ODZs is the isotopic fingerprint of nitrogen (δ15N). In oxygen-poor 
conditions, denitrification (which converts bio-available NO

3
− to N

2
) 

preferentially removes the light 14N and leaves a residual NO
3

– pool 
enriched in 15N for phytoplankton to use. As a result, δ15N values in 
sinking organic matter that accumulate in sediments increases with 
increasing oxygen deficiency.

Quantitative oxygen reconstructions have become a major new 
challenge. Promising results come from benthic foraminiferal 
assemblages and morphometric approaches, which analyse the 
size and shape of a species. In addition, since paleo oxygenation 
data sets are still scarce and scattered, future research would 
greatly benefit from the establishment of a large and systematic 

compilation and integration of semi-quantitative trace metal-
based redox proxies, such as Cadmium (Cd), Rhodium (Rh) and 
Molybdenum (Mo), covering different modern environments to 
define standard thresholds for the objective classification of paleo 
oxygen levels (from oxic to anoxic). The combined use of several 
(semi-quantitative) trace metal-based redox proxies might allow to 
quantitatively reconstruct past oxygen conditions.

5.2  Modelling Ocean oxygen 

5.2.1 Global oxygen simulations with  
 Earth System Models
Mathematical Earth System Models (ESMs) are powerful tools to 
quantitatively assess the Earth System (which includes the land, 
water, biosphere and atmosphere) and its sensitivity to different 
natural or anthropogenic scenarios. ESMs consist of coupled 
atmosphere and Ocean general circulation models and include 
representations of processes relevant to Ocean biogeochemistry. 
When applied to the present-day climate, their main purpose is 
to understand and quantify climate-relevant processes and their 
interactions, ideally providing a good match with observational 
data. The application of climate conditions from the geologic past 
to the models (e.g. atmospheric CO

2
, solar variations, ice sheets, 

distribution of continents) helps to better understand mechanisms 
of climate variability and climate change, interactions, feedbacks 
and tipping points (e.g. as done in the Paleoclimate Modelling 
Intercomparison Project17). The results from paleo simulations, in 
comparison with presently observed and modelled climate and 
biogeochemical changes, enable to quantify natural variability 
and potentially to distinguish it from anthropogenic change. 
In combination with data from paleo reconstructions, such as 
the oxygen proxies mentioned in Section 5.1.8, models can be 
assessed for their ability to simulate climate states different from 
today, which increases confidence in their results and applicability 
for future climate projections. These future projections are 
important to inform society and policymakers about the potential 
risks of anthropogenic climate change, for instance through the 
Intergovernmental Panel on Climate Change (IPCC)18. The results 
from these climate projections feed integrated assessment models 
(IAMs) and thereby guide decision-makers in the development of 
adaptation and mitigation strategies.

In current ESMs, the atmosphere is treated as an unlimited source/
sink for oxygen, enabling unlimited exchange with the land and 
Ocean. This is justified since oxygen fluxes are very small compared 
to the respective reservoir sizes (Figure 3.2). Consequently, the 
surface Ocean oxygen concentration is always close to equilibrium 
with the atmosphere and is controlled by temperature-dependent 
oxygen solubility. As part of ESMs, Ocean biogeochemical models 
convert nutrients, carbon and oxygen in constant molar ratios 
during photosynthesis and respiration (Redfield, 1963). While 
this balance between photosynthesis and respiration is required 
for modelling a steady-state closed system, it may be an over-
simplification. 

17 https://pmip.lsce.ipsl.fr/ 
18 https://www.ipcc.ch/

http://www.legislation.gov.uk/uksi/2010/490/contents/made
https://pmip.lsce.ipsl.fr/
http://www.legislation.gov.uk/uksi/2010/490/contents/made
https://www.ipcc.ch/
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Sufficiently accurate simulation of ODZs remains a major challenge 
for Ocean biogeochemical models, because these low oxygen 
concentrations are the result of a subtle balance between two large 
opposing processes: ventilation (i.e. the process that transports 
oxygen-rich water from the surface mixed layer into the Ocean 
interior) and respiration. The finite and often coarse spatial 
resolution of models creates circulation errors, which affect the 
transport of elements and impacts the estimates of photosynthesis, 
sinking organic particle fluxes and respiration. To validate the 
models with observational data, careful tuning of (often not very 
well-known) parameters, such as growth rates or respiration rates, 
in Ocean biogeochemical models is required (e.g. Kriest et al., 2017). 
A further challenge is to apply these models to different future 
climate states.   

Today, global Ocean biogeochemical models are able to simulate 
some aspects of marine oxygen distributions, including ODZs. For 
instance, they indicate that in the future average Ocean oxygen 
concentrations will decrease due to reduced solubility. However, 
they mostly fail to reproduce the observed trends of intensifying 
and expanding ODZs over the last decades (Oschlies et al., 2017) and 
they also disagree on future ODZ development (Kwiatkowski et al., 
2020). Because ODZs can develop differently under small and large 
climate fluctuations (see Section 3.3), it is helpful to also consider 
paleoclimate simulations when assessing mechanisms driving ODZ 
change and in order to try to distinguish natural variability from 
human-induced changes.

5.2.2 Modelling the regional and coastal Ocean

Global models are not ideal for assessing oxygen deficiency in 
coastal regions, due to their coarse resolution and lack of coupling 
with land, river discharge and sediments. Therefore, regional models 
have been developed, which are based on the same physical and 
biogeochemical principles, but 
are applied at different spatial 
and temporal resolution. These 
models require inputs from the 
larger global models to describe 
their boundary conditions (i.e. the 
locations in the model that are 
affected by external factors, such 
as rivers and the atmosphere) and 
to set model scenarios (i.e. future 
projections based on different 
values that a driver, such as the 
amount of greenhouse gases 
that we will emit, could take). 
Regional models for the coastal 
Ocean follow a weather-based 
approach with medium- to short-
term projection windows (<20 
years) and can therefore support 
the implementation of regional 
management strategies, such 
as managing excessive nutrient 
run-off through rivers, which can 
lead to coastal oxygen deficiency.  

For instance, the use of three-dimensional coupled biophysical 
models and eutrophication models have proven useful for 
understanding modern coastal hypoxia and can be applied to 
future global warming scenarios (Yu et al., 2015).

Projecting oxygen levels in individual coastal water bodies requires 
modelling the variability of ventilation and the balance between 
primary production and respiration, from hours to weeks and in 
response to changing river discharge (e.g. fresh water, inorganic 
nutrients, suspended particles), local weather conditions (e.g. 
storms, flooding events, wind direction and speed, heat waves), 
interactions with offshore regions (e.g. advection, upwelling), 
oxygen consumption in the sediments, and possibly the influence 
of the tidal cycle. In this way, coastal and regional models have 
the ability to represent oxygen dynamics at weekly to monthly 
time scales but their performances can be hampered by the 
quality of the input to these models (or boundary conditions). 
The main inputs that hamper the model quality and need good 
quantification are river discharge and atmospheric forcing 
information, which often lack the required spatial and temporal 
resolution (Gregoire et al., 2019).

Coastal models are progressively evolving towards a seamless 
coupling of the river-estuary-coastal Ocean continuum. This will 
improve our quantification of the export of nutrients and, in 
particular, of nitrogen and phosphorus from the river- to the Ocean. 
As a result, the eutrophication process can be better modelled and 
predictions of coastal hypoxia improved. Future work should include 
the application of regional models to create early warning systems, 
for example to forecast potentially hazardous situations such as 
sulphidic events and harmful algal blooms (e.g. Davidson et al. 2021). 
This requires the implementation of an operational framework to 
deliver near real-time early warning forecasts with high accuracy.
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To improve the quality of coastal models, data on riverine inputs of nutrients and organic matter at higher 
spatial and temporal resolution are needed.
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6 Addressing Ocean 
deoxygenation through 
mitigation and adaptation 

Addressing Ocean deoxygenation is critical to achieving the aims of the UN Decade of Ocean Science for 

Sustainable Development (Ocean Decade) and the EU Mission: Restore our Oceans and Waters (Mission 

Ocean). Although reversing Ocean deoxygenation is not easy, action is urgently needed. This chapter 

describes mitigation and adaptation strategies that can help reduce the impacts, and in some cases, 

reverse oxygen loss in the Ocean.

Ocean oxygen supports the largest ecosystem on the planet. To 
minimise the impacts of ongoing deoxygenation on marine life and 
the provision of marine ecosystem services, management options 
need to be explored and implemented. Science can provide the 
appropriate knowledge for action and strategies for mitigation 
and/or adaptation should be co-designed with stakeholders. 

Ocean deoxygenation is caused by global warming and pollution 
from nutrients and organic waste, which particularly affects coastal 
waters. Management strategies for its mitigation should therefore 
include reducing and eventually reaching net-zero anthropogenic 
greenhouse gas emissions, in particular CO

2
, and preventing 

excess nutrients from reaching water bodies. This applies to 
wastewater from households and industry, nutrient run-off from 
agricultural areas and supply of nutrients via the atmosphere, in 
particular nitrous oxides from combustion engines, volatilisation of 
ammonium from fertilised fields and animal manure, and aerosols, 
e.g. from forest fires. 

In coastal regions, restoration of blue carbon vegetative ecosystems 
such as seagrass meadows, mangrove forests, tidal marshes and 
kelp forests may help to enhance oxygen levels via photosynthesis 
in the upper layers of the water column (Veettil et al., 2022). To 
increase the net amount of oxygen in these marine ecosystems, the 
photosynthetically produced plant material has to be either buried 
in the sediment, or harvested and removed from the water before 
respiration occurs. There have been some successful restoration 
initiatives for mangroves (e.g. Mekong Delta, Vietnam) and tidal 
marshes (e.g. the Scheldt estuary in the Netherlands) (Duarte et 
al., 2020; Macreadie et al., 2021). Although restoration of seagrass 
meadows is more complex, there are also some notable efforts, 
e.g. restoration of eelgrass meadows (Zostera marina) in Virginia 
(Orth et al., 2020). Potential large-scale restoration of blue carbon 
ecosystems estimated in the range of 17.5–41.6 million hectares 
(=175,000-416,000km2) (Macreadie et al., 2021) could correspond 
to a net source of 0.007–0.03Pmol oxygen per year (e.g. Bertram et 
al., 2021; Krause-Jensen & Duarte, 2016). However, any program to 

The  key messages from this chapter are:

• Limiting global warming will, according to current models, stop upper Ocean deoxygenation. For this, it is key to reach net-zero 

emissions of anthropogenic emissions of greenhouse gases;

• Coastal deoxygenation can in many regions be efficiently reduced by limiting terrestrial run-off of nutrients and organic waste; 

• Recovery and possibly additional growth of blue carbon vegetative coastal ecosystems can help to add oxygen to coastal waters 

and thereby reduce the impacts of deoxygenation. Yet, this mitigation strategy is restricted to small near-shore habitats where 

blue-carbon species can grow, and these habitats are also impacted by human activities;

• Engineered addition of oxygen into Ocean regions that would otherwise experience critical oxygen loss has been proposed and 

may help to locally increase oxygen levels, but at the likely expense of non-local side-effects that may even accelerate global 

Ocean deoxygenation. Better knowledge is required before the implementation of such ideas can be seriously considered; and

• The deep-sea is already experiencing deoxygenation as a result of previously emitted greenhouse gases and will continue losing 

oxygen for centuries. Reducing other stressors on deep-sea ecosystems is important to increase their resilience.
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enhance blue carbon vegetative ecosystems may be counteracted 
by human activities, such as dredging and coastal development, 
that can prevent their development. Appropriate governance 
schemes will be required for blue carbon to have the desired long-
term effects on ecosystems and biogeochemistry.

There have also been some suggestions to enhance dissolved oxygen 
in the Ocean by actively pumping oxygen-rich waters into oxygen 
depleted regions. Such strategies have worked successfully in small 
lakes, and field experiments have been carried out with mixed 
success in semi-enclosed seas, e.g. in the By Fjord in western Sweden 
(Stigebrandt et al., 2015). Theoretical considerations and numerical 
modelling suggest that such engineering approaches might locally 
enhance oxygen levels, but would globally lead to a further decline 
in oxygen levels due to pumping-induced changes in nutrients 
and temperature (Feng et al., 2020). Therefore, pumping dissolved 
oxygen into oxygen-poor waters is unlikely to change the balance 
of un-oxygenated and oxygenated water. In addition, in many areas 
the volume of ODZs defies the logistical resources to generate 
and pump enough dissolved oxygen and the pumping itself could 
release further CO

2
 emissions if they are not powered by renewable 

energy. These methods require further study and risk assessment 
analysis before they can be implemented, and they also require good 
governance schemes to be in place in order to responsibly deal with 
intended and unintended local and non-local effects.

Modelling studies have shown that reaching net-zero CO
2
 

emissions will largely stop further warming of global atmospheric 
air temperatures (MacDougall et al., 2020), which in turn will 
stop deoxygenation in the upper layers (covering approximately 

the upper 300m) of the Ocean (Oschlies, 2021). Deeper layers of 
the Ocean, however, are expected to continue losing oxygen for 
centuries due to the reduced oxygen solubility in surface waters 
compared to pre-industrial waters. These pre-industrial waters 
still make up most of the water in the Ocean interior today, but 
they are slowly being replaced by the warmer industrial era 
water, which holds less oxygen. Deep-sea oxygen loss is further 
exacerbated by the expected decline in the general overturning 
circulation in a more stratified Ocean, which will be the result 
of the warming and freshening of surface waters due to melting 
continental ice sheets. This decline increases the time water 
spends in the deep Ocean during which respiration of sinking 
organic matter continues to consume oxygen. Models suggest 
that the deep-sea may lose up to 10% of its oxygen, and locally 
more, due to anthropogenic greenhouse gases that have already 
been emitted, which could have substantial impacts on deep-
sea ecosystems (Oschlies, 2021). The only viable management 
option for adapting to the impacts of deep-sea deoxygenation is 
to reduce other stressors acting on deep-sea ecosystems and to 
increase their protection so they can be more resilient to stress 
from deoxygenation. Although this is particularly critical for deep-
sea ecosystems, reducing stressors in other marine ecosystems 
and increasing their protection, will also help to enhance their 
resilience to Ocean deoxygenation.

All management options require a reliable oxygen observation and 
monitoring system in the Ocean to ensure that the initial state 
and side effects can be measured and reported. Understanding if 
observed changes can be attributed to specific management options 
and separated from natural variations will remain challenging.
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A deep-sea crab on reef-forming cold-water corals at 800m depth in the Menez Gwen Hydrothermal Field south west of the Azores. Deep-sea 
ecosystems will suffer the effects of deoxygenation for centuries. 

https://creativecommons.org/licenses/by/4.0/
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7.1 Recommendations for policy and management 
To address the threat of Ocean deoxygenation we recommend to:  

• Recognise Ocean deoxygenation as one of the major 

threats to marine ecosystems: Ocean deoxygenation is 

a major threat to marine ecosystems and stakeholders 

and policymakers need to understand that the impacts 

will be at least as severe as Ocean warming, Ocean 

acidification and sea-level rise;

• Reduce and eventually reach net-zero anthropogenic 

emissions of greenhouse gases to stop upper Ocean 

deoxygenation: Global warming is a major contributor 

to the decrease of oxygen in the Ocean and limiting 

global warming will stop upper Ocean deoxygenation. 

Decisive actions are needed to reduce and stop 

anthropogenic emissions of greenhouse gases;

• Limit run-off of nutrients and organic waste into the 

Ocean to reduce and reverse coastal deoxygenation 

and hypoxia: Nutrient run-off and other organic waste 

increases the consumption of Ocean oxygen, leading to 

deoxygenation;

• Promote resilience of marine life to Ocean 

deoxygenation by reducing stressors and increasing 

protection, especially in deep-sea ecosystems: 

Ocean deoxygenation is expected to continue for 

centuries in the deep-sea, even after reaching net-zero 

anthropogenic greenhouse gas emissions, because of 

the slow replacement of deep-sea waters by surface 

waters and the expected decline in the general 

overturning circulation in a more stratified Ocean; and

• Include Ocean oxygen in future projections by 

intergovernmental bodies and in high-level frameworks 

for planetary health: To spur action and societal 

awareness, Ocean deoxygenation should be included 

in societal and political frameworks for planetary 

health, such as the United Nations Sustainable 

Development Goals (SDGs) and the nine Planetary 

Boundaries of the Stockholm Resilience Centre19, 

as well as in future projections and assessments 

performed by intergovernmental bodies, such as the 

Intergovernmental Panel on Climate Change (IPCC) 

and the Intergovernmental Panel on Biodiversity and 

Ecosystem Services (IPBES).

7 Recommendations

A well-oxygenated Ocean is vital to sustain modern biogeochemical cycles, which regulate the global 

carbon cycle and keep the Earth system in balance. The ongoing loss of oxygen is a rapidly increasing threat 

to marine life, the Ocean ecosystem and ultimately humanity, which depends on a healthy Ocean. Ocean 

deoxygenation affects water quality and marine food webs, thereby impacting fisheries, the economy 

and the billion humans who depend on the ecosystem services provided by the Ocean. The actions needed 

to halt and reverse Ocean deoxygenation, including reaching net-zero greenhouse gas emissions, reducing 

pollution, and increasing ecosystem resilience through protection and restoration, closely match the aims 

of the European Green Deal (COM/2019/6 final, 2019). Although these objectives require marked changes 

in our society and lifestyle, the cost of inaction and the consequences of deoxygenation are far greater 

than the costs of action. The threat of Ocean deoxygenation therefore represents another wake-up call on 

how critical it is to achieve those objectives. We conclude with the following recommendations for policy, 

management and science.

19 https://www.stockholmresilience.org/research/planetary-boundaries/the-nine-planetary-boundaries.html

http://www.legislation.gov.uk/uksi/2010/490/contents/made
https://www.stockholmresilience.org/research/planetary-boundaries/the-nine-planetary-boundaries.html
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7.2 Recommendations for funders, research and monitoring 
To advance our knowledge on Ocean oxygen dynamics, including 

deoxygenation, we recommend to: 

• Fund and perform coordinated research to better 

understand historical, current and future Ocean 

deoxygenation rates: This includes research on 

feedbacks from biogeochemical cycles and their relation 

to historical mass extinction events. Moreover, oxygen 

should be included in climate simulations of the past;

• Fund and perform targeted research to enhance 

understanding of the biological, chemical and physical 

processes controlling oxygen dynamics: Key processes 

affecting oxygen dynamics such as carbon export and 

respiration, as well as the coupling of oxygen with 

biogeochemical cycles, sediments and the production 

of greenhouse gases are not well understood. 

Moreover, there is a need for better quantification of 

seawater residence times, mixing and ventilation rates 

to determine the individual effects of physical and 

biogeochemical processes on oxygen concentrations, 

which will require controlled experiments and field 

studies in the benthic and pelagic realm. Understanding 

and parameterisation of these key processes is essential 

for estimating consequences of different actions and for 

quantifying feedbacks to Ocean deoxygenation in the 

Earth system; 

• Fund and increase Ocean oxygen observations and 

modelling efforts to accurately document and predict 

Ocean oxygen changes: Limited oxygen observations 

hinder the development of reliable parametrisations 

of processes and rates in models. More oxygen 

observations are needed to accurately estimate the 

total number of coastal hypoxic sites and to make 

a comprehensive assessment of the severity of low-

oxygen conditions at seasonal and interannual scales. 

Oxygen concentration and variability in the Ocean 

should be monitored and studied at relevant spatial and 

temporal scales, and in a globally consistent manner, to 

accurately document and predict changes. Coordinated 

observing and modelling systems for both the open and 

coastal Ocean need to be developed to quantify oxygen 

changes and associated ecological and biogeochemical 

impacts, in particular in oxygen deficient zones where 

accurate measurement and modelling are challenging;

• Develop new low-power and low-cost oxygen sensors 

and ensure that all oxygen data feeds into global 

databases: New low-power and low-cost sensors need 

to be developed to increase the accuracy and range 

of Ocean observations, particularly for low oxygen 

concentrations. These sensors should be included in 

autonomous observing platforms and supported by best 

practices for data management, reporting and quality 

control. The data obtained from these sensors should 

feed into international and open-source databases, 

such as the Global Ocean Oxygen Database and 

Atlas (GO2DAT) and EMODnet20. In addition, all data 

should be shared and compiled into these open access 

databases to foster the generation of societally useful 

oxygen information products and indicators at the right 

resolution to users to support informed policy-making; 

• Include oxygen in multiple stressor studies of marine 

environments: Deoxygenation is one of the most 

challenging environmental stressors for marine animals, 

but other stressors may exacerbate its impact. Ocean 

acidification and warming frequently co-occur with 

deoxygenation because they have a common cause: the 

rise of anthropogenic CO
2
 in the atmosphere.  

It is therefore important to study this “triple threat” 

in combination. Moreover, other stressors, such as 

pollution and overexploitation can further exacerbate 

the impact of deoxygenation on marine life, ecosystems 

and ecosystem services; 

• To provide the most accurate information on the role of the Ocean in the oxygen we breathe,  

we recommend using the following statements:

 ✓	 The Ocean produces ~50% of Earth’s oxygen;

 ✓	 Every second breath taken by all life on Earth comes  

 from the Ocean; and

 ✓	 Since the origin of life on Earth, the Ocean has  

 provided most of the oxygen in the atmosphere, and  

 is responsible for 6 of 7 breaths humans take.

20 https://emodnet.ec.europa.eu/en

http://www.legislation.gov.uk/uksi/2010/490/contents/made
https://emodnet.ec.europa.eu/en
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• Fund and perform research to better understand how 

deoxygenation will impact marine life and ecosystems, 

from populations to ecosystems: For instance, extreme 

habitat compression events can have major impacts 

on ecosystem functioning and require further study. 

It is also important to study the individual-specific 

differences in oxygen thresholds to understand how 

populations and, in turn, species will respond to 

deoxygenation; and

• Fund and perform research to better understand 

the vulnerability of ecosystem services, our society 

and our economy to deoxygenation: Qualitative and 

quantitative research are needed to better understand 

the ecosystem services supported by oceanic and 

coastal oxygen and to assess their vulnerability, as 

well as the vulnerability of our society and economy, 

to deoxygenation through appropriate socio-economic 

models coupled with ecosystem models. In particular, a 

better understanding is needed on how deoxygenation 

affects the climate regulation service of the Ocean 

(e.g. the cycling of carbon, nitrogen and oxygen; the 

production and absorption of greenhouse gases; and 

the areal extent of coastal vegetated ecosystems that 

contribute to carbon burial), provisioning services such 

as food (fisheries and mariculture) and water quality 

(e.g. in connection with harmful algal blooms); and 

habitat maintenance services, such as linking oxygen 

loss to biodiversity.
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Most marine life relies on oxygen for its survival and Ocean deoxygenation is a rapid growing threat. 
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List of abbreviations and acronyms

AAAS American Association for the Advancement of Science

ADV Acoustic Doppler Velocimeter 

AEC Aquatic Eddy Covariance 

AOU Apparent Oxygen Utilization 

APO Atmospheric Potential Oxygen

AUV  Autonomous Underwater Vehicle

CLIVAR Climate Variability and Predictability Experiment 

CTD  Conductivity-Temperature-Depth device 

EBUS  Eastern Boundary Upwelling Systems 

ENSO El Niño Southern Oscillation 

ESM Earth System Model

GEOMAR  Helmholtz-Zentrum für Ozeanforschung Kiel, Germany

GEOSECS Geochemical Ocean Section Study 

GO-SHIP The Global Ocean Ship-based Hydrographic Investigations Program 

GOE Great Oxidation Event

GPP Gross Primary Productivity

IAM  Integrated Assessment Model

IFREMER Institut Francais de Recherche pour l'Exploitation de la Mer, France

IIM-CSIC Instituto de Investigaciones Marinas, Spain

IPBES  Intergovernmental Panel on Biodiversity and Ecosystem Services

IPCC  Intergovernmental Panel on Climate Change

IRB  Institut Ruđer Bošković, Croatia 

JGOFS  Joint Global Ocean Flux Study

NCP  Net Community Production

NOAA  National Oceanic and Atmospheric Administration, US

NODC  National Oceanographic Data Centre

NOE Neoproterozoic Oxygenation Event
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NPP  Net Primary Production

ODZ Oxygen Deficient Zone 

OMZ Oxygen Minimum Zone

OrgC Organic matter

OUR Oxygen Utilization Rate

PDO Pacific Decadal Oscillation

Pg Peta gram

Pmol Peta mol

POE Paleozoic Oxygenation Event

ppm Parts Per Million

psu Practical Salinity Unit

SDGs United Nations Sustainable Development Goals 

WOCE World Ocean Circulation Experiment



EMB FUTURE SCIENCE BRIEF

64

Glossary

Acoustic Doppler velocimeter (ADV) - An instrument used to measure the three-dimensional current velocity field, 
temperature and depth

Advection - The transport of a substance or of heat by the flow of a liquid. In the Ocean, advection takes place through 
currents

Aerobic - With oxygen, when referring to a process

Anaerobic - Without oxygen, when referring to a process

Anammox - A microbial process in which ammonium and nitrite are converted into nitrogen gas and water

Anoxic - Without oxygen, when referring to an environment

Apparent Oxygen Utilization - A measure of oceanic respiration based on the assumption that the surface oxygen 
concentration is close to saturation with the overlying atmosphere and, therefore, that the difference in oxygen 
concentration is the amount taken up by respiration since the last contact of the respective water mass with the 
atmosphere

Aquatic Eddy Covariance - Measures vertical turbulent fluxes, such as benthic oxygen fluxes

Argo - An international program that collects information on Ocean properties using a fleet of robotic instruments

Atmospheric Potential Oxygen - A measure to study oxygen air-sea gas exchange

Atom - A particle of matter that consists of a nucleus (formed of protons and neutrons) surrounded by electrons. 
The atom uniquely defines a chemical element, and the chemical elements are distinguished from each other by the 
number of protons that are in their atoms

Autotroph - An organism that can produce its own energy (i.e. food). Because autotrophs produce their own food, they 
are also called primary producers. The most well-known autotrophs are plants, which produce their own food through 
photosynthesis, using light, carbon dioxide and water, but there are also organisms (e.g. in the deep-sea) that can 
produce their food through other chemicals 

Benthic boundary layer - The water directly overlying the seabed where processes are influenced by the presence of the 
bottom, i.e. the sediment-water interface

Benthic lander - Observational platforms that sit on the seabed or benthic zone to record physical, chemical or 
biological activity

Bio-active element - Elements that interact with living organisms

Bio-essential element - Elements that are essential for the functioning of most living organisms, such as carbon, 
oxygen, nitrogen, phosphorus and sulphur

Bioavailable - When referring to an element: the forms of the element, in which it is most easily used and taken up by 
living organisms. For instance, for nitrogen (N), the bioavailable forms are nitrate (NO3), nitrite (NO

2
), ammonia (NH3) 

and ammonium (NH4)

Biogeochemical processes - The chemical, physical, geological and biological processes that occur in natural 
environments

Biosphere - The biosphere are all parts on Earth where life exists, or the sum of all ecosystems on Earth
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Boundary conditions - The locations in a model, which are affected by external factors. For instance, where water flows 
in or out of the model due to external factors, such as rivers and the evapotranspiration in the atmosphere

Boundary currents - Ocean currents with dynamics determined by the presence of a coastline. Boundary currents 
can flow either along a western coastline (called western boundary currents) or along an eastern coastline (eastern 
boundary currents)

Chemosynthesis - The production of energy using chemicals instead of light, water and carbon dioxide, typically in the 
absence of sunlight (e.g. in the deep-sea)

Clark type oxygen electrodes - An electrode system that measures ambient dissolved oxygen concentrations in water

Climate anomaly - The difference between the average climate over a period of several decades or more, and the 
climate during a particular month or season

Conductivity - Temperature-Depth device - An instrument cluster that measures seawater conductivity (a measure of 
the salinity of Ocean water), water temperature, and depth

Deep-sea - The deep-sea are the waters below about 200m, the depth at which there is no longer enough sunlight for 
photosynthesis to occur

Deep water formation - The sinking of water masses from the surface to the deep-sea. Deep waters are formed where 
air temperatures are cold and where the salinity of the surface waters are relatively high. The combinations of salinity 
and cold temperatures make the water denser and cause it to sink to the bottom.

Denitrification - A microbial process in which nitrate and nitrite are reduced to nitrous oxide or nitrogen gas

Earth System - The four major subsystems of Earth (called spheres). These are the lithosphere (land), hydrosphere 
(water), biosphere (living things), and atmosphere (air)

Earth System Models - Mathematical models used to quantitatively assess the Earth System and its sensitivity to 
different natural or anthropogenic forcings. Earth System Models consist of coupled atmosphere and Ocean general 
circulation models and include representations of processes relevant to Ocean biogeochemistry

Eastern Boundary Upwelling Systems - Naturally oxygen-poor zones (along the western coasts of Peru/Chile, Namibia, 
California and Mauritania/Senegal) because they are highly productive due to an increased nutrient input from deeper 
waters, and poorly ventilated by circulation. The high productivity leads to high oxygen consumption rates

El Niño Southern Oscillation - A climate phenomenon resulting in warming or cooling of Ocean surface waters (to as 
deep as ~150m below the surface), with two opposite phases (el Niño/ la Niña). El Niño results in a warming of the 
Ocean surface, or above-average sea surface temperatures, in the central and eastern tropical Pacific Ocean. La Niña 
is a cooling of the Ocean surface, or below-average sea surface temperatures (SST), in the central and eastern tropical 
Pacific Ocean

Enrichment factor - The amount of substance of an element relative to a standard reference value

Eon - The largest unit of geological time. There have been four eons during Earth’s history: Hadean, Archean, 
Proterozoic and Phanerozoic (the latter is the eon we are currently part of) 

Epifauna - Animals living on the surface of the seabed

Eukaryotes - Organisms with organelles and a membrane-bound nucleus; animals and plants are eukaryotes

Euphotic zone - The region where light is sufficient for the growth of plants. It generally extends from the surface to a 
maximum of about 150m in the clearest oceanic water

Eutrophication - A process of enrichment of a natural system with nutrients and organic matter, which can lead to 
coastal oxygen deficiency
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Euxinic - Without oxygen and sulphidic, when referring to an environment

Feedback - When referring to biogeochemistry, a process that either amplifies or diminishes the effect of a factor 

Foraminifera - Single-celled heterotrophic organisms (i.e. which cannot produce their own energy through 
photosynthesis) with calcium carbonate shells

Global coastal Ocean/ coastal Ocean - The marine area from the shoreline to the edge of the continental margins  

GO2DAT - A global database and Atlas for Ocean oxygen measurements

Great Oxidation Event - An event that occurred around 2.4 billion years ago, leading to a dramatic increase in the 
oxygen content of the atmosphere

Gross Primary Productivity - the amount of inorganic carbon fixed during photosynthesis in an ecosystem during a 
given period of time

Halocline - Stratification of two water layers due to a rapid change in salinity and therefore different water densities

Heterotroph - An organism that cannot produce its own energy from primary production (i.e. trough photosynthesis) 
and therefore consume organic matter, mainly plant or animal matter

Holocene - The current geological period, which started 11,700 years ago

Holocene Climate Optimum - The Holocene Climate Optimum was a warm period which occurred roughly 9,500 to 
5,500 years ago, during the mid-Holocene. This warm period was followed by a gradual decline in temperature, of 
about 0.1 to 0.3°C per millennium, until about two centuries ago when this trend was rapidly reversed due to human-
produced greenhouse gas emissions

Hydrowire - A wire which is equipped to be lowered over the side of a ship into the water

Hypoxia - Oxygen concentrations below 62 µmol/kg, when referring to an environment

Infauna - Animals living in the sediments of the seabed

Intra-specific variation - Differences occurring within individuals of a species

Ion - An atom that carries a positive or negative electric charge

Isopycnals - Layers within the Ocean that are stratified based on their densities and can be shown as a line connecting 
points of a specific density on a graph

Isotope - Variations of the same element that have the same number of protons but different numbers of neutrons in 
their nucleus

Last Glacial Maximum - A period of time during the last ice age, where the ice sheets were at their greatest extent 
(approximately 21,000 years ago)

Legacy of hypoxia - The delay in recovery of a system after a period of hypoxia because of biogeochemical feedbacks 
that increase the demand for oxygen

Mariculture - A branch of aquaculture in which marine organisms are cultivated, e.g. for food 

Mass spectrometry - An analytical method that is used to measure dissolved gases such as oxygen (O
2
), Nitrogen (N

2
) 

and Argon (Ar) in seawater

Membrane Inlet Mass Spectrometry - A ship-based method for the continuous monitoring of gases dissolved in water
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Model scenarios - Future projections of a model, based on different values that a driver, such as the amount of 
greenhouse gases that we will emit, might take

Mol - A unit denoting the amount of a substance, which is defined as 6.02214076×1023 elementary entities

Morphometry - The quantitative analysis of form (e.g. of a species), including size and shape

Multiple Stressors - More than one event, agent or environmental condition causing stress to individuals, populations 
or ecosystem 

Neoproterozoic Oxygenation Event - A possible significant increase in oxygen levels in Earth’s atmosphere and Ocean 
around 650-700 million years ago 

Net Community Production - The difference between gross primary production and ecosystem respiration

Net Primary Production - The amount of carbon fixed during photosynthesis in an ecosystem during a given period of 
time minus respiration losses by the photosynthesisers

Nitrification - Microbial process in which ammonium is oxidised to nitrite and nitrate 

Optodes - Low-power optical sensing device that optically measures a specific substance usually with the aid of a 
chemical transducer

Organic matter - All matter composed of carbon-based (i.e. organic) compounds. It is matter composed of organic 
compounds that have come from the faeces and remains of organisms such as plants and animals

Oxic - With oxygen, when referring to an environment

Oxidation - Reaction in which electrons are lost. This reaction often involves oxygen

Oxycline - A depth in the sea where there is a strong vertical gradient in oxygen concentrations 

Oxygen Deficient Zones - Refers to regions in the Ocean where oxygen concentrations are below critical threshold 
values, thereby impacting marine life and/or biogeochemistry. ODZs can occur naturally in particularly intense Oxygen 
Minimum Zones

Oxygen Minimum Zones - Regions in the Ocean that display persistent, natural low oxygen concentrations in vertical 
profiles, often found to occur naturally in the tropical Ocean at a depth several tens to a few hundred metres  .

Oxygen sink - A mechanism that consumes or removes oxygen

Oxygen solubility - The amount of dissolved oxygen seawater can hold (i.e. the concentration of oxygen in the water). 
This depends, among other factors, on water temperature

Oxygen source - A mechanism that produces or releases oxygen

Oxygen Utilization Rate - The oxygen consumption during a certain time period

Pacific Decadal Oscillation - A climatic oscillation which covers large areas of the Pacific Ocean over periods of several 
decades. Positive PDO phases are when sea surface temperatures are anomalously cool in the interior North Pacific and 
warm along the Equator and the Northeast Pacific Coast. Negative PDO phases are when this pattern is reversed

Paleozoic Oxygenation Event - A time in the geological past (~400 million years ago) when atmospheric oxygen first 
reached modern-like levels in association with the evolution and proliferation of land plants 

Period - A unit of geological time smaller than an eon (e.g. one eon can comprise many periods). It typically lasts tens of 
millions of years
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Peta - A unit which equals 1015

Photosynthesis - A process by which plants use sunlight, water and carbon dioxide to produce energy in the form of 
sugars and, as a by-product, oxygen

Photosynthetic primary production - The production of organic matter by organisms through photosynthesis, liberating 
oxygen in the process

Phytoplankton - Microscopic marine algae that similar to terrestrial plants require sunlight in order to live and grow, 
because they obtain their energy through photosynthesis

Plankton - Organisms in the Ocean that are carried by tides and currents, and cannot swim well enough to move 
against these forces (the word “plankton” comes from the Greek for “drifter” or “wanderer”). Plankton can be classified 
in several ways, including by size, type, and how long they spend drifting. But the most basic categories divide plankton 
into two groups: phytoplankton (plants) and zooplankton (animals)

Practical Salinity Unit - A unit to measure salinity in seawater based on the conductivity of seawater

Primary producers - Organism that can produce their own energy (i.e. food), also called autotrophs. The most well-
known primary producers are plants, which produce their own energy through photosynthesis, using light, carbon 
dioxide and water. However, some organisms (e.g. in the deep-sea) can produce their own energy through other 
chemosynthesis (using other chemicals in the absence of sunlight) 

Primary productivity - The amount of carbon fixed during photosynthesis in an ecosystem during a given period of time

Primary production - The creation of new organic matter by autotrophs (i.e. organisms that produce their own energy, 
such as plants and algae), when they do photosynthesis or chemosynthesis (the production of energy using chemicals 
- instead of light, water and carbon dioxide - typically in the absence of sunlight (this is by some bacteria and other 
organisms, for instance in the deep-sea) 

Pycnocline - A depth in the sea where there is a strong vertical density gradient, acting as a barrier for vertical 
exchange/mixing

Pyrite - A naturally occurring mineral that is found in a variety of rocks and geological formations

Redox sensitive elements - Elements which can be used as indicators for bottom-water oxygen concentrations because 
they are found more frequently in oxygen-poor sediments, such as Uranium (U), Vanadium (V), Molybdenum (Mo) and 
Antimony (Sb)

Reduction - A reaction in which electrons are gained

Redox reaction - An oxidation–reduction or redox reaction is a reaction that involves the transfer of electrons between 
chemical species (i.e. atoms, ions, or molecules involved in the reaction). The chemical species that is oxidized loses 
electrons while the reduced one gains electrons

Residence time - When referring to seawater, the time it takes for a water mass to be “renewed”, i.e. exchanged, or 
mixed with new water through currents, heat, rain, winds, etc.

Respiration - A process whereby living organisms breakdown sugars to carbon dioxide and water, generating energy 
and consuming oxygen. In humans and other animals this is called “breathing”, but microbes also respire when they 
use oxygen to decompose organic matter thereby obtaining energy

Sapropels - Organic-rich, nearly black marine sediments

Saturation - The maximum possible amount of a gas (such as oxygen) dissolved in a volume of water at a given 
temperature
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Secondary production - The formation of living mass (i.e. number and growth of individuals) of a population or 
group of populations of individuals, which depend on primary production, for their growth and survival (i.e. they are 
heterotrophs). It is the heterotrophic equivalent of primary production by autotrophs

Sedimentary rocks - Sedimentary rocks are types of rocks that are formed on or near the Earth’s surface from the 
compression of pre-existing rocks or rests of once-living organisms

STOX electrode - The switchable trace oxygen (STOX) electrode is a variant of the Clark type electrode that is modified 
to have two sensing cathodes. This allows the measurement of extremely low oxygen concentrations

Suboxic zone - The transition layer between the oxic and anoxic waters (i.e. with and without oxygen), in which the 
concentration of oxygen is very low (~ 5-10 µmol/kg) and practically all multi-cellular life disappears

Sulphidic - An environment with hydrogen sulphide, also called “euxinic”

Sunlit Ocean surface waters - The sunlit waters extend from the surface to a maximum of about 200 meters

Surface mixed layer - The surface waters in the Ocean, which are typically well mixed by wind, and heat loss (e.g. at 
night or in the winter). This layer typically covers the first tens of metres of surface waters, although the depth of this 
layer changes seasonally

Thermocline - The transition layer between warm surface waters and colder deeper waters 

Trace metal - Metals that are present in very small quantities, such as iron in seawater

Transient tracers - Chemical compounds that have been released to the atmosphere by humans through industrial 
activity (e.g. Chlorofluorocarbons, which were once used to keep fridges and freezers cold). Transient tracers act like a 
dye in Ocean currents that scientists can measure and track. Determining the age and the amount of these tracers in 
the water column can tell us about the rates and pathways of Ocean circulation and mixing patterns.

Ventilation - The process that transports water and important gases such as oxygen and carbon dioxide from the 
surface mixed layer into the Ocean interior

Water age - The time since a particular water mass was in contact with the atmosphere

Winkler method - An analytical wet chemistry method for measuring dissolved oxygen in water
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Chemical compounds and formulas

Ammonia NH
3

Ammonium NH
4

+‐‐

Antimony Sb

Argon  Ar

Cadmium  Cd

Carbon  C

Carbon-14 isotope  14C

Carbon dioxide  CO
2

Ferric oxide Fe
2
O

3

Glucose C
6
H

12
O

6

Hydrogen molecule  H
2

(dihydrogen) 

Hydrogen ion H+

Hydrogen sulphide H
2
S

Iron Fe

Methane CH
4

Molybdenum Mo

Nitrate  NO
3

-

Nitrite NO
2

-

Nitrogen N

Nitrogen-14 isotope 14N 

Nitrogen-15 isotope  15N

Nitrogen molecule  N
2
 

(dinitrogen)

Nitrous oxide N
2
O

Oxygen (atom) O

Oxygen-18 isotope 18O 

Oxygen molecule O
2
 

(dioxygen)

Phosphorus P

Pyrite FeS
2

Rhodium Rh

Sulphate SO
42-

Sulphide S2-‐

Uranium U

Vanadium V

Water H
2
O  

Water molecule enriched H
2

18O
with oxygen-18 isotope
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Oxygen molecule O
2
 

(dioxygen)

Phosphorus P

Pyrite FeS
2

Rhodium Rh

Sulphate SO
42-

Sulphide S2-‐

Uranium U

Vanadium V

Water H
2
O  

Water molecule enriched H
2

18O
with oxygen-18 isotope

References

Altabet, M. A., Higginson, M. J., & Murray, D. W. (2002). The effect of millennial-scale changes in Arabian Sea denitrification 
on atmospheric CO

2
. Nature, 415(6868), 159–162. Retrieved from https://doi.org/10.1038/415159a

Altieri, A. H., Harrison, S. B., Seemann, J., Collin, R., Diaz, R. J., & Knowlton, N. (2017). Tropical dead zones and mass 
mortalities on coral reefs. Proceedings of the National Academy of Sciences, 114(14), 3660–3665. Retrieved from  
https://doi.org/10.1073/pnas.1621517114

Altieri, A. H., Johnson, M. D., Swaminathan, S. D., Nelson, H. R., & Gedan, K. B. (2021). Resilience of tropical ecosystems 
to ocean deoxygenation. Trends in Ecology & Evolution, 36(3), 227–238. Retrieved from https://doi.org/10.1016/j.
tree.2020.11.003

Bachèlery, M., Illig, S., & Dadou, I. (2016). Interannual variability in the South‐East Atlantic Ocean, focusing on the Benguela 
Upwelling System: Remote versus local forcing. Journal of Geophysical Research: Oceans, 121(1), 284–310. Retrieved from 
https://doi.org/10.1002/2015JC011168

Barone, B., Nicholson, D., Ferrón, S., Firing, E., & Karl, D. (2019). The estimation of gross oxygen production and community 
respiration from autonomous time‐series measurements in the oligotrophic ocean. Limnology and Oceanography: 
Methods, 17(12), 650–664. Retrieved from https://doi.org/10.1002/lom3.10340

Bartlett, R., Elrick, M., Wheeley, J. R., Polyak, V., Desrochers, A., & Asmerom, Y. (2018). Abrupt global-ocean anoxia during 
the Late Ordovician–early Silurian detected using uranium isotopes of marine carbonates. Proceedings of the National 
Academy of Sciences, 115(23), 5896–5901. Retrieved from https://doi.org/10.1073/pnas.1802438115

Bekker, A., & Holland, H. D. (2012). Oxygen overshoot and recovery during the early Paleoproterozoic. Earth and Planetary 
Science Letters, 317, 295–304. Retrieved from https://doi.org/10.1016/j.epsl.2011.12.012

Belcher, A., Cook, K., Bondyale-Juez, D., Stowasser, G., Fielding, S., Saunders, R. A., … Tarling, G. A. (2020). Respiration 
of mesopelagic fish: a comparison of respiratory electron transport system (ETS) measurements and allometrically 
calculated rates in the Southern Ocean and Benguela Current. ICES Journal of Marine Science, 77(5), 1672–1684. Retrieved 
from https://doi.org/10.1093/icesjms/fsaa031

Bennett, W. W., & Canfield, D. E. (2020). Redox-sensitive trace metals as paleoredox proxies: a review and analysis 
of data from modern sediments. Earth-Science Reviews, 204, 103175. Retrieved from https://doi.org/10.1016/j.
earscirev.2020.103175

Berg, P., Huettel, M., Glud, R. N., Reimers, C. E., & Attard, K. M. (2022). Aquatic eddy covariance: the method and its 
contributions to defining oxygen and carbon fluxes in marine environments. Annual Review of Marine Science, 14(1). 
Retrieved from https://doi.org/10.1146/annurev-marine-042121-012329

Bertram, C., Quaas, M., Reusch, T. B. H., Vafeidis, A. T., Wolff, C., & Rickels, W. (2021). The blue carbon wealth of nations. 
Nature Climate Change, 11(8), 704–709. Retrieved from https://doi.org/10.1038/s41558-021-01089-4

Bettencourt, J. H., López, C., Hernández-García, E., Montes, I., Sudre, J., Dewitte, B., … Garçon, V. (2015). Boundaries of the 
Peruvian oxygen minimum zone shaped by coherent mesoscale dynamics. Nature Geoscience, 8(12), 937–940. Retrieved 
from https://doi.org/10.1038/ngeo2570

Beusen, A. H. W., Bouwman, A. F., Van Beek, L. P. H., Mogollón, J. M., & Middelburg, J. J. (2016). Global riverine N and 
P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum. 
Biogeosciences, 13(8), 2441–2451. Retrieved from https://doi.org/10.5194/bg-13-2441-2016

Bindoff, N. L., Cheung, W. W. L., Kairo, J. G., Arístegui, J., Guinder, V. A., Hallberg, R., … Williamson, P. (2019). Changing ocean, 
marine ecosystems, and dependent communities. IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, 
477–587.

Bittig, H. C., Körtzinger, A., Neill, C., Van Ooijen, E., Plant, J. N., Hahn, J., … Emerson, S. R. (2018). Oxygen optode sensors: 
principle, characterization, calibration, and application in the ocean. Frontiers in Marine Science, 4, 429. Retrieved from 
https://doi.org/10.3389/fmars.2017.00429

https://doi.org/10.1038/415159a
https://doi.org/10.1073/pnas.1621517114
https://doi.org/10.1016/j.tree.2020.11.003
https://doi.org/10.1016/j.tree.2020.11.003
https://doi.org/10.1002/2015JC011168
https://doi.org/10.1002/lom3.10340
https://doi.org/10.1073/pnas.1802438115
https://doi.org/10.1016/j.epsl.2011.12.012
https://doi.org/10.1093/icesjms/fsaa031
https://doi.org/10.1016/j.earscirev.2020.103175
https://doi.org/10.1016/j.earscirev.2020.103175
https://doi.org/10.1146/annurev-marine-042121-012329
https://doi.org/10.1038/s41558-021-01089-4
https://doi.org/10.1038/ngeo2570
https://doi.org/10.5194/bg-13-2441-2016
https://doi.org/10.3389/fmars.2017.00429


EMB FUTURE SCIENCE BRIEF

72

Bopp, L., Le Quéré, C., Heimann, M., Manning, A. C., & Monfray, P. (2002). Climate‐induced oceanic oxygen fluxes: 
Implications for the contemporary carbon budget. Global Biogeochemical Cycles, 16(2), 1–6. Retrieved from  
https://doi.org/10.1029/2001GB001445

Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M., … Vichi, M. (2013). Multiple stressors of ocean ecosystems 
in the 21st century: projections with CMIP5 models. Biogeosciences, 10(10), 6225–6245. https://doi.org/10.5194/bg-10-
6225-2013

Boyd, P. W., McDonnell, A., Valdez, J., LeFevre, D., & Gall, M. P. (2015). RESPIRE: An in situ particle interceptor to conduct 
particle remineralization and microbial dynamics studies in the oceans’ T wilight Z one. Limnology and Oceanography: 
Methods, 13(9), 494–508. Retrieved from https://doi.org/10.1002/lom3.10043

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J., … Zhang, J. (2018). Declining oxygen in the 
global ocean and coastal waters. Science, 359(6371), eaam7240. https://doi.org/10.1126/science.aam7240

Callbeck, C. M., Canfield, D. E., Kuypers, M. M. M., Yilmaz, P., Lavik, G., Thamdrup, B., … Bristow, L. A. (2021). Sulfur cycling in 
oceanic oxygen minimum zones. Limnology and Oceanography, 66(6), 2360–2392. Retrieved from https://doi.org/10.1002/
lno.11759

Canfield, D. E. (2005). The early history of atmospheric oxygen: Homage to Robert M. Garrels. Annu. Rev. Earth Planet. Sci, 
33(1), 36. Retrieved from https://doi.org/10.1146/annurev.earth.33.092203.122711

Canfield, D. E. (2014). Oxygen: a four billion year history (Vol. 20). Princeton University Press.

Canfield, D. E., Bjerrum, C. J., Zhang, S., Wang, H., & Wang, X. (2020). The modern phosphorus cycle informs interpretations of 
Mesoproterozoic Era phosphorus dynamics. Earth-Science Reviews, 208, 103267. Retrieved from https://doi.org/10.1016/j.
earscirev.2020.103267

Canfield, D. E., Rosing, M. T., & Bjerrum, C. (2006). Early anaerobic metabolisms. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 361(1474), 1819–1836. Retrieved from https://doi.org/10.1098/rstb.2006.1906

Canfield, D. E., van Zuilen, M. A., Nabhan, S., Bjerrum, C. J., Zhang, S., Wang, H., & Wang, X. (2021). Petrographic carbon in 
ancient sediments constrains Proterozoic Era atmospheric oxygen levels. Proceedings of the National Academy of Sciences, 
118(23), e2101544118. Retrieved from https://doi.org/10.1073/pnas.2101544118

Capet, A., Stanev, E. V, Beckers, J.-M., Murray, J. W., & Grégoire, M. (2016). Decline of the Black Sea oxygen inventory. 
Biogeosciences, 13(4), 1287–1297. Retrieved from https://doi.org/10.5194/bg-13-1287-2016

Chang, S., & Berner, R. A. (1999). Coal weathering and the geochemical carbon cycle. Geochimica et Cosmochimica Acta, 
63(19–20), 3301–3310. Retrieved from https://doi.org/10.1016/S0016-7037(99)00252-5

Cheng, C., Busigny, V., Ader, M., Thomazo, C., Chaduteau, C., & Philippot, P. (2019). Nitrogen isotope evidence for stepwise 
oxygenation of the ocean during the Great Oxidation Event. Geochimica et Cosmochimica Acta, 261, 224–247. Retrieved 
from https://doi.org/10.1016/j.gca.2019.07.011

Clark JR, L. C., Wolf, R., Granger, D., & Taylor, Z. (1953). Continuous recording of blood oxygen tensions by polarography. 
Journal of Applied Physiology, 6(3), 189–193. Retrieved from https://doi.org/10.1152/jappl.1953.6.3.189

Clarke, T. M., Wabnitz, C. C. C., Striegel, S., Frölicher, T. L., Reygondeau, G., & Cheung, W. W. L. (2021). Aerobic growth index 
(AGI): An index to understand the impacts of ocean warming and deoxygenation on global marine fisheries resources. 
Progress in Oceanography, 195, 102588. Retrieved from https://doi.org/10.1016/j.pocean.2021.102588

Collins, J. R., Fucile, P. D., McDonald, G., Ossolinski, J. E., Keil, R. G., Valdes, J. R., … Van Mooy, B. A. S. (2018). An autonomous, 
in situ light‐dark bottle device for determining community respiration and net community production. Limnology and 
Oceanography: Methods, 16(6), 323–338. Retrieved from https://doi.org/10.1002/lom3.10247

https://doi.org/10.1029/2001GB001445
https://doi.org/10.5194/bg-10-6225-2013
https://doi.org/10.5194/bg-10-6225-2013
https://doi.org/10.1002/lom3.10043
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1002/lno.11759
https://doi.org/10.1002/lno.11759
https://doi.org/10.1146/annurev.earth.33.092203.122711
https://doi.org/10.1016/j.earscirev.2020.103267
https://doi.org/10.1016/j.earscirev.2020.103267
https://doi.org/10.1098/rstb.2006.1906
https://doi.org/10.1073/pnas.2101544118
https://doi.org/10.5194/bg-13-1287-2016
https://doi.org/10.1016/S0016-7037(99)00252-5
https://doi.org/10.1016/j.gca.2019.07.011
https://doi.org/10.1152/jappl.1953.6.3.189
https://doi.org/10.1016/j.pocean.2021.102588
https://doi.org/10.1002/lom3.10247


N° 10 2023

73

Colman, A. S., Mackenzie, F. T., Holland, H. D., Van Cappellen, P., & Ingall, E. D. (1997). Redox stabilization of the atmosphere 
and oceans and marine productivity. Science, 275(5298), 406–408. Retrieved from https://www.science.org/doi/10.1126/
science.275.5298.406

COM/2019/6 final. (2019). Communication from the Commission to the European Parliament, the European Council, 
the Council, the European Economic and Social Committee and the Commitee of the Regions: The European Green Deal. 
Retrieved from https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN

Conley, D. J., & Josefson, A. B. (2001). Hypoxia, nutrient management and restoration in Danish waters. Coastal Hypoxia: 
Consequences for Living Resources and Ecosystems, 58, 425–434. Retrieved from https://agupubs.onlinelibrary.wiley.com/
doi/abs/10.1029/CE058p0425

Conley, D. J., & Slomp, C. P. (2019). Ocean deoxygenation impacts on microbial processes, biogeochemistry and feedbacks. 
IUCN Report. Ocean Deoxygenation. Everyone’s Problem.

Craig, H., & Hayward, T. (1987). Oxygen supersaturation in the ocean: Biological versus physical contributions. Science, 
235(4785), 199–202. Retrieved from https://science.org/doi/10.1126/science.235.4785.199

Cullen, J. J. (2001). Primary production methods. Encyclopedia of Ocean Sciences, 11, 2277–2284.

D’Alelio, D., Rampone, S., Cusano, L. M., Morfino, V., Russo, L., Sanseverino, N., … Lomas, M. W. (2020). Machine learning 
identifies a strong association between warming and reduced primary productivity in an oligotrophic ocean gyre. Scientific 
Reports, 10(1), 1–12. Retrieved from https://doi.org/10.1038/s41598-020-59989-y

Dahl, T. W., Hammarlund, E. U., Anbar, A. D., Bond, D. P. G., Gill, B. C., Gordon, G. W., … Canfield, D. E. (2010). Devonian rise in 
atmospheric oxygen correlated to the radiations of terrestrial plants and large predatory fish. Proceedings of the National 
Academy of Sciences, 107(42), 17911–17915. Retrieved from https://doi.org/10.1073/pnas.1011287107

Daines, S. J., Mills, B. J. W., & Lenton, T. M. (2017). Atmospheric oxygen regulation at low Proterozoic levels by incomplete 
oxidative weathering of sedimentary organic carbon. Nature Communications, 8(1), 1–11. Retrieved from https://doi.
org/10.1038/ncomms14379

Davidson, K., Whyte, C., Aleynik, D., Dale, A., Gontarek, S., Kurekin, A. A., … Saxon, R. (2021). HABreports: online early 
warning of harmful algal and biotoxin risk for the Scottish shellfish and finfish aquaculture industries. Frontiers in Marine 
Science, 8, 631732.

Deutsch, C., Penn, J. L., & Seibel, B. (2020). Metabolic trait diversity shapes marine biogeography. Nature, 585(7826), 557–
562. Retrieved from https://doi.org/10.1038/s41586-020-2721-y

Diaz, R. J., & Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. Science, 321(5891), 
926–929. https://doi.org/10.1126/science.1156401

Directive 2000/60/EC. (2000). Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 
establishing a framework for Community action in the field of water policy. Official Journal of the European Union, 327, 
0001–0037. Retrieved from https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32000L0060

Directive 2008/56/EC. (2008). Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 
establishing a framework for community action in the field of marine environmental policy (Marine Strategy Framework 
Directive). Official Journal of the European Union, 164, 19. Retrieved from http://data.europa.eu/eli/dir/2008/56/oj

Directive 91/676/EEC. (1991). Council Directive of 12 December 1991 concerning the protection of waters against pollution 
caused by nitrates from agricultural sources (91/676/EEC). 375, 1. Retrieved from https://eur-lex.europa.eu/legal-content/
EN/TXT/?qid=1561542776070&uri=CELEX:01991L0676-20081211

Dittmar, W. (1880). Report on researches into the composition of ocean-water collected by HMS Challenger during the years 
1873-76. In: Thomson, C.W., Murray, J. (Eds.), Report on the scientific results of the voyage of H.M.S. Challenger during the 
years 1873-76. Physics and Chemistry, p. 168.

https://www.science.org/doi/10.1126/science.275.5298.406
https://www.science.org/doi/10.1126/science.275.5298.406
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/CE058p0425
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/CE058p0425
https://science.org/doi/10.1126/science.235.4785.199
https://doi.org/10.1038/s41598-020-59989-y
https://doi.org/10.1073/pnas.1011287107
https://doi.org/10.1038/ncomms14379
https://doi.org/10.1038/ncomms14379
https://doi.org/10.1038/s41586-020-2721-y
https://doi.org/10.1126/science.1156401
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32000L0060
http://data.europa.eu/eli/dir/2008/56/oj
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1561542776070&uri=CELEX
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1561542776070&uri=CELEX


EMB FUTURE SCIENCE BRIEF

74

Duarte, C. M., Agusti, S., Barbier, E., Britten, G. L., Castilla, J. C., Gattuso, J.-P., … Lovelock, C. E. (2020). Rebuilding marine life. 
Nature, 580(7801), 39–51. Retrieved from https://doi.org/10.1038/s41586-020-2146-7

Dubosq, N., Schmidt, S., Sudre, J., Rigaud, S., Lamarque, B., Danilo, M., … Deflandre, B. (2022). First observations of seasonal 
bottom water deoxygenation off the Gironde estuary (Bay of Biscay, North East Atlantic). Frontiers in Marine Science, 
2001. Retrieved from https://doi.org/10.3389/fmars.2022.1006453

Dufour, V., Cantou, M., & Lecomte, F. (2009). Identification of sea bass (Dicentrarchus labrax) nursery areas in the north-
western Mediterranean Sea. Journal of the Marine Biological Association of the United Kingdom, 89(7), 1367–1374. 
Retrieved from https://doi.org/10.1017/S0025315409000368

Edwards, B., Murphy, D., Janzen, C., & Larson, N. (2010). Calibration, response, and hysteresis in deep-sea 
dissolved oxygen measurements. Journal of Atmospheric and Oceanic Technology, 27(5), 920–931. Retrieved from  
https://doi.org/10.1175/2009JTECHO693.1

Emerson, S., Stump, C., Wilbur, D., & Quay, P. (1999). Accurate measurement of O
2
, N

2
, and Ar gases in water and the 

solubility of N
2
. Marine Chemistry, 64(4), 337–347. Retrieved from https://doi.org/10.1016/S0304-4203(98)00090-5

Feng, E. Y., Su, B., & Oschlies, A. (2020). Geoengineered Ocean vertical water exchange can accelerate global deoxygenation. 
Geophysical Research Letters, 47(16), e2020GL088263. Retrieved from https://doi.org/10.1029/2020GL088263

Fennel, K., & Testa, J. M. (2019). Biogeochemical controls on coastal hypoxia. Annu. Rev. Mar. Sci, 11(1), 105–130. Retrieved 
from https://doi.org/10.1146/annurev-marine-010318-095138

Ferrón, S., del Valle, D. A., Björkman, K. M., Quay, P. D., Church, M. J., & Karl, D. M. (2016). Application of membrane inlet mass 
spectrometry to measure aquatic gross primary production by the 18O in vitro method. Limnology and Oceanography: 
Methods, 14(9), 610–622. Retrieved from https://doi.org/10.1002/lom3.10116

Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. G. (1998). Primary Production of the Biosphere: Integrating 
Terrestrial and Oceanic Components. Science, 281(5374), 237–240. https://doi.org/10.1126/science.281.5374.237

Fourrier, M., Coppola, L., D’ortenzio, F., Migon, C., & Gattuso, J. (2022). Impact of intermittent Convection in the northwestern 
Mediterranean Sea on Oxygen content, Nutrients and the Carbonate system. Journal of Geophysical Research: Oceans, 
127(9). Retrieved from https://doi.org/10.1029/2022JC018615

Garcia‐Robledo, E., Paulmier, A., Borisov, S. M., & Revsbech, N. P. (2021). Sampling in low oxygen aquatic environments: 
The deviation from anoxic conditions. Limnology and Oceanography: Methods, 19(11), 733–740. Retrieved from  
https://doi.org/10.1002/lom3.10457

Garcia, H. E., Locarnini, R. A., Boyer, T. P., Antonov, J. I., Baranov, O. K., Zweng, M. M., & Johnson, D. R. (2010). World Ocean 
Atlas 2009 Volume 3: Dissolved Oxygen, Apparent Oxygen Utilization, and Oxygen Saturation. 344 pp. Retrieved from 
https://www.ncei.noaa.gov/sites/default/files/2020-04/woa09_vol3_text.pdf

Gilbert, D., Rabalais, N. N., Diaz, R. J., & Zhang, J. (2010). Evidence for greater oxygen decline rates in the coastal ocean than 
in the open ocean. Biogeosciences, 7(7), 2283–2296. Retrieved from https://doi.org/10.5194/bg-7-2283-2010

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., & Charnov, E. L. (2001). Effects of size and temperature on metabolic 
rate. Science, 293(5538), 2248–2251. Retrieved from https://www.science.org/doi/10.1126/science.1061967

Gordon, C., Fennel, K., Richards, C., Shay, L. K., & Brewster, J. K. (2020). Can ocean community production and respiration be 
determined by measuring high-frequency oxygen profiles from autonomous floats? Biogeosciences, 17(15), 4119–4134. 
Retrieved from https://doi.org/10.5194/bg-17-4119-2020

Grégoire, M., Garçon, V., Garcia, H., Breitburg, D., Isensee, K., Oschlies, A., … Yasuhara, M. (2021). A Global Ocean Oxygen 
Database and Atlas for assessing and predicting deoxygenation and ocean health in the open and coastal ocean. Frontiers 
in Marine Science, 1638. Retrieved from https://doi.org/10.3389/fmars.2021.724913

https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.3389/fmars.2022.1006453
https://doi.org/10.1017/S0025315409000368
https://doi.org/10.1175/2009JTECHO693.1
https://doi.org/10.1016/S0304-4203(98)00090-5
https://doi.org/10.1029/2020GL088263
https://doi.org/10.1146/annurev-marine-010318-095138
https://doi.org/10.1002/lom3.10116
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1029/2022JC018615
https://doi.org/10.1002/lom3.10457
https://www.ncei.noaa.gov/sites/default/files/2020-04/woa09_vol3_text.pdf
https://doi.org/10.5194/bg-7-2283-2010
https://www.science.org/doi/10.1126/science.1061967
https://doi.org/10.5194/bg-17-4119-2020
https://doi.org/10.3389/fmars.2021.724913


N° 10 2023

75

Grégoire, M., Gilbert, D., Oschlies, A., & Rose, K. (2019). What is ocean deoxygenation? In D. Laffoley & J. M. Baxter (Eds.), 
Ocean deoxygenation: Everyone’s problem - Causes, impacts, consequences and solutions. Gland, Switzerland: IUCN. 
Retrieved from https://portals.iucn.org/library/sites/library/files/documents/01 DEOX.pdf

Große, F., Greenwood, N., Kreus, M., Lenhart, H.-J., Machoczek, D., Pätsch, J., … Thomas, H. (2016). Looking beyond 
stratification: a model-based analysis of the biological drivers of oxygen deficiency in the North Sea. Biogeosciences, 13(8), 
2511–2535. Retrieved from https://doi.org/10.5194/bg-13-2511-2016

Gruber, N., Doney, S. C., Emerson, S. R., Gilbert, D., Kobayashi, T., Körtzinger, A., … Ulloa, O. (2010). Adding Oxygen to Argo: 
Developing a Global In Situ Observatory for Ocean Deoxygenation and Biogeochemistry.

Guéguen, C., & Tortell, P. D. (2008). High-resolution measurement of Southern Ocean CO
2
 and O

2
/Ar by membrane inlet mass 

spectrometry. Marine Chemistry, 108(3–4), 184–194. Retrieved from https://doi.org/10.1016/j.marchem.2007.11.007

Guilbaud, R., Poulton, S. W., Butterfield, N. J., Zhu, M., & Shields-Zhou, G. A. (2015). A global transition to ferruginous 
conditions in the early Neoproterozoic oceans. Nature Geoscience, 8(6), 466–470. Retrieved from https://doi.org/10.1038/
ngeo2434

Hayes, J. M., & Waldbauer, J. R. (2006). The carbon cycle and associated redox processes through time. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 361(1470), 931–950. Retrieved from https://doi.org/10.1098/
rstb.2006.1840

Heip, C., Barange, M., Danovaro, R., Gehlen, M., Grehan, A., Meysman, F., … Yu, R. (2011). Climate Change and Marine 
Ecosystem Research: Synthesis of European Research on the Effects of Climate Change on Marine Environments. In  
J.-B. Calewaert, C. Heip, N. McDonough, & C. Philippart (Eds.), Special Report. Retrieved from http://marineboard.eu/
publication/climate-change-research-results

Hemming, M. P., Kaiser, J., Boutin, J., Merlivat, L., Heywood, K. J., Bakker, D. C. E., … Shitashima, K. (2022). Net community 
production in the northwestern Mediterranean Sea from glider and buoy measurements. Ocean Science Discussions, 1–28. 
Retrieved from https://doi.org/10.5194/os-18-1245-2022

Hernández-León, S., Calles, S., & de Puelles, M. L. F. (2019). The estimation of metabolism in the mesopelagic 
zone: disentangling deep-sea zooplankton respiration. Progress in Oceanography, 178, 102163. Retrieved from  
https://doi.org/10.1016/j.pocean.2019.102163

Hernández-León, S., & Ikeda, T. (2005). A global assessment of mesozooplankton respiration in the ocean. Journal of 
Plankton Research, 27(2), 153–158. Retrieved from https://doi.org/10.1093/plankt/fbh166

Holland, H. D. (2009). Why the atmosphere became oxygenated: a proposal. Geochimica et Cosmochimica Acta, 73(18), 
5241–5255. Retrieved from https://doi.org/10.1016/j.gca.2009.05.070

Holtappels, M., Tiano, L., Kalvelage, T., Lavik, G., Revsbech, N. P., & Kuypers, M. M. M. (2014). Aquatic respiration rate 
measurements at low oxygen concentrations. PLoS One, 9(2), e89369. Retrieved from https://doi.org/10.1371/journal.
pone.0089369

Iriarte, A., Aravena, G., Villate, F., Uriarte, I., Ibáñez, B., Llope, M., & Stenseth, N. C. (2010). Dissolved oxygen in contrasting 
estuaries of the Bay of Biscay: effects of temperature, river discharge and chlorophyll a. Marine Ecology Progress Series, 
418, 57–71. Retrieved from https://doi.org/10.3354/meps08812

Ito, T., Minobe, S., Long, M. C., & Deutsch, C. (2017). Upper ocean O
2
 trends: 1958–2015. Geophysical Research Letters, 44(9), 

4214–4223. Retrieved from https://doi.org/10.1002/2017GL073613

Jaccard, S. L., & Galbraith, E. D. (2012). Large climate-driven changes of oceanic oxygen concentrations during the last 
deglaciation. Nature Geoscience, 5(2), 151–156. Retrieved from https://doi.org/10.1038/ngeo1352

Jilbert, T., & Slomp, C. P. (2013). Rapid high-amplitude variability in Baltic Sea hypoxia during the Holocene. Geology, 41(11), 
1183–1186. Retrieved from https://doi.org/10.1130/G34804.1

https://portals.iucn.org/library/sites/library/files/documents/01
https://doi.org/10.5194/bg-13-2511-2016
https://doi.org/10.1016/j.marchem.2007.11.007
https://doi.org/10.1038/ngeo2434
https://doi.org/10.1038/ngeo2434
https://doi.org/10.1098/rstb.2006.1840
https://doi.org/10.1098/rstb.2006.1840
http://marineboard.eu/publication/climate-change-research-results
http://marineboard.eu/publication/climate-change-research-results
https://doi.org/10.5194/os-18-1245-2022
https://doi.org/10.1016/j.pocean.2019.102163
https://doi.org/10.1093/plankt/fbh166
https://doi.org/10.1016/j.gca.2009.05.070
https://doi.org/10.1371/journal.pone.0089369
https://doi.org/10.1371/journal.pone.0089369
https://doi.org/10.3354/meps08812
https://doi.org/10.1002/2017GL073613
https://doi.org/10.1038/ngeo1352
https://doi.org/10.1130/G34804.1


EMB FUTURE SCIENCE BRIEF

76

Jørgensen, B. B., Wenzhöfer, F., Egger, M., & Glud, R. N. (2022). Sediment oxygen consumption: Role in the global marine 
carbon cycle. Earth-Science Reviews, 228, 103987. Retrieved from https://doi.org/10.1016/j.earscirev.2022.103987

Joyce, W., Ozolina, K., Mauduit, F., Ollivier, H., Claireaux, G., & Shiels, H. A. (2016). Individual variation in whole-animal 
hypoxia tolerance is associated with cardiac hypoxia tolerance in a marine teleost. Biology Letters, 12(1), 20150708. 
Retrieved from https://doi.org/10.1098/rsbl.2015.0708

Keeling, R. F., Körtzinger, A., & Gruber, N. (2010). Ocean deoxygenation in a warming world. Annual Review of Marine 
Science, 2, 199–229. Retrieved from https://doi.org/10.1146/annurev.marine.010908.163855

Keeling, R. F., & Manning, A. C. (2014). Studies of recent changes in atmospheric O
2
 content. In Treatise on Geochemistry: 

Second Edition (pp. 385–404). Retrieved from https://doi.org/10.1016/B978-0-08-095975-7.00420-4

Keeling, R. F., Oschlies, A., & Orr, J. C. (2009). Atmospheric evidence for recent global ocean deoxygenation. Geochimica et 
Cosmochimica Acta Supplement, 73, A632.

Keeling, R. F., Powell, F. L., Shaffer, G., Robbins, P. A., & Simonson, T. S. (2021). Impacts of Changes in Atmospheric 
O

2
 on Human Physiology. Is There a Basis for Concern? Frontiers in Physiology, 12, 571137. Retrieved from  

https://doi.org/10.3389/fphys.2021.571137

Keeling, R. F., & Shertz, S. R. (1992). Seasonal and interannual variations in atmospheric oxygen and implications for the 
global carbon cycle. Nature, 358(6389), 723–727. Retrieved from https://doi.org/10.1038/358723a0

Kiehl, J. T., & Shields, C. A. (2005). Climate simulation of the latest Permian: Implications for mass extinction. Geology, 
33(9), 757–760. Retrieved from https://doi.org/10.1130/G21654.1

Kihm, C., & Körtzinger, A. (2010). Air-sea gas transfer velocity for oxygen derived from float data. Journal of Geophysical 
Research: Oceans, 115(C12).

Knoll, A. H., Javaux, E. J., Hewitt, D., & Cohen, P. (2006). Eukaryotic organisms in Proterozoic oceans. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 361(1470), 1023–1038. Retrieved from https://doi.org/10.1098/
rstb.2006.1843

Koeve, W., & Kähler, P. (2016). Oxygen utilization rate (OUR) underestimates ocean respiration: A model study. Global 
Biogeochemical Cycles, 30(8), 1166–1182. Retrieved from https://doi.org/10.1002/2015GB005354

Köhn, E. E., Münnich, M., Vogt, M., Desmet, F., & Gruber, N. (2022). Strong Habitat Compression by Extreme Shoaling 
Events of Hypoxic Waters in the Eastern Pacific. Journal of Geophysical Research: Oceans, e2022JC018429. Retrieved from 
https://doi.org/10.1029/2022JC018429

Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon sequestration. Nature 
Geoscience, 9(10), 737–742. Retrieved from https://doi.org/10.1038/ngeo2790

Kriest, I., Sauerland, V., Khatiwala, S., Srivastav, A., & Oschlies, A. (2017). Calibrating a global three-dimensional 
biogeochemical ocean model (MOPS-1.0). Geoscientific Model Development, 10(1), 127–154. Retrieved from  
https://doi.org/10.5194/gmd-10-127-2017

Kuliński, K., Rehder, G., Asmala, E., Bartosova, A., Carstensen, J., Gustafsson, B., … Undeman, E. (2022). Biogeochemical 
functioning of the Baltic Sea. Earth System Dynamics, 13(1), 633–685. Retrieved from https://doi.org/10.5194/esd-13-633-
2022

Kwiatkowski, L., Torres, O., Bopp, L., Aumont, O., Chamberlain, M., Christian, J. R., … Ziehn, T. (2020). Twenty-first century 
ocean warming, acidification, deoxygenation, and upper-ocean nutrient and primary production decline from CMIP6 
model projections. Biogeosciences, 17(13), 3439–3470. Retrieved from https://doi.org/10.5194/bg-17-3439-2020

Laffoley, D., & Baxter, J. M. (Eds.). (2019). Ocean deoxygenation: Everyone’s problem - Causes, impacts, consequences and 
solutions. IUCN. Retrieved from https://portals.iucn.org/library/sites/library/files/documents/2019-048-En.pdf

https://doi.org/10.1016/j.earscirev.2022.103987
https://doi.org/10.1098/rsbl.2015.0708
https://doi.org/10.1146/annurev.marine.010908.163855
https://doi.org/10.1016/B978-0-08-095975-7.00420-4
https://doi.org/10.3389/fphys.2021.571137
https://doi.org/10.1038/358723a0
https://doi.org/10.1130/G21654.1
https://doi.org/10.1098/rstb.2006.1843
https://doi.org/10.1098/rstb.2006.1843
https://doi.org/10.1002/2015GB005354
https://doi.org/10.1029/2022JC018429
https://doi.org/10.1038/ngeo2790
https://doi.org/10.5194/gmd-10-127-2017
https://doi.org/10.5194/esd-13-633-2022
https://doi.org/10.5194/esd-13-633-2022
https://doi.org/10.5194/bg-17-3439-2020
https://portals.iucn.org/library/sites/library/files/documents/2019-048-En.pdf


N° 10 2023

77

Lam, P. J., & Anderson, R. F. (2018). GEOTRACES: the marine biogeochemical cycle of trace elements and their isotopes. 
Elements: An International Magazine of Mineralogy, Geochemistry, and Petrology, 14(6), 377–378. Retrieved from  
https://doi.org/10.2138/gselements.14.6.377

Lam, P., & Kuypers, M. M. M. (2011). Microbial nitrogen cycling processes in oxygen minimum zones. Annual Review of 
Marine Science, 3. Retrieved from https://hdl.handle.net/21.11116/0000-0001-CA25-2

Langdon, C. (2010). Determination of Dissolved Oxygen in Seawater by Winkler Titration Using The Amperometric Technique. 
in: Hood, E.M., C.L. Sabine, and B.M. Sloyan, (Ed.), The GO-SHIP Repeat Hydrography Manual: A Collection of Expert Reports 
and Guidelines. , pp. ICPO Publication Series Number 134. Available online at: http://www.go-ship.org/HydroMan.html.

Lemburg, J., Wenzhöfer, F., Hofbauer, M., Färber, P., & Meyer, V. (2018). Benthic crawler NOMAD. 2018 OCEANS-MTS/IEEE 
Kobe Techno-Oceans (OTO), 1–7. IEEE. Retrieved from https://doi.org/10.1109/OCEANSKOBE.2018.8559446

Levin, L. A., & Le Bris, N. (2015). The deep ocean under climate change. Science, 350(6262), 766–768. Retrieved from  
https://science.org/doi/10.1126/science.aad0126

Limburg, K. E., Breitburg, D., Swaney, D. P., & Jacinto, G. (2020). Ocean deoxygenation: A primer. One Earth, 2(1), 24–29. 
Retrieved from https://doi.org/10.1016/j.oneear.2020.01.001

Long, M. C., Ito, T., & Deutsch, C. (2019). Oxygen projections for the future. In D. Laffoley & J. M. Baxter (Eds.), Ocean 
deoxygenation: Everyone’s problem - Causes, impacts, consequences and solutions (pp. 171–211). Gland, Switzerland. 
Retrieved from https://portals.iucn.org/library/sites/library/files/documents/04 DEOX.pdf

Luz, B., & Barkan, E. (2000). Assessment of oceanic productivity with the triple-isotope composition of dissolved oxygen. 
Science, 288(5473), 2028–2031. Retrieved from https://science.org/doi/abs/10.1126/science.288.5473.2028

MacDougall, A. H., Frölicher, T. L., Jones, C. D., Rogelj, J., Matthews, H. D., Zickfeld, K., … Ziehn, T. (2020). Is there warming 
in the pipeline? A multi-model analysis of the Zero Emissions Commitment from CO

2
. Biogeosciences, 17(11), 2987–3016. 

Retrieved from https://doi.org/10.5194/bg-17-2987-2020

Macreadie, P. I., Costa, M. D. P., Atwood, T. B., Friess, D. A., Kelleway, J. J., Kennedy, H., … Duarte, C. M. (2021). Blue carbon as 
a natural climate solution. Nature Reviews Earth & Environment, 2(12), 826–839. Retrieved from https://doi.org/10.1038/
s43017-021-00224-1

Malone, T. C., & Newton, A. (2020). The globalization of cultural eutrophication in the coastal ocean: causes and 
consequences. Frontiers in Marine Science, 670. Retrieved from https://doi.org/10.3389/fmars.2020.00670

Mee, L. (2006). Reviving dead zones. Scientific American, 295(5), 78–85. Retrieved from https://www.jstor.org/
stable/26069042

Mignot, A., D’Ortenzio, F., Taillandier, V., Cossarini, G., & Salon, S. (2019). Quantifying observational errors in Biogeochemical‐
Argo oxygen, nitrate, and chlorophyll a concentrations. Geophysical Research Letters, 46(8), 4330–4337. Retrieved from 
https://doi.org/10.1029/2018GL080541

Nevison, C., Munro, D., Lovenduski, N., Cassar, N., Keeling, R., Krummel, P., & Tjiputra, J. (2018). Net community production 
in the Southern Ocean: Insights from comparing atmospheric potential oxygen to satellite ocean color algorithms and 
ocean models. Geophysical Research Letters, 45(19), 10–549. Retrieved from https://doi.org/10.1029/2018GL079575

O’Boyle, S., McDermott, G., & Wilkes, R. (2009). Dissolved oxygen levels in estuarine and coastal waters around Ireland. 
Marine Pollution Bulletin, 58(11), 1657–1663. Retrieved from https://doi.org/10.1016/j.marpolbul.2009.07.002

Och, L. M., & Shields-Zhou, G. A. (2012). The Neoproterozoic oxygenation event: Environmental perturbations 
and biogeochemical cycling. Earth-Science Reviews, 110(1–4), 26–57. Retrieved from https://doi.org/10.1016/j.
earscirev.2011.09.004

Orth, R. J., Lefcheck, J. S., McGlathery, K. S., Aoki, L., Luckenbach, M. W., Moore, K. A., … Lusk, B. (2020). Restoration of 
seagrass habitat leads to rapid recovery of coastal ecosystem services. Science Advances, 6(41), eabc6434. Retrieved from 
https://www.science.org/doi/10.1126/sciadv.abc6434

https://doi.org/10.2138/gselements.14.6.377
https://hdl.handle.net/21.11116/0000-0001-CA25-2
http://www.go-ship.org/HydroMan.html
https://doi.org/10.1109/OCEANSKOBE.2018.8559446
https://science.org/doi/10.1126/science.aad0126
https://doi.org/10.1016/j.oneear.2020.01.001
https://portals.iucn.org/library/sites/library/files/documents/04
https://science.org/doi/abs/10.1126/science.288.5473.2028
https://doi.org/10.5194/bg-17-2987-2020
https://doi.org/10.1038/s43017-021-00224-1
https://doi.org/10.1038/s43017-021-00224-1
https://doi.org/10.3389/fmars.2020.00670
https://www.jstor.org/stable/26069042
https://www.jstor.org/stable/26069042
https://doi.org/10.1029/2018GL080541
https://doi.org/10.1029/2018GL079575
https://doi.org/10.1016/j.marpolbul.2009.07.002
https://doi.org/10.1016/j.earscirev.2011.09.004
https://doi.org/10.1016/j.earscirev.2011.09.004
https://www.science.org/doi/10.1126/sciadv.abc6434


EMB FUTURE SCIENCE BRIEF

78

Oschlies, A. (2021). A committed fourfold increase in ocean oxygen loss. Nature Communications, 12(1), 1–8. Retrieved 
from https://doi.org/10.1038/s41467-021-22584-4

Oschlies, A., Brandt, P., Stramma, L., & Schmidtko, S. (2018). Drivers and mechanisms of ocean deoxygenation. Nature 
Geoscience, 11(7), 467–473. Retrieved from https://doi.org/10.1038/s41561-018-0152-2

Oschlies, A., Duteil, O., Getzlaff, J., Koeve, W., Landolfi, A., & Schmidtko, S. (2017). Patterns of deoxygenation: sensitivity 
to natural and anthropogenic drivers. Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences, 375(2102), 20160325. Retrieved from https://doi.org/10.1098/rsta.2016.0325

Penn, J. L., & Deutsch, C. (2022). Avoiding ocean mass extinction from climate warming. Science, 376(6592), 524–526. 
Retrieved from https://www.science.org/doi/10.1126/science.abe9039

Pérez-Asensio, J. N., Frigola, J., Pena, L. D., Sierro, F. J., Reguera, M. I., Rodríguez-Tovar, F. J., … Huhn, K. (2020). Changes 
in western Mediterranean thermohaline circulation in association with a deglacial Organic Rich Layer formation in the 
Alboran Sea. Quaternary Science Reviews, 228, 106075. Retrieved from https://doi.org/10.1016/j.quascirev.2019.106075

Pinkerton, M. H., Boyd, P. W., Deppeler, S., Hayward, A., Höfer, J., & Moreau, S. (2021). Evidence for the impact of climate 
change on primary producers in the Southern Ocean. Frontiers in Ecology and Evolution, 9, 592027. Retrieved from  
https://doi.org/10.3389/fevo.2021.592027

Pitcher, G. C., Aguirre-Velarde, A., Breitburg, D., Cardich, J., Carstensen, J., Conley, D. J., … Flores, G. (2021). System controls 
of coastal and open ocean oxygen depletion. Progress in Oceanography, 197, 102613. Retrieved from https://doi.
org/10.1016/j.pocean.2021.102613

Pohl, A., Ridgwell, A., Stockey, R. G., Thomazo, C., Keane, A., Vennin, E., & Scotese, C. R. (2022). Continental configuration 
controls ocean oxygenation during the Phanerozoic. Nature, 608(7923), 523–527. Retrieved from https://doi.org/10.1038/
s41586-022-05018-z

Precali, R., Giani, M., Marini, M., Grilli, F., Ferrari, C. R., Pe‐ar, O., & Paschini, E. (2005). Mucilaginous aggregates in the 
northern Adriatic in the period 1999–2002: typology and distribution. Science of the Total Environment, 353(1–3), 10–23. 
Retrieved from https://doi.org/10.1016/j.scitotenv.2005.09.066

Rabalais, N. N., & Baustian, M. M. (2020). Historical shifts in benthic infaunal diversity in the Northern Gulf of Mexico 
since the appearance of seasonally severe hypoxia. Diversity, 12(2), 49. Retrieved from https://doi.org/10.3390/d12020049

Rabalais, N. N., Diaz, R. J., Levin, L. A., Turner, R. E., Gilbert, D., & Zhang, J. (2010). Dynamics and distribution of natural and 
human-caused hypoxia. Biogeosciences, 7(2), 585–619. Retrieved from https://doi.org/10.5194/bg-7-585-2010

Rasmussen, H., & Jørgensen, B. B. (1992). Microelectrode studies of seasonal oxygen uptake in a coastal sediment: role of 
molecular diffusion. Marine Ecology Progress Series. Oldendorf, 81(3), 289–303.

Redfield, A. C. (1963). The influence of organisms on the composition of seawater (Vol. 2). In: Hill, M.N., Ed., The Sea, Vol. 2, 
Interscience Publishers, New York, 26-77.

Reimers, C. E. (2007). Applications of microelectrodes to problems in chemical oceanography. Chemical Reviews, 107(2), 
590–600. Retrieved from https://doi.org/10.1021/cr050363n

Resplandy, L., Keeling, R. F., Rödenbeck, C., Stephens, B. B., Khatiwala, S., Rodgers, K. B., … Tans, P. P. (2018). Revision of global 
carbon fluxes based on a reassessment of oceanic and riverine carbon transport. Nature Geoscience, 11(7), 504–509. 
Retrieved from https://doi.org/10.1038/s41561-018-0151-3

Revsbech, N. P., Larsen, L. H., Gundersen, J., Dalsgaard, T., Ulloa, O., & Thamdrup, B. (2009). Determination of ultra‐low 
oxygen concentrations in oxygen minimum zones by the STOX sensor. Limnology and Oceanography: Methods, 7(5), 371–
381. Retrieved from https://doi.org/10.4319/lom.2009.7.371

https://doi.org/10.1038/s41467-021-22584-4
https://doi.org/10.1038/s41561-018-0152-2
https://doi.org/10.1098/rsta.2016.0325
https://www.science.org/doi/10.1126/science.abe9039
https://doi.org/10.1016/j.quascirev.2019.106075
https://doi.org/10.3389/fevo.2021.592027
https://doi.org/10.1016/j.pocean.2021.102613
https://doi.org/10.1016/j.pocean.2021.102613
https://doi.org/10.1038/s41586-022-05018-z
https://doi.org/10.1038/s41586-022-05018-z
https://doi.org/10.1016/j.scitotenv.2005.09.066
https://doi.org/10.3390/d12020049
https://doi.org/10.5194/bg-7-585-2010
https://doi.org/10.1021/cr050363n
https://doi.org/10.1038/s41561-018-0151-3
https://doi.org/10.4319/lom.2009.7.371


N° 10 2023

79

Revsbech, N. P., Thamdrup, B., Dalsgaard, T., & Canfield, D. E. (2011). Chapter fourteen - Construction of STOX oxygen 
sensors and their application for determination of O

2
 concentrations in oxygen minimum zones (Vol. 486). in: Martin, G.K. 

(Ed.), Methods in Enzymology. Academic Press, pp. 325-341. Retrieved from https://doi.org/10.1016/B978-0-12-381294-
0.00014-6

Rixen, T., Cowie, G., Gaye, B., Goes, J., do Rosário Gomes, H., Hood, R. R., … Singh, A. (2020). Reviews and syntheses: Present, 
past, and future of the oxygen minimum zone in the northern Indian Ocean. Biogeosciences, 17(23), 6051–6080. Retrieved 
from https://doi.org/10.5194/bg-17-6051-2020

Robinson, C. (2019). Microbial respiration, the engine of ocean deoxygenation. Frontiers in Marine Science, 5, 533. Retrieved 
from https://doi.org/10.3389/fmars.2018.00533

Roemmich, D., Alford, M. H., Claustre, H., Johnson, K., King, B., Moum, J., … Yasuda, I. (2019). On the Future of Argo: A Global, 
Full-Depth, Multi-Disciplinary Array. Frontiers in Marine Science, 6. https://doi.org/10.3389/fmars.2019.00439

Rohling, E. J., Marino, G., & Grant, K. M. (2015). Mediterranean climate and oceanography, and the periodic 
development of anoxic events (sapropels). Earth-Science Reviews, 143, 62–97. Retrieved from https://doi.org/10.1016/j.
earscirev.2015.01.008

Rosentreter, J. A., Borges, A. V, Deemer, B. R., Holgerson, M. A., Liu, S., Song, C., … Allen, G. H. (2021). Half of global methane 
emissions come from highly variable aquatic ecosystem sources. Nature Geoscience, 14(4), 225–230. Retrieved from 
https://doi.org/10.1038/s41561-021-00715-2

Rosing, M. (1999). 13C-depleted carbon microparticles in ≥3700-Ma sea-floor sedimentary rocks from west Greenland. 
Science, 283(5402), 674–676. Retrieved from 10.1126/science.283.5402.674

Ross, T., Du Preez, C., & Ianson, D. (2020). Rapid deep ocean deoxygenation and acidification threaten life on Northeast 
Pacific seamounts. Global Change Biology, 26(11), 6424–6444. Retrieved from https://doi.org/10.1111/gcb.15307

Schmidtko, S., Stramma, L., & Visbeck, M. (2017). Decline in global oceanic oxygen content during the past five decades. 
Nature, 542(7641), 335–339. https://doi.org/10.1038/nature21399

Segschneider, J., Schneider, B., & Khon, V. (2018). Climate and marine biogeochemistry during the Holocene from transient 
model simulations. Biogeosciences, 15(10), 3243–3266. Retrieved from https://doi.org/10.5194/bg-15-3243-2018

Shen, Y., Buick, R., & Canfield, D. E. (2001). Isotopic evidence for microbial sulphate reduction in the early Archaean era. 
Nature, 410(6824), 77–81. Retrieved from https://doi.org/10.1038/35065071

Sims, D. W. (2019). The significance of ocean deoxygenation for Elasmobranchs. In D. Laffoley & J. M. Baxter (Eds.), Ocean 
deoxygenation: Everyone’s problem - Causes, impacts, consequences and solutions (pp. 431–448). Gland, Switzerland: IUCN. 
Retrieved from https://portals.iucn.org/library/sites/library/files/documents/08.9 DEOX.pdf

Smith, S. V, & Mackenzie, F. T. (1987). The ocean as a net heterotrophic system: implications from the carbon biogeochemical 
cycle. Global Biogeochemical Cycles, 1(3), 187–198. Retrieved from https://doi.org/10.1029/GB001i003p00187

Somot, S., Houpert, L., Sevault, F., Testor, P., Bosse, A., Taupier-Letage, I., … Sanchez-Gomez, E. (2018). Characterizing, 
modelling and understanding the climate variability of the deep water formation in the North-Western Mediterranean 
Sea. Climate Dynamics, 51, 1179–1210. Retrieved from https://doi.org/10.1007/s00382-016-3295-0

Spagnoli, F., Penna, P., Giuliani, G., Masini, L., & Martinotti, V. (2019). The AMERIGO Lander and the Automatic Benthic 
Chamber (CBA): two new instruments to measure benthic fluxes of dissolved chemical species. Sensors, 19(11), 2632. 
Retrieved from https://doi.org/10.3390/s19112632

Sperling, E. A., Melchin, M. J., Fraser, T., Stockey, R. G., Farrell, U. C., Bhajan, L., … Lenz, A. (2021). A long-term record of early to 
mid-Paleozoic marine redox change. Science Advances, 7(28), eabf4382. Retrieved from https://science.org/doi/10.1126/
sciadv.abf4382

https://doi.org/10.1016/B978-0-12-381294-0.00014-6
https://doi.org/10.1016/B978-0-12-381294-0.00014-6
https://doi.org/10.5194/bg-17-6051-2020
https://doi.org/10.3389/fmars.2018.00533
https://doi.org/10.3389/fmars.2019.00439
https://doi.org/10.1016/j.earscirev.2015.01.008
https://doi.org/10.1016/j.earscirev.2015.01.008
https://doi.org/10.1038/s41561-021-00715-2
https://doi.org/10.1111/gcb.15307
https://doi.org/10.1038/nature21399
https://doi.org/10.5194/bg-15-3243-2018
https://doi.org/10.1038/35065071
https://portals.iucn.org/library/sites/library/files/documents/08.9
https://doi.org/10.1029/GB001i003p00187
https://doi.org/10.1007/s00382-016-3295-0
https://doi.org/10.3390/s19112632
https://science.org/doi/10.1126/sciadv.abf4382
https://science.org/doi/10.1126/sciadv.abf4382


EMB FUTURE SCIENCE BRIEF

80

Stephens, B. B., Keeling, R. F., Heimann, M., Six, K. D., Murnane, R., & Caldeira, K. (1998). Testing global ocean carbon cycle 
models using measurements of atmospheric O

2
 and CO

2
 concentration. Global Biogeochemical Cycles, 12(2), 213–230. 

Retrieved from https://doi.org/10.1029/97GB03500

Stigebrandt, A., Liljebladh, B., De Brabandere, L., Forth, M., Granmo, Å., Hall, P., … Magnusson, M. (2015). An experiment 
with forced oxygenation of the deepwater of the anoxic By Fjord, western Sweden. Ambio, 44(1), 42–54. Retrieved from 
https://doi.org/10.1007/s13280-014-0524-9

Stolper, D. A., Bender, M. L., Dreyfus, G. B., Yan, Y., & Higgins, J. A. (2016). A Pleistocene ice core record of atmospheric 
O

2
 concentrations. Science, 353(6306), 1427–1430. Retrieved from https://www.science.org/doi/abs/10.1126/science.

aaf5445

Stramma, L., Johnson, G. C., Sprintall, J., & Mohrholz, V. (2008). Expanding oxygen-minimum zones in the tropical oceans. 
Science, 320(5876), 655–658. Retrieved from doi.org/10.1126/science.1153847

Stramma, L., Schmidtko, S., Bograd, S. J., Ono, T., Ross, T., Sasano, D., & Whitney, F. A. (2020). Trends and decadal oscillations 
of oxygen and nutrients at 50 to 300 m depth in the equatorial and North Pacific. Biogeosciences, 17(3), 813–831. Retrieved 
from https://doi.org/10.5194/bg-17-813-2020

Stramma, L., Schmidtko, S., Levin, L. A., & Johnson, G. C. (2010). Ocean oxygen minima expansions and their biological 
impacts. Deep Sea Research Part I: Oceanographic Research Papers, 57(4), 587–595. Retrieved from https://doi.org/10.1016/j.
dsr.2010.01.005

Tagliabue, A., Kwiatkowski, L., Bopp, L., Butenschön, M., Cheung, W., Lengaigne, M., & Vialard, J. (2021). Persistent 
uncertainties in ocean net primary production climate change projections at regional scales raise challenges for assessing 
impacts on ecosystem services. Frontiers in Climate, 149. Retrieved from https://doi.org/10.3389/fclim.2021.738224

Teeter, L., Hamme, R. C., Ianson, D., & Bianucci, L. (2018). Accurate estimation of net community production from O
2
/Ar 

measurements. Global Biogeochemical Cycles, 32(8), 1163–1181. Retrieved from https://doi.org/10.1029/2017GB005874

Tesi, T., Asioli, A., Minisini, D., Maselli, V., Dalla Valle, G., Gamberi, F., … Trincardi, F. (2017). Large-scale response of the Eastern 
Mediterranean thermohaline circulation to African monsoon intensification during sapropel S1 formation. Quaternary 
Science Reviews, 159, 139–154. Retrieved from https://doi.org/10.1016/j.quascirev.2017.01.020

Testa, J. M., & Kemp, W. M. (2011). Oxygen–Dynamics and biogeochemical consequences. Treatise on Estuarine and 
Coastal Science, 5.

Tiano, L., Garcia-Robledo, E., Dalsgaard, T., Devol, A. H., Ward, B. B., Ulloa, O., … Revsbech, N. P. (2014). Oxygen distribution 
and aerobic respiration in the north and south eastern tropical Pacific oxygen minimum zones. Deep Sea Research Part I: 
Oceanographic Research Papers, 94, 173–183. Retrieved from https://doi.org/10.1016/j.dsr.2014.10.001

Topcu, H. D., & Brockmann, U. H. (2015). Seasonal oxygen depletion in the North Sea, a review. Marine Pollution Bulletin, 
99(1–2), 5–27. Retrieved from https://doi.org/10.1016/j.marpolbul.2015.06.021

Toussaint, F., Rabouille, C., Cathalot, C., Bombled, B., Abchiche, A., Aouji, O., … Répécaud, M. (2014). A new device to follow 
temporal variations of oxygen demand in deltaic sediments: the LSCE benthic station. Limnology and Oceanography: 
Methods, 12(11), 729–741. Retrieved from https://doi.org/10.4319/lom.2014.12.729

Ulloa, O., Canfield, D. E., DeLong, E. F., Letelier, R. M., & Stewart, F. J. (2012). Microbial oceanography of anoxic oxygen 
minimum zones. Proceedings of the National Academy of Sciences, 109(40), 15996–16003. Retrieved from https://doi.
org/10.1073/pnas.1205009109

Vajedsamiei, J., Melzner, F., Raatz, M., Kiko, R., Khosravi, M., & Pansch, C. (2021). Simultaneous recording of filtration and 
respiration in marine organisms in response to short‐term environmental variability. Limnology and Oceanography: 
Methods, 19(3), 196–209. Retrieved from https://doi.org/10.1002/lom3.10414

https://doi.org/10.1029/97GB03500
https://doi.org/10.1007/s13280-014-0524-9
https://www.science.org/doi/abs/10.1126/science.aaf5445
https://www.science.org/doi/abs/10.1126/science.aaf5445
http://doi.org/10.1126/science.1153847
https://doi.org/10.5194/bg-17-813-2020
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.3389/fclim.2021.738224
https://doi.org/10.1029/2017GB005874
https://doi.org/10.1016/j.quascirev.2017.01.020
https://doi.org/10.1016/j.dsr.2014.10.001
https://doi.org/10.1016/j.marpolbul.2015.06.021
https://doi.org/10.4319/lom.2014.12.729
https://doi.org/10.1073/pnas.1205009109
https://doi.org/10.1073/pnas.1205009109
https://doi.org/10.1002/lom3.10414


N° 10 2023

81

Vaquer-Sunyer, R., & Duarte, C. M. (2008). Thresholds of hypoxia for marine biodiversity. Proceedings of the National 
Academy of Sciences, 105(40), 15452–15457. Retrieved from https://doi.org/10.1073/pnas.0803833105

Veettil, B. K., Ward, R. D., Van, D. D., Quang, N. X., & Hoai, P. N. (2022). Seagrass ecosystems along the Vietnamese 
coastline: Current state of research and future perspectives. Estuarine, Coastal and Shelf Science, 108085. Retrieved from  
https://doi.org/10.1016/j.ecss.2022.108085

Virginie, T., Henry, B., Denis, G., Taiyo, K., Sato, K., & Claudia, S. (2022). Processing Argo oxygen data at the DAC level. 
Retrieved from https://doi.org/10.13155/39795

Wakelin, S. L., Artioli, Y., Holt, J. T., Butenschön, M., & Blackford, J. (2020). Controls on near-bed oxygen concentration 
on the Northwest European Continental Shelf under a potential future climate scenario. Progress in Oceanography, 187, 
102400. Retrieved from https://doi.org/10.1016/j.pocean.2020.102400

Wallmann, K. (2010). Phosphorus imbalance in the global ocean? Global Biogeochemical Cycles, 24(4). Retrieved from 
https://doi.org/10.1029/2009GB003643

Williamson, P., & Gattuso, J.-P. (2022). Carbon removal using coastal blue carbon ecosystems is uncertain and unreliable, 
with questionable climatic cost-effectiveness. Frontiers in Climate, 4. Retrieved from https://www.frontiersin.org/
articles/10.3389/fclim.2022.853666/full

Winkler, L. W. (1888). Die bestimmung des im wasser gelösten sauerstoffes. Berichte Der Deutschen Chemischen 
Gesellschaft, 21(2), 2843–2854.

Yin, Z., Zhu, M., Davidson, E. H., Bottjer, D. J., Zhao, F., & Tafforeau, P. (2015). Sponge grade body fossil with cellular resolution 
dating 60 Myr before the Cambrian. Proceedings of the National Academy of Sciences, 112(12), E1453–E1460. Retrieved 
from https://doi.org/10.1073/pnas.141457711

Yu, L., Fennel, K., Laurent, A., Murrell, M. C., & Lehrter, J. C. (2015). Numerical analysis of the primary processes controlling 
oxygen dynamics on the Louisiana shelf. Biogeosciences, 12(7), 2063–2076. Retrieved from https://doi.org/10.5194/bg-12-
2063-2015

Zhang, F., Dahl, T. W., Lenton, T. M., Luo, G., Shen, S., Algeo, T. J., … Qie, W. (2020). Extensive marine anoxia associated 
with the Late Devonian Hangenberg Crisis. Earth and Planetary Science Letters, 533, 115976. Retrieved from  
https://doi.org/10.1016/j.epsl.2019.115976

Zumberge, J. A., Rocher, D., & Love, G. D. (2019). Free and kerogen‐bound biomarkers from late Tonian sedimentary rocks 
record abundant eukaryotes in mid‐Neoproterozoic marine communities. Geobiology, 18(3), 326–347. Retrieved from 
https://doi.org/10.1111/gbi.12378

https://doi.org/10.1073/pnas.0803833105
https://doi.org/10.1016/j.ecss.2022.108085
https://doi.org/10.13155/39795
https://doi.org/10.1016/j.pocean.2020.102400
https://doi.org/10.1029/2009GB003643
https://www.frontiersin.org/articles/10.3389/fclim.2022.853666/full
https://www.frontiersin.org/articles/10.3389/fclim.2022.853666/full
https://doi.org/10.1073/pnas.141457711
https://doi.org/10.5194/bg-12-2063-2015
https://doi.org/10.5194/bg-12-2063-2015
https://doi.org/10.1016/j.epsl.2019.115976
https://doi.org/10.1111/gbi.12378


EMB FUTURE SCIENCE BRIEF

82

Members of the European Marine Board Working Group on 

Ocean oxygen

Annex 1

NAME INSTITUTION COUNTRY

Working Group Chairs

Marilaure Grégoire University of Liège Belgium

Andreas Oschlies GEOMAR Germany

Contributing Authors

Donald Canfield University of Southern Denmark Denmark

Carmen Castro
Institute of Marine Research, Spanish National Research 
Council

Spain

Irena Ciglenečki-Jušičć Ruđer Boškovič Institute Croatia

Peter Croot University of Galway Ireland

Karine Salin Ifremer France

Birgit Schneider University of Kiel Germany

Pablo Serret University of Vigo Spain

Caroline Slomp Radboud University & Utrecht University Netherlands

Tommaso Tesi Institute of Polar Sciences, National Research Council Italy

Mustafa Yucel Institute of Marine Sciences, Middle East Technical University Turkey





European Marine Board IVZW

Belgian Enterprise Number: 0650.608.890

Jacobsenstraat 1 I 8400 Ostend I Belgium

Tel: +32 (0)59 33 69 24

E-mail: info@marineboard.eu

www.marineboard.eu

mailto:info@marineboard.eu
http://www.marineboard.eu

