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—oreword

Reports of the impact of warming water
on coral reefs from as long ago as 1983
have been recently and rapidly surpassed
by much more in-depth knowledge that all
parts of the ocean are being transformed
by anthropogenic effects driven by ever-
increasing greenhouse gas emissions.
When IUCN and its members realized the
enormity of these issues, we developed
a new set of publications to raise global
awareness, covering issues like ocean
acidification, ocean warming, ocean carbon
flows, and ocean plastics. Taken in isolation any one of these areas clearly has negative consequences for
the ocean. All these shifts taken together, however, result in a rapid and serious decline in ocean health.
With the build-up of carbon dioxide in the atmosphere, more carbon dioxide is being dissolved in the
ocean which is altering the acidity and having large effects on marine ecosystems. In response IUCN
has been developing both global, and regional policy work to prepare managers and policy makers to
address the issue. Ocean acidification alters the balance of the ocean system. Some species may be
more resilient than others, but many are projected to be affected. Some will be unable to tolerate the new
conditions, some will cope but at a cost of expending more energy on survival, whilst others will find the
new conditions more restricting and may change their distribution or abundance as a result. There are still
many unknowns.

Another effect of the build-up of greenhouse gases in the atmosphere is that the planet as a whole is heating
up. About 93% of this excess heat from the enhanced greenhouse effect over the past few decades is
now stored in the ocean. Such is the scale of heating that it is already affecting all parts of the ocean from
inshore to the high sea, from the poles to the tropics and from the surface down to the depths. All forms
of marine life are being affected from plankton to whales. Some of this has been known for a long time,
for example coral bleaching causing the decline of reefs around the planet, but increasingly we are also
starting to see shifts in many other ecosystems. This is leading to changes in community composition,
changes in abundance, shifts in distribution and changes in predator/prey relationships. Again this is
leading to a complex picture of change, and impacts and effects on one species may be very different to
the next.

The ocean is also a key part of the carbon cycle. Until IUCN produced our report on coastal carbon
sinks in 2009 there was little awareness of the critical role that coastal ecosystems play in trapping and
sequestering carbon. Up until then the story was mostly about forests and soils rather than what happens
at the coast and in the sea. Much more awareness still needs to be raised and action needs to be taken to
respect the role marine ecosystems and species have in maintaining the carbon cycles.
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Pollution flowing into the ocean is also increasing and can be a driver for change. Whilst the public is
now largely aware of this as an issue of global concern few realize the magnitude of what we have done.
Plastic particles are now so widespread in the ocean that they have been accumulating in sea ice, resulting
in a shift in seasonal melting patterns. With less sun reflection from ice cover at sea, the absorption of
heat accelerates at the poles and speeds up climate change in the ocean. This positive feedback has
consequences for many polar species but also for the planet as a whole. The link between plastic pollution
and climate shifts is not yet well understood, so developing more work and a deeper understanding of this
issue and preventative measures will be a priority in the future.

On top of these problems is then the topic of this current report. Having sufficient available oxygen in the
air or water is of paramount importance to most living organisms. As this report describes in some detail,
oxygen levels are currently dropping across the ocean. Several drivers are responsible for this decline,
but the root causes are nutrient run-off from land now coupled with the significant warming of sea water,
resulting from build-up of greenhouse gases. As the following pages show in great detail one of the
major consequence of this is habitat compression and reduction in suitable habitat for many species. This
leads to migration of species, increased vulnerability of species of conservation or commercial concern,
reductions in abundance, and accordingly an overall reduction in ocean resilience.

Solutions to ocean deoxygenation and development of adaptation strategies depend on sound knowledge.
Progress is now starting to be made in understanding the causes, consequences and future patterns of
ocean oxygen decline. Widespread awareness also is key. Natural and social science advances are critical
to increasing the recognition of ocean deoxygenation as an important consequence of human alterations
to our global environment and the impacts it will have on human welfare.

The sense of urgency to improve the ocean health has never been greater. With this new report our aim is
to complement the recent IPCC Special Topic report by providing a ‘deep dive’ into the issues surrounding
ocean deoxygenation. We hope by providing sound science to better inform policy and decision makers,
this will help them in turn develop and adopt adaptation and mitigation strategies in the face of such new
realities. Without a doubt more concerted global action is required now to reverse the direction of ocean
degradation.

Ocean deoxygenation is perhaps the ultimate wakeup call on how ignoring the ocean jeopardizes the
interests of us all, but particularly future generations. Ocean deoxygenation will not be easy to reverse, but
the costs of doing so clearly must outweigh the costs of any inaction for all our sakes.

Minna Epps Carl Gustaf Lundin

Director Principal Scientist
IUCN Global Marine and Polar Programme
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Preface

At any given moment, up to 97% of the world’s water resides in the ocean.
Whether you live by the sea or far from it, eat seafood or not, the future of
all of us depends on a healthy ocean. Saving our ocean and the life below
the surface is a matter of our survival.

Our ocean has not been getting the attention it deserves, until now, in spite
of the vital functions it bestows. The ocean generates more than half the
oxygen we breathe. By absorbing over a quarter of the excess carbon
dioxide generated from the burning of fossil fuels and by absorbing most of
the excess heat and the ocean has, until now, shielded us from the worst
impacts of climate change.

Now, imagine sucking the oxygen out of the ocean. We have global
evidence of deoxygenation and it’s scary. Over the past 50 years, global dissolved oxygen in the ocean has
decreased by ~2% and scientific data indicate that this trend is set to continue. The number of reported
sites affected by low oxygen conditions has dramatically increased during the last few decades. Increased
river export of nitrogen and phosphorus has resulted in eutrophication in coastal areas worldwide. Take
the Baltic Sea for example; oxygen depletion near the sea bed has resulted in extensive dead zones.

Whilst we have known about dead zones in the ocean for many decades, ocean warming is now expected
to further amplify deoxygenation across great swathes of the ocean. Deoxygenation affects many aspects
of the ecosystem services provided by the ocean and coastal waters. The ocean is the primary source of
protein for more than 1 billion people around the world. Ocean deoxygenation will have socio-economic
implications, as it will affect fisheries and, the abundance and distribution of certain species, thereby
changing ecosystem dynamics. Ocean deoxygenation is putting life at risk. Failing to protect our ocean
will jeopardize humankind, as our security, economy and our very own survival depends on it.

We must start to address the challenge of reversing the decline in oxygen in the ocean. Stakes are high and
stocks are low — we need to recognize the challenge and work together to get the ocean oxygen budget
back in balance. This is why Sweden supports cutting-edge ocean research on the scale of our impacts,
to strengthen proposed adaptations and solutions to declining ocean oxygen. The urgency, complexity
and geographical extent of ocean deoxygenation requires that the best science from across the globe be
used if we are going to slow and reverse ocean oxygen decline. To date this has been a topic that mainly
concerned a few scientists, but should now concern and occupy all of us.

With this report its time to put ocean deoxygenation among our top priorities to address climate change

and restore ocean health. Our welfare and that of future generations depend on it. The societal cost of
inaction is too great to ignore. International and regional collaboration in science, policy development and

implementation are critical to getting the ocean oxygen budget right.

Ms. Isabella Lévin
Minister for Environment and Climate, and Deputy Prime Minister of Sweden
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Preface

Just over fifty years ago, thanks to our intrepid astronauts, humanity looked
back at Earth from the moon and saw the first colour photos of our planet
from afar - blue, beautiful, finite, and seemingly hanging in the dark void
of space. Since then, our collective fascination and innovation have taken
our discoveries well beyond the moon, to explore distant planets, the outer
reaches of our solar system, and beyond.

In so doing, in my view we have taken for granted a basic element of our
existence. For too long we have neglected the blue heart of our own planet;
the heart that maintains the balance of conditions for the fostering and
support of the universe’s rarest of commodities - life.

Realization of the need for the marriage of policy and action to properly
safeguard life on Earth is, surprisingly, only just getting underway. Until very
recently, the focus has always been on what happens on land, rather than what is affecting the source of
life on this planet - the ocean. This has been short-sighted of us, for science now shows how the ocean
buffers us from the extremes of climate change, helps shape and drive our weather, and provides food,
inspiration and a myriad of socio-economic benefits to sustain us all.

And it is only in the last decade that we have realized how humanity’s actions are having such a profound
impact on the ocean’s well-being. This ranges from how our carbon emissions are driving the ocean to
hotter and more acidic conditions, through to how our everyday actions can dramatically influence and
change marine life and the food chain of which we are all part. | am in particular referring to issues such
as overfishing, chemical pollution from the products we use in agriculture, industry, and cosmetics, and of
course plastic pollution.

But perhaps the key question we should all be asking is: have we yet realized the true scale of the impact
that we’re having on the ocean as our planetary life support system? | for one think not.

To assist in improving our perception of that scale of impact, | am particularly pleased to welcome this new
study on ocean deoxygenation, which is, as far as I’m aware, the first global in-depth study on this critical
subject. | believe it provides a new perspective on the scale of our impacts, thereby logically leading
us, with a greater sense of urgency, to much higher levels of ambition for the restoration of respect and
balance to our relationship with the ocean and the planet.

We were taught at school that hotter liquids contain less gas, and the ocean and the oxygen within it are
no exception to this rule. This report clearly shows that with the heating of the ocean, the quantity of life-
giving oxygen within it is dropping.

Of all reports, this one needs to be heeded urgently. Regardless of nationalities, ideologies, wealth or
situation, the message of this report is everyone’s business, everyone’s challenge to overcome.

By cataloguing the progressive impacts and changes already underway in the ocean, | believe the report
demonstrates that the next ten years will be more important for humanity than the last hundred, indeed
thousands of years have been for our survival. Please read it, then play your rightful part in the communal
decision-making processes necessary for the future well-being of all life on planet Earth.

o %

Ambassador Peter Thomson
United Nations Secretary General’s Special Envoy for the Ocean
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- Xecutive
summary

Breathing water is hard work as a given volume of water holds far less oxygen than the
equivalent volume of air. This makes the physiological performance and behavioural
repertoire of marine organisms heavily dependent on their ability and capacity to
extract oxygen from the ambient sea water. Ocean deoxygenation generally affects
marine organisms as soon as conditions depart from full aeration, with downstream
conseguences on their activities and capacity to face natural contingencies. The
importance of maintaining adequate levels of oxygen in the ocean is perhaps best
summarized by the motto of the American Lung Association: “if you can’t breathe

nothing else matters”.

Whilst the focus of actions on trying to clean-up the
ocean is on the impacts from pressures such as
fishing, pollution, habitat destruction, invasive species
and plastic, there is no environmental variable of such
ecological importance to marine ecosystems that has
changed so drastically in such a short period of time
as a result of human activities as dissolved oxygen.
Hypoxia - a condition that deprives an organism of
adequate oxygen supply at the tissue level - is one of
the most acute symptoms of the reduction in dissolved
oxygen. The present-day losses of oxygen in the ocean
- ocean deoxygenation - is starting to progressively alter
the balance of life, favouring hypoxia- tolerant species at
the expense of hypoxia sensitive ones.

Working with 67 scientific experts from 51 institutes
in 17 countries, what is presented here is the largest
peer-reviewed study conducted so far on ocean
deoxygenation. Expressed in the words of the world’s
leading scientists on this topic it shows the inescapable
fact human activities are now driving life sustaining
oxygen from our ocean-dominated planet. Society
needs to wake up - and fast - to the sheer enormity of
detrimental changes we are now causing to the Earth’s
regulatory systems, and the now near-monumental
efforts that will be needed by governments and society

to overcome and reverse such effects. This report is
probably an underestimation of what is happening
now. Science is incomplete and awareness of ocean
deoxygenation is just happening, but what is already
known is very concerning.

The loss of oxygen in the ocean can broadly be put
down to two overlying causes — eutrophication as a
result of nutrient run-off from land and deposition of
nitrogen from the burning of fossil fuels, and the heating
of ocean waters as a result of climate change, primarily
causing a change in ventilation with the overlying
atmosphere so that they hold less soluble oxygen, and
compounded by reduced ocean mixing and changes in
currents and wind patterns. Ocean deoxygenation is but
the latest consequence of our activities on the ocean to
be recognized. Ocean warming, ocean deoxygenation,
and ocean acidification are major ‘stressors’ on marine
systems and typically co-occur because they share a
COMMON cause.

Increasing carbon dioxide emissions into the
atmosphere simultaneously warm, deoxygenate, and
acidify marine systems, whilst nutrient pollution also
contributes to increases in the severity of deoxygenation
and acidification. As a result, marine systems are

Ocean deoxygenation: Everyone’s problem



currently under intense and increasing pressure from the
cumulative effects of these multiple stressors, and with
current sustained trajectories expected for greenhouse
gas emissions the changes in the ocean will only
continue and intensify. Awareness of these phenomena,
on top of existing issues such as overfishing, pollution
and habitat destruction, has begun to trigger significant
concern on the impacts on marine biodiversity and the
functionality of the ocean as a whole, and how this may
influence factors such as weather, crop success and
water supplies, and then affect people everywhere.

In the last 65 years we have come to realize that
over-enrichment of waters with nutrients or organic
matter (eutrophication) is a problem that threatens and
degrades coastal ecosystems, alters fisheries, and
impacts human health in many areas around the world.
Over 900 areas of the ocean around the world have
already been identified as experiencing the effects of
eutrophication. Of these, over 700 have problems with
hypoxia, but through improved nutrient and organic
loading management on adjacent land about 70 (10%)
of them are now classified as recovering. The global
extent of eutrophication-driven hypoxia and its threats
to ecosystem services are well documented, but much
remains unknown as to the long-term human health,
social, and economic consequences.

What is particularly new with this report is the additional
focus on the more recently recognized effect of lowered
oxygen resulting from ocean warming, which is now
affecting enormous areas of the ocean. The atmospheric
warming resulting from greenhouse gas emissions being
taken up in ocean water is now driving vast changes in
the physical and biological make-up of the sea. The two
causes also interact, with warming-induced oxygen loss
tipping coastal areas into eutrophication-driven hypoxia
and may contribute to the dramatic increase in regards
of coastal hypoxia. The combination of eutrophication-
driven hypoxia, which can be relatively easily and quickly
reversed if the necessary measures are put in place,
and hypoxia due to climate change driven warming,
that can’t easily be reversed - if at all - is causing the
emergence of ocean deoxygenation as a new issue of
global significance.

At regional to local scales the overall concerns about
ocean deoxygenation are further exacerbated by
outbreaks of Harmful Algal Blooms. The development
of hypoxic or anoxic waters is regularly listed as one

Ocean deoxygenation: Everyone’s problem

of the consequences of algal blooms. Such events of
low oxygen associated with harmful algal blooms are
characterized by high initial oxygen concentrations,
exceptional rates of respiration following bloom
senescence and short timescales. The coastal
environments subject to high biomass harmful algal
blooms and associated events of low oxygen are typified
by elevated inorganic nutrients because of either natural
or cultural eutrophication.

In the short term, marine organisms respond to ocean
deoxygenation through changes in their physiology
and behaviour. Alteration in feeding behaviour and
distribution pattern are classically observed, potentially
leading to reduced growth and to more difficulties
completing their life cycle. Vertical habitat compression
is also predicted for organisms in the upper ocean. In
the medium term, epigenetic processes (non-genetic
influences on gene expression) may possibly provide
marine populations with a rapid way to acclimate to
the rapidly changing oxygenation state. However, this
developing field of biological sciences is too recent
for a full evaluation of the contribution of epigenetic
responses to marine organisms’ adaptation to ocean
deoxygenation to be made. Changes in the phenology
(timing of life stage-specific events) of marine species,
related to ocean deoxygenation have not yet been
observed. However, deoxygenation generally co-occurs
with other environmental disturbances (ocean warming
and acidification) which are also liable to affect marine
species’ life cycles. The lack of understanding of their
interactions and synergies currently restricts our ability
to assess marine populations’ capacity to phenologically
respond to ocean deoxygenation.

The overall consequences of perturbations to the
equilibrium state of the ocean-atmosphere system
over the past few decades are that the ocean has now
become a source of oxygen for the atmosphere even
though its oxygen inventory is only about 0.6% of that
of the atmosphere. Different analyses conclude that the
global ocean oxygen content has decreased by 1-2 %
since the middle of the 20th century. There is good
evidence that ocean temperature increases explain
about 50% of oxygen loss in the upper 1000 m of the
ocean, but there is less confidence of the knock-on
effect on respiration — another factor to explain lowered
oxygen. Less than 15% of the oxygen decline can be
attributed to warming-induced changes in respiration of
particulate and dissolved organic matter.

xi



Most of the oxygen loss has been caused by changes
in ocean circulation and associated ventilation - gas
exchange - from the ocean into the atmosphere with
oxygen from the ocean surface. As the ocean warms
from the surface, stratification is expected to increase,
with a tendency for a slowing down of the ocean
circulation. A slowed down circulation is expected to
account for up to 50% of the observed deoxygenation
in the upper 1000 M, and for up to 98% in the deep
ocean (> 1000 m depth). Spatial patterns and individual
mechanisms are not yet well understood. The current
state-of-the-art models available predict deoxygenation
rates only half that of the most recent data-based
global estimates. Human activities have altered not only
the oxygen content of the coastal and open ocean,
but also a variety of other physical, chemical and
biological conditions that can have negative effects on
physiological and ecological processes.

Further climate-driven warming of bottom waters may
also result in enhanced destabilization of methane gas
hydrates, leading to enhanced release of methane
from sediments, and subsequent aerobic respiration
of methane to carbon dioxide. There is, however,
little observational evidence for a warming-induced
acceleration of methane release taking place already.
As the ocean continues to warm, it will lose yet more
oxygen due to the direct effect of temperature on gas
solubility, as warmer waters hold less soluble gas.
Additionally, reductions in vertical mixing associated with
enhanced upper-ocean buoyancy stratification will also
occur leading to respiration-driven oxygen depletion at
depth. The ocean as a whole is expected to lose about
3-4% of its oxygen inventory by the year 2100 under a
“business-as-usual” scenario (RCP8.5) with most of this
loss concentrated in the upper 1000 m where species
richness and abundance is highest.

The future intensification and expansion of low oxygen
zones (LOZ) can have further ecosystem consequences
as oxygen dependent cycling of elements by microbes
alter the supply of nutrients or in extreme cases, lead
to increased production of toxic hydrogen sulphide gas.
Low oxygen conditions and increased temperature
jointly limit the viable habitat for marine macro-
organisms. Continued ocean warming accompanied
by deoxygenation will drive habitat contraction and
fragmentation in regions where oxygen levels decline
below metabolic requirements. Expansion of suboxic
zones will likely disrupt the cycling of nitrogen in the

Xii

ocean; denitrification may increase, yielding greater rates
of fixed nitrogen loss from the ocean. Perturbations to
the nitrogen cycle may include substantial changes to
nitrous oxide production, though this is currently highly
uncertain.

It is predicted that there will be distinct regional
differences in the intensity of oxygen loss as well as
variations in ecological and biogeochemical impacts.
There is consensus across models that oxygen loss at
mid and high latitudes will be strong and driven by both
reduced solubility and increased respiration effects.
Projections are more ambiguous in the tropics, where
models suggest that there will be compensation between
oxygen decline due to reduced solubility and oxygen
increase caused by reductions in cumulative respiration.
Thus, oxygen concentrations in the core of present-
day oxygen minimum zones may increase; however,
the total volume of waters classified as “suboxic” and
“hypoxic” is still likely to grow substantially.

While the biogeochemical and physical changes
associated with ocean warming, deoxygenation and
acidification occur all over the world’s ocean, the imprint
of these global stressors has a strong regional and local
nature. Perhaps the most familiar areas subject to low
oxygen are the Baltic Sea and Black Sea. These are
the world’s largest semi-enclosed low oxygen marine
ecosystems. While the deep basin of the Black Sea is
naturally anoxic, the low oxygen conditions currently
observed in the Baltic Sea have been caused by human
activities and are the result of enhanced nutrient inputs
from land, exacerbated by global warming. The impacts
of deoxygenation are not though limited to enclosed
seas. The eastern boundary upwelling systems (EBUS)
are some of the ocean’s most productive biomes,
supporting one fifth of the world’s wild marine fish
harvest. These ecosystems are defined by ocean
currents that bring nutrient rich but oxygen-poor water
to coasts that line the eastern edges of the world’s
ocean basins. As naturally oxygen-poor systems, EBUS
are especially vulnerable to any changes in global ocean
deoxygenation and so what happens to the oxygen
content of EBUS ultimately will ripple out and affect
many hundreds of millions of dependent people.

Oxygen limited waters, hypoxic and even anoxic
conditions are now found in many coastal areas in the
Atlantic Ocean including in connected seas like the
Mediterranean, the Gulf of Mexico, and as previously

Ocean deoxygenation: Everyone’s problem



mentioned the Black Sea, and Baltic Sea. Alongside
this, large ocean basins such as the equatorial and
southern Atlantic are being affected by decreasing
oxygen levels, although studies show that such
conditions were present in deep waters long before
anthropogenic activities started to have an influence
on the marine environment. In addition to many coastal
waters of the Atlantic, oxygen limited waters are also
found at mid-water depths in most of the Atlantic
Ocean basins, usually at 300 to 1000m. The oxygen
concentrations in these areas have decreased during
the last 60 years, partly due to ocean warming, partly as
a result of decreased mixing and ventilation.

Elsewhere the low-oxygen zones of the Indian Ocean
are expected to continue to expand and intensify. There
does, however, remain a critical lack of information
from potential hotspots for deoxygenation, including
the mouths of the Indus, Ganges-Brahmaputra, and
Irrawaddy rivers. Thus, pictorial representations of the
current extent of ocean deoxygenation aimost certainly
underplay the effects being experienced in the world
ocean. Capacity building and networking are needed to
expand/improve monitoring of deoxygenation and other
impacts of global change in the ocean.

It is currently difficult to predict - if at all — whether marine
species will be able to adapt successfully to the changes
now being observed in dissolved ocean oxygen. In the
long term, adaptation through natural selection may
occur in species with very short generation times.
This is, however, far more difficult to envisage in most
commercial fish species which are characterized by long
generation times, especially given the fast-changing
ocean conditions.

This report should accordingly be of interest and concern
to everyone. It is intended to spur additional interest in
the underlying research needed, especially as we are
about to enter the United Nations Decade of Ocean
Science for Sustainable Development (2021-2030). The
focus of this decade is to support efforts to reverse the
cycle of decline in ocean health, so awareness of ocean
deoxygenation is very timely. The Decade of Ocean
Science is also intended to align ocean stakeholders
worldwide behind a common framework that will ensure
ocean science can fully support countries in creating
improved conditions for sustainable exploitation of the
ocean.

Ocean deoxygenation: Everyone’s problem

The scientific community is already concerned about and
acting on ocean deoxygenation. The Intergovernmental
Oceanographic  Commission of UNESCO (I0C-
UNESCOQ) established the Global Ocean Oxygen
Network (GO,NE), which is committed to providing
a global and multidisciplinary view of deoxygenation,
with a focus on understanding its multiple aspects and
impacts. It is this network which has largely contributed
to the production of this report. At a recent Ocean
Deoxygenation Conference the 300 attending scientists
from 33 counties published the “Kiel Declaration®. This
Declaration, with the subtitle ‘the ocean is losing its
breath’, calls on all nations, societal actors, scientists
and the United Nations to raise global awareness about
ocean deoxygenation, take immediate and decisive
action to limit pollution and in particular excessive
nutrient input to the ocean, and to limit global warming
by decisive climate change mitigation actions. This
Declaration now needs to be heard loud and clear by
policy advisers, decisions makers ocean users and the
general public.

This report on ocean deoxygenation is perhaps the
ultimate wake-up call needed to dramatically raise our
ambitions to tackle and immediately curb our emissions
of carbon dioxide and other powerful greenhouse gases
such as methane. This is needed before human actions
irreparably impact and change the conditions favourable
for life on earth, and that drive and underpin the natural
values we all hold close in our daily lives.
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Glossary

Acidification: Ongoing decrease in the pH of the ocean
caused by the uptake of carbon dioxide from the
atmosphere.

Adaptation: An adjustment of natural or social systems
which moderates harm or exploits opportunities for
benefit.

Adaptive capacity: The ability of a natural or social system
to adjust to accommodate environmental hazards or
policy change and to expand the range of variability
with which it can cope. In natural systems, adaptive
capacity is determined by factors such as genetic
diversity of species, the geographical range of a
population, species or biome, and the biodiversity of
particular ecosystems. In social systems, adaptive
capacity is determined by a group’s social, human,
material, and natural capital and power differentials
play an outsized role.

Adenosine triphosphate — ATP: The chemical energy
‘currency’ of the cell that powers all metabolic
processes.

Anoxic Marine Zone - AMZ: Areas of the ocean totally
depleted of oxygen.

Anammox: An abbreviation for anaerobic ammonium
oxidation. A microbially mediated process through
which ammonium is oxidized by nitrite to form N,,.
Anammox is responsible for a substantial part of
the loss of fixed nitrogen in the ocean (~up to 50%,
Kuenen, 2008).

Anoxia: Waters with totally depleted oxygen levels (i.e.
below the detection limit of sensors).

Anthropogenic fertilization: Otherwise known as ocean
fertilization or ocean nourishment, it involves the
introduction of nutrients that would otherwise be
limiting into the upper ocean to increase productivity
and help remove carbon dioxide from the atmosphere.

Axenic: A culture of a single species in the absence of all
others.

Bathypelagic: The water column that extends from a
depth of 1000 to 4000m below the ocean surface.

Benthos: The community of organisms that live on, in or
near the sea bed.

Billfishes: Group of predatory fish characterized by
prominent bills or rostra and large size, include sailfish,
marlin and swordfish.

Biogeochemical pathway: The process by which a
chemical substance moves through biotic and

abiotic (lithosphere, atmosphere and hydrosphere)
compartments of Earth.

Bioherms: An ancient reef or mound like structure built
by a variety of marine invertebrates such as corals,
echinoderms, molluscs and calcareous algae.

Biomass: Collective term for all plant and animal material.

Canonical threshold: An invariant of singularities in
algebraic geometry.

Catch per unit effort - CPUE: An indirect measure of the
abundance of a target species in fisheries.

Chemosynthesis: The biological conversion of one or
more carbon-containing molecules and nutrients
into organic matter using the oxidation of inorganic
compounds or methane as a source of energy rather
than sunlight.

Chemosynthetic symbionts: The partnership between
invertebrate animals and chemosynthetic bacteria.
The bacteria are the primary producers providing most
of the organic carbon needed for the animal host’s
nutrition.

Coastal ocean: The coastal ocean here encompasses the
river-estuary-ocean continuum, strongly influenced by
their watershed while the ‘open ocean’ refers to waters
where such influences are secondary.

Continental margin: The shallow water area found in
proximity to the land consisting of the continental rise,
the continental slope and the continental shelf.

Dead zones: A name commonly used when referring to
hypoxic ecosystems because of early observations by
fishers that traps came up empty or filled with dead
fish and crabs, although typically some life remains in
these areas.

Demersal: Found in deep water or on the sea bed.

Denitrification: The process of the reduction of nitrates to
nitrites, nitrous oxide or nitrogen by microbes under
anaerobic conditions.

Denitrifying bacteria: A diverse group of bacteria capable
of performing denitrification as part of the nitrogen
cycle.

Deoxygenation: The reduction in oxygen content of the
ocean due to anthropogenic effects.

Diapause: A period of suspended development in
response to regularly and recurring periods of adverse
environmental conditions.
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Diazotrophs: Bacteria and archaea that fix atmospheric
nitrogen gas into a more useable form such as
ammonia.

Dissolved organic matter - DOM: The fraction of total
organic carbon that ranges in size from 0.22 to 0.7 ym.

Dissolved oxygen - DO: The oxygen that is dissolved in
water.

Eastern boundary upwelling systems — EBUS: Regions
located in equatorial and coastal regions of the eastern
Pacific and Atlantic oceans where nutrient rich waters
from the deep ocean are brought to the surface, often
associated with highly productive areas.

Ecosystem services: The range of benefits the natural
environment provides to humans and which can be
translated into human well-being via social systems.

Ectotherms: Organisms in which internal physiological
sources of heat are of relatively small or negligible
importance in controlling body temperature, i.e. cold-
blooded.

Emission scenarios: Possible pathways that society might
take in the emission of greenhouse gases in the future
used to make projections of possible future climate
change.

Epigenetic processes: The external modification to DNA
that turn genes ‘on’ or ‘off’. These do not change
the DNA sequence but simply affect how cells ‘read’
genes.

Epithelium: One of the four basic types of animal tissue
along with connective tissue, muscle tissue and
nervous tissue. Epithelial tissue lines the outer surfaces
of organs and blood vessels as well as the inner
surfaces of cavities in many internal organs.

Equilibrium state: In a chemical reaction it is the state
in which both reactants and products are present in
concentrations which have no further tendency to
change, so that there is no observable change in the
properties of a system.

Euphotic zone: The surface layer of the ocean that
receives sufficient light for photosynthesis to occur,
extending to 200 m depth.

Eutrophication: When a body of water becomes overly
enriched with minerals and nutrients which induce
excessive growth of algae that can result in oxygen
depletion and ultimately hypoxia or anoxia.

Euxinic zone: Basin where the anaerobic decomposition
of organic matter occurs through sulphate reduction
with the production and accumulation of dissolved
sulphide.
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Exposure: The nature and degree to which a system
experiences environmental or socio-political stress;
characteristics of stress include their magnitude,
frequency, duration and areal extent of the hazard.

Fixed nitrogen: Nitrogen that is directly available for
primary production (bioavailable nitrogen).

Global oxygen inventory: A record of the levels of
consumption and production of oxygen in the global
oxygen cycle.

Hypoxia: This is a relative term with no strict definition
or associated value. A definition of hypoxia based
on oxygen concentration (e.g. pmol kg') rather
than oxygen partial pressure (i.e. PO, kPa) is not
useful because solubility changes with temperature,
influencing the PO, and the driving force for diffusion
across biological membranes.

Hypoxic zone: Areas of the ocean where oxygen levels
are so low (i.e. < 2 mg O, L") that most marine life is
unable to survive.

Indian Ocean Dipole - I0D: Also known as the Indian
Nifio, is an irregular oscillation of sea-surface
temperatures in which the western Indian Ocean
becomes alternately warmer and then colder than the
eastern part of the ocean.

Low Oxygen Zone - LOZ: A region where the oxygen
concentration reaches a certain threshold below which
living organisms and biogeochenical processes may
be impacted. Although this threshold differs between
organisms, a threshold value of 61 pmol O, kg is used
for the coastal zone while a value of 20 pmol O, kg is
typically used for the open ocean.

Macroalgae: Collective term for seaweeds that are
generally visible to the naked eye.

Macro-organisms: Collective term for organisms that are
generally visible to the naked eye.

Meiofauna: Collective term that defines organisms by
their size, larger than microfauna but smaller than
macrofauna. Typically organisms that can pass through
a 1mm sieve but are caught by a 45 um sieve.

Mesopelagic: Otherwise known as the twilight zone — that
part of the water column that lies between 200 m and
1000 m depth.

Mesopelagic fauna: The animals that are found in the
water column between 200 m and 1000 m depth.

Mesopelagic micronekton: Relatively small but actively
swimming organisms consisting mainly of decapod
crustaceans, small cephalopods and small fish.
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Metabolic demands: The amount of energy used by
organisms to perform basic functions under differing
conditions.

Metabolic rate: The rate of aerobic energy usage,
estimated from oxygen consumption and expressed in
mass-specific units - umol O, g™ h''.

Metazoans: All animals having a body composed of cells
differentiated into tissues and organs and usually a
digestive cavity lined with specialized cells.

Methane gas hydrates: A solid compound in which a
large amount of methane gas molecules are caged
within a crystalline structure of water under low
temperature and high pressure forming a solid similar
toice.

Mitochondria: The organelles that convert oxygen and
nutrients into ATP which is used to power the cell’s
metabolic activities.

Net primary production - NPP: The amount of organic
material available to support consumers (i.e. herbivores
and carnivores).

North Atlantic Oscillation - NAO: The primary source of
climate variability on interannual to decadal time scales
over the North Atlantic region.

Nitrogen fixation: The process by which microbes can
convert unreactive diatomic nitrogen into a usable
reactive form.

Oceanic stratification: Water masses with different
properties — salinity, oxygenation, density, temperature
— form layers that act as barriers to water mixing.

Orographic effects: A change in atmospheric conditions
caused by a change in elevation, primarily due to
mountains.

Oxyclines: A sharp gradient in oxygen concentration.

Oxygen Minimum Zones - OMZ: Regions of the open
ocean located between 100-1000 m where the oxygen
concentrations are particularly low. Usually, a threshold
of 20 umol O, kg™ is used.

Oxygen partial pressure — PO,: Expressed in units of
kilopascals (kPa), this represents the portion of the
pressure exerted by gas in sea water that is attributed
to oxygen. At air saturation the PO, is 21% of the total,
or -21kPa.

Oxitaxis: The movement or orientation towards to supply
of oxygen.

Pressure and Release (PAR) Model: A theoretical
framework rooted in political ecology that presents a
group’s level of risk as a product of the level of natural
hazards experienced combined with the level of the
group’s vulnerability to those hazards. Vulnerability is
considered to result from a social progression of root
causes that lead to dynamic pressures, which result in
unsafe conditions.
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Pacific Decadal Oscillation - PDO: Results in an
intensification of westerlies over the central North
Pacific, which leads to a cooling over much of the
subpolar central and western Pacific and a warming in
the eastern North Pacific.

Palaeoecology: The study of interactions between
organisms and / or interactions between organisms
and their environments across geologic timescales.

Pelagic: The zone of the water column of the open ocean
that is neither close to the bottom nor near to the
shore.

Photorespiration: The process of light-dependent uptake
of molecular oxygen concomitant with release of
carbon dioxide from organic compounds.

Photosynthesis: The chemical process by which plants
convert light energy, carbon dioxide and water into
chemical energy.

Phytoplankton: The photosynthetic members of the
plankton.

Phytoplankton blooms: A rapid increase or accumulation
in the population of microscopic algae typically
resulting in discoloration of the water and often
involving toxic or otherwise harmful species.

Powerful greenhouse gas: Methane and nitrous oxide
are two heat-trapping gases 30 and 300 times more
potent than carbon dioxide.

Primary production: The synthesis of organic compounds
from atmospheric or aqueous carbon dioxide.

Protozoans: Single-celled eukaryotes (organisms whose
cells have nuclei) that commonly show characteristics
usually associated with animals, notably mobility and
heterotrophy.

Reactive oxygen species - ROS: A type of unstable
molecule that contains oxygenated that easily reacts
with other molecules with a cell.

Redox potential: A measure of the ease with which a
molecule will accept electrons (called reduced); the
more positive the redox potential, the more readily a
molecule is reduced.

Remineralization: The breakdown or transformation of
organic matter into its simplest inorganic forms, thus
liberating energy and recycling matter to be reused as
nutrients.

Resilience: The capacity to absorb disturbance and
maintain essential function.

Respiration: The production of energy, typically with the
intake of oxygen and the release of carbon dioxide
from the oxidation of complex organic substances.

Saturation level: The gas concentration that a water
mass would attain if it were to equilibrate with the
atmosphere at its in-situ temperature and salinity.

At equilibrium sea water is 100% saturated. If the
percentage of saturation is greater (respectively lower)
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than 100, the sea water is super- (respectively under-)
saturated. If the ocean surface is over- (respectively
under-) saturated in oxygen, the oxygen will undergo

a net transport from the ocean (respectively the
atmosphere) to the atmosphere (respectively the ocean)
until its aqueous concentration reaches its equilibrium
level defined by the saturation level.

Sea Surface Temperature — SST: The water temperature
close to the ocean’s surface.

Seiching: A periodic oscillation of the surface of an
enclosed or semi-enclosed body of water caused by
such phenomena as atmospheric pressure changes,
winds, tidal currents, etc.

Sensitivity: The degree to which a system is modified or
affected by perturbations. In social terms, this reflects
the degree to which a group of people depends on or
benefits from an ecosystem service and will, thus, be
affected by its increased or reduced availability.

Solubility: Oxygen solubility is the amount oxygen (e.g.
volume or concentration) that dissolves in one litre of
sea water when the sea water is equilibrated with 1 atm
of O,.

Sorption: A physical and chemical process by which one
substance becomes attached to another.

STOX: The STOX microsensor is a specialized oxygen
sensor that allows you to measure ultra low oxygen
concentrtations in the laboratory or in situ. The STOX
sensor has been used to demonstrate that oxygen
concentration in the oxygen minimum zone of Peru
contains less than 2nM oxygen.

Stratification: The formation of layers of water based on
salinity or temperature differences.

Suboxic: Areas of the ocean where oxygen levels are
extremely low i.e. <0.3mg O, L™

Sulphidic basin: Where the anaerobic decomposition of
organic matter occurs through sulphate reduction with
the production of dissolved sulphide trophic cascades.

Terminal Electron Acceptors - TEA: A compound
that receives or accepts an electron during cellular
respiration or photosynthesis.

Units of oxygen concentration: Most often oxygen
concentrations are reported in pmol O, kg because
these units are independent of temperature, salinity
and pressure, but volumetric concentration units like
ml O, L", pmol O, L™ ormg O, L' can also be used.
When addressing the physiological state of animals,
the oxygen level is expressed in partial pressure
units (kPa or patm) or saturation values because the
partial pressure is the thermodynamic driving force for
molecular transfer through tissue.

Upwelling: An oceanographic phenomenon that involves
wind-driven motion of dense, cooler and usually
nutrient-rich water towards the ocean surface replacing
the warmer, usually nutrient depleted surface water.
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Varved sediment [core]: A varve is an annual layer of
sediment or sedimentary rock.

Vulnerability: The level of susceptibility to a hazard;
determined by the exposure and sensitivity to the
hazard, and adaptive capacity.

Well-being: Reflects the level of personal and social
functioning and consists of five primary qualities: (1)
basic material for a good life, (2) health (mental and
physical), (3) good social relations, (4) security, and (5)
freedom of choice and action. Well-being is the ultimate
value people derive from ecosystem services.

Zooplankton: Floating and drifting animal life.

Xix



- ditors’
Ntroduction

History shows that there is not a steady
and progressive change in our knowledge
about the ocean. Over the past few
decades as editors and scientists we
have been involved in some notable step
changes in knowledge. Back in 2004 we
became involved in what was then called
surface ocean acidification - latterly now
called simply ocean acidification - as the
true depth of changes it is having to the
ocean have become apparent. This was
at a time before the words were even a
search term in Google, and it has led us to help champion the issue ever since, working alongside many
scientists from around the world.

In 2009 we were then involved in a landmark report on coastal and marine carbon sinks - latterly known
as blue carbon. This was instrumental in and has helped ignite an interest in safeguarding some of
the most threatened ecosystems such as mangroves, saltmarshes and seagrass meadows and more
recently acknowledgement of the importance of seabed sediments and various biogenic habitats as long-
term carbon stores. It has helped drive a recognition in the climate change world that actions without the
ocean will simply not solve the climate fix we find ourselves in.

In 2016 we worked again with leading scientists this time to bring attention to the threats posed by ocean
warming. Up to that point ocean warming was an issue which had been acknowledged but not really
recognized as a key threat to the quality and persistence of life on earth. In what has now become one of
the most downloaded reports in recent history of IUCN, we set out the scientists’ views on what warming
(or as might now more correctly called - ocean heating) are having on ocean health and well-being, and
how this could ripple out to affect all of life on earth. Unfortunately, and alarmingly, in the few years since
that publication was launched, some of the predictions made by the scientists started to materialize.
Ocean warming is becoming an all to present concern and impact for many societies around the world. For
example, coral bleaching and kelp forest die-offs are becoming a too frequent and regular norm, storms
are becoming stronger and more intense, and species are moving, affecting coastal communities as well as
other species that depend on them.

In light of the ocean warming report we were approached by the co-chairs of the IOC’s ocean deoxygenation
network (GO2NE) to see if we would also help raise awareness of this topic at a global scale. For us,
in realizing the enormity of what is now taking place in the ocean, this became not just an overriding
imperative but a personal mission to make this happen. We are delighted therefore to bring this latest
volume to fruition. It represents the most comprehensive review to date on ocean deoxygenation. To build
up the report, leading scientists from around the world were invited to join with colleagues to contribute
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individual chapters. Each has been subject to peer review and tells in the scientist’s own words the scale
and nature of the changes being driven by ocean deoxygentation, often in association with other stressors,
such as ocean warming. It has been a great privilege to work with them and we hope that in the following
pages we have done justice to their efforts. We also thank them for their persistence with us to make
this peer reviewed report happen. The report as a whole represents today’s state of science on ocean
deoxygenation. Whilst clear gaps in science, capabilities and understanding remain we already know
enough to be very concerned. A keen eye will see that there is a degree of duplication across chapters in
this report. This is because the report has been designed, through experience, so that each chapter can
be read in isolation or as part of an overall story. This thus enables readers in the following 588 pages to
easily dip into specific aspects of ocean deoxygenation that have a particular relevance to them whilst still
retaining an overview.

The gap between a world that supports all life, and a changed world which will provide less benefits and
support fewer people has significantly narrowed just within the last few years. Professor Bob Watson,
when summing up the findings of the recent intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services (IPBES) report documenting the likely extinction of a million species, many
within decades, said ‘boy are we in trouble’. Factor in ocean acidification, ocean heating, and now ocean
deoxygenation, and perhaps that quote should be reset as ‘boy are we in deep, deep trouble’.

We hope that this report, and the accompanying slimmer Summary for Policy Makers, will
raise informed concern and hopefully an acute awareness that humanity needs to deploy far greater
ambition, leadership and action than it has done to date. This is if we are to resolve the critical declines we
now see in ocean health - an ocean that supports each and every one of us. Ultimately, our intention is that
it may help in some ways to bring the global community closer together much more, in a determination to
live in greater harmony with nature than we have achieved to date, for all our benefits.

ﬁ/ / .
Dan Laffoley John M Baxter
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“The global ocean oxygen content has decreased
by 1-2% since the middle of the 20th century.”

Chapter 1 authors




What is ocean
deoxygenation?

Marilaure Grégoire?, Denis Gilbert?, Andreas Oschlies® and Kenneth Rose*

!Department of Astrophysics, Geophysics and Oceanography, MAST-FOCUS research group Université de Liege,
4000 Liege, Belgium.

“Maurice-Lamontagne Institute, Fisheries and Oceans Canada, Mont-Joli, Québec, G5H 374, Canada.
GEOMAR, 24105 Kiel, Germany.

“University of Maryland Center for Environmental Science, Horn Point Laboratory, Cambridge, MD 21613, USA.

All the authors are members of the IOC-UNESCO Global Ocean Oxygen Network (GO_NE).

Summary

The equilibrium state of the ocean-atmosphere system has been perturbed these last few decades with the
ocean becoming a source of oxygen for the atmosphere even though its oxygen inventory is only ~0.6% of that
of the atmosphere. Different analyses conclude that the global ocean oxygen content has decreased by 1-2%
since the middle of the 20th century. Global warming is expected to have contributed to this decrease, directly
because the solubility of oxygen in warmer waters decreases, and indirectly through changes in the physical
and biogeochemical dynamics.

Since the middle of the 20th century, the increased river export of nitrogen and phosphorus has resulted
in eutrophication in coastal areas world-wide. Eutrophication implies huge oxygen consumption, and when
combined with a low ventilation, often due to vertical stratification, this leads to the occurrence of oxygen
deficiencies near the sea bed. The number of reported sites affected by low oxygen conditions (>500) has
dramatically increased in the last few decades. Climate warming is expected to exacerbate the decrease of
oxygen by reducing the ventilation and extending the stratification period.

The volume of anoxic zones has expanded since 1960 altering biogeochemical pathways by allowing
processes that consume fixed nitrogen and release phosphate and iron, and possibly nitrous oxide (N,O). The
relatively small inventory of essential elements, like nitrogen and phosphorus, makes such alterations capable
of perturbing the chemical composition equilibrium of the ocean. Positive feedback loops (e.g. remobilization
of phosphorus and iron from sediment particles) may speed up the run away from this equilibrium in ways that
we hardly know or understand.

Deoxygenation affects many aspects of the ecosystem services provided by the ocean and coastal waters.
For example, deoxygenation effects on fisheries include low oxygen affecting populations through reduced
recruitment and population abundance, and also through altered spatial distributions of the harvested species
causing changes in the dynamics of the fishing vessels. This can lead to changes in the profitability of the
fisheries and can affect the interpretation of the monitoring data leading to misinformed management advice.
Model simulations for the end of this century project a decrease of oxygen in the high and low emission
scenarios, while the projections of river exports to the coastal ocean indicate that eutrophication will likely
continue in many regions of the world. Warming is expected to further amplify the deoxygenation issue in
coastal areas influenced by eutrophication by strengthening and extending the stratification.
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Effects of low oxygen conditions

Potential Consequences

Reduction of the habitat available for °
pelagic, mesopelagic, and benthic
organisms. °

Reduced growth and reproduction of aerobically-respiring organisms in

regions with very low oxygen levels.

In extreme cases and for non-mobile species, low-O, induced mortality.

e Cascading effects and alteration of the foodweb structure including the
diversion of organic matter flow to low oxygen tolerant species like microbes.

® In extreme cases, oxygen can become completely depleted and the waters

become anoxic and even euxinic, in which only anaerobically respiring

microbes can survive.

Reduction in the abundance and °
recruitment of fish populations. o

fisheries.

Alterations in the spatial distribution of harvested species.

Accumulation of species in well-oxygenated waters; these species may
become more vulnerable to fishers targeting these high oxygen refuge areas.
e Changes in the dynamics of the fishing vessels and in the profitability of the

e Affect the interpretation of the monitoring data leading to misinformed
management advice.

Expansion of the volume of anoxic zones |
since 1960.

oxide (N,O).

Alteration of biogeochemical pathways of essential elements like nitrogen,

phosphorus and iron.

e Modification of the fixed nitrogen budget, with enhanced nitrogen fixation and
denitrification but the balance of the two is not yet known.

e Release of phosphate and iron from sediment particles and possibly nitrous

e Positive feedback loops may speed up the run away from equilibrium.

Challenges in model development and o
observation quality.

(at nM scale).

Model development needs new observations and dedicated experiments (e.
g. definition of critical thresholds for biogeochemistry and living species).

e Model uncertainty.

¢ Requirement for specific sensors for measuring ultra low oxygen conditions

1.1 Introduction

During the Earth’s history, the ocean has evolved
through various oxidation states. The ocean was largely
anoxic 3.85 billion years ago, mildly oxygenated in its
upper layer up to 0.54 billion years ago and, finally, quite
well oxygenated in its present state (Holland, 2006).
Evidence is mounting that oxygen is declining in the
modern ocean. Estimates are for a 1-2% decrease (i.e.
2.4-4.8 Pmol or 77-145 billion tons) of the global oxygen
inventory since the middle of the last century (e.g. Bopp
et al.,, 2013; Schmidtko et al., 2017). This results in
modifications of the equilibrium state of the ocean-
atmosphere coupled system with the ocean recently
becoming a source of oxygen for the atmosphere.
Regions with historically very low oxygen concentrations
are expanding and new regions are now exhibiting low
oxygen conditions. Schmidtko et al. (2017) estimate that
the volume of anoxic waters worldwide has quadrupled
since 1960.

While the importance of the different mechanisms
responsible for the loss of the ocean oxygen content is
uncertain, global warming is expected to contribute to

this decrease, directly because the solubility of oxygen
in warmer waters decreases, and indirectly through
changesin ocean dynamics that reduce ocean ventilation.
Today’s processes are reminiscent of those thought to
have promoted the occurrence of oceanic anoxic events
(OAEs) that occurred episodically during the past several
hundred million years and that led to major extinction
events (Holland, 2006; Watson, 2016). While a full-scale
OAE would take thousands of years to develop, the small
oxygen inventory of the ocean (i.e. the oxygen inventory
of the ocean is only ~0.6% of that of the atmosphere)
makes it particularly sensitive to perturbations of its
equilibrium oxidative state. The consequences of such
perturbations on the biogeochemistry and ecosystem
state are not well known.

The deoxygenation process is also affecting the estuary-
coastal ocean continuum (referred as the coastal ocean
throughout the following). The global increase of the
nutrients exported by rivers from the land to the ocean
and the resulting development of eutrophication in
many hundreds of sites around the world has promoted
algal productivity and the resulting over-consumption
of oxygen in the bottom layer that is effectively isolated

Ocean deoxygenation: Everyone’s problem



through stratification from being replenished with
the oxygen in the surface waters. Climate warming is
expected to worsen the situation by further reducing the
ventilation of bottom waters.

Deoxygenation in the global and coastal ocean will
reduce the habitat available for pelagic, mesopelagic,
and benthic organisms. In some regions, the oxygen
level is so low that aerobically-respiring organisms can
exhibit reduced growth and reproduction and, in extreme
cases and for non-mobile species, experience low-O,
induced mortality. The effects on individuals exposed to
low oxygen can cascade and result in altered foodweb
structure, including the diversion of organic matter flow
to low oxygen tolerant species like microbes. In the
case of anoxia and the eventual occurrence of sulphidic
conditions, only anaerobically respiring microbes can
survive. While the impact of low oxygen conditions on
individual organisms can be investigated in laboratory
experiments, the impact at the scale of the ecosystem,
as well as on the goods and services delivered to
humans, rely on field data and modelling and are more
uncertain.

The transition towards anoxic conditions also affects
important microbial and chemical processes governing
the biogeochemical cycling of essential elements like
nitrogen (N), phosphorus (P) and iron (Fe). Anoxic
conditions halt nitrification and aerobic respiration and
activate denitrification and the anaerobic ammonium
oxidation (anammox) leading to a net loss of fixed
nitrogen. On the other hand, nitrogen fixation is expected
1o be stimulated in waters with an excess of phosphorus
over nitrogen; whether this can compensate for the loss
of fixed nitrogen due to denitrification and anammox is
uncertain.

The chemical composition of the ocean can be
considered as fairly stable for the past several hundred
millions of years (Watson et al., 2017), but the relatively
small inventory of essential chemical elements (e.g.
fixed N and P) makes them sensitive to relatively
small perturbations. Perturbations of biogeochemical
cycling of the order of those caused by deoxygenation
have the potential to have significant effects on the
biogeochemistry and resulting chemical composition
on relatively short time scales of several thousands of
years. Positive feedback loops like the remobilization
of phosphorus and iron from sediment particles in low
oxygen conditions can further accelerate the process
by then stimulating primary production. In the geological
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past, perturbations of the phosphorus cycle drove
the system away from equilibrium and promoted the
occurrence of OAEs (Watson et al., 2017).

Model projections of the oxygen content of the ocean
for the end of the 21st century show a decrease
of oxygen under all current emission scenarios.
Projections of river nutrients exports to the coastal
ocean indicate that eutrophication will likely continue
in many regions of the world and will be further
amplified by warming acting to strengthen and extend
stratification (Seitzinger et al., 2010).

1.2 Description of deoxygenation

The dynamics of oxygen in the ocean are governed by
physical and biogeochemical processes. The ocean
gains oxygen in the upper layer due to photosynthesis by
autotrophic organisms and oxygen from the atmosphere
dissolving in the under-saturated waters. Conversely,
the ocean loses oxygen throughout the whole water
column: at the surface, due to the outgassing of oxygen
to the atmosphere in over-saturated waters, and from
the surface to depths due to the respiration of aerobic
organisms and oxidation of reduced chemical species.
Evidence suggests that the global ocean oxygen
inventory has been perturbed since the middle of
the last century (Figure 1.1). We can assume that the
oxygen produced by photosynthesis (i.e. net primary
production) in the upper layer is roughly consumed by
respiration within the water column, except for a small
production of 0.002 Pmol O, yr' that corresponds to
burial (Wallmann, 2000). An oxygen loss ranging from
0.048 Pmol O, yr' (Manning & Keeling, 2006) to 0.096
Pmol O, yr' (Schmidtko et al., 2017) results from a
modification of the balance in the atmosphere-ocean
fluxes with a decreasing influx from the atmosphere
to the ocean and an increasing outflux from the ocean
(e.g. Bopp et al., 2002; Frolicher et al., 2009). The lack
of observations with sufficient resolution of sampling in
space and time limits the rigour of our oxygen budget
for the coastal zone.

1.2.1 Ventilation mechanisms

The surface mixed layer is well oxygenated in most
of the ocean by photosynthesis and dissolution of
atmospheric oxygen. But below the sunlit surface layer,
there is no photosynthesis, so that the renewal of the
oxygen consumed requires the existence of a physical
mechanism that transports well-oxygenated waters
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Figure 1.1 Tentative oxygen budget for the Ocean-Atmosphere system for the period 1960-2014. The stocks are in Pmol (for the Ocean from Schmidtko et al.
(2017); for the atmosphere from Keeling et al. (1993)) while the fluxes are in Pmol O, yr.

Globally the amount of oxygen produced by photosynthesis (estimated as the Net Primary Production, NPP from Bopp et al. (2013)) is compensated by the
amount respired for the degradation except for a small burial that results in a net production of oxygen of 0.002 Pmol O, yr'. The net air-sea oxygen flux

is directed to the atmosphere and its range has been estimated from (lower value) Manning and Keeling (2006) (for 1993-2003) and (higher value) from

Schmidtko et al. (2017) (for the last 50 years).

For the atmosphere, the oxygen consumed by the combustion of fuels and industry, land-use change as well as the net oxygen produced by the biosphere
has been computed using the averaged estimates (over 1960-2014) from the global carbon project (Le Quéré et al., 2015) using the O,:C ratios from Keeling

and Manning (2014).

to the low oxygen waters. This mechanism, called
ocean ventilation, is responsible for the oxygenation
of deep and intermediate ocean waters and modifies
the spatial distribution of oxygen within the ocean. The
intensity of ocean ventilation strongly varies vertically
and horizontally and over time. In the coastal ocean,
ventilation of bottom waters results from advection from
offshore, and mixing processes from surface cooling
and wind mixing and in some areas tidal action and
flushing events from the rivers.

In the global ocean the main ventilation mechanisms
and pathways are as follows:

e Waters of a given density, an isopycnal, within
the permanent thermocline (i.e. layer of significant
temperature gradient) of the subtropical gyres
are ventilated at the latitude where that isopycnal
intersects the base of the surface mixed layer
during the winter. At the end of each winter, waters
near the base of the mixed layer subduct into the
ocean interior, and then begin to slowly diffuse

equatorward. This ventilation process is particularly
intense at the high latitude end of the subtropical
gyres, where subtropical mode water (STMW)
is formed (Figure 1.2). This process ventilates
subtropical gyres to depths of about 500 to 900 m.
In the Southern Ocean, a surface convergence
zone between about 50°S and 60°S causes
local water to sink and the formation of Antarctic
Intermediate Water (AAIW) which ventilates water
depths between about 700 and 1200 m. The
Southern Ocean is also home to the formation of
the densest waters of the world ocean, Antarctic
Bottom Waters (AABW), formed in areas of intense
sea ice freezing and brine rejection around the
continent of Antarctica. These waters sink all the
way to the bottom of the three major ocean basins
and propagate northward (Figure 1.2).

In the northern hemisphere, ventilation processes
vary quite a lot between the major ocean basins.
In the North Atlantic, to the north of the Denmark-
Faroe-Shetland ridge, deep convection in the
Greenland-Iceland-Norwegian Sea (GINSEA) is
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Figure 1.2 Meridionally averaged view of ventilation in the global ocean. STMW: Subtropical Mode Water, AABW: Antarctic Bottom Waters, AAIW: Antarctic
Intermediate Waters, DSOW: Denmark Strait Overflow Water, NADW: North Atlantic Deep Water, NPIW: North Pacific Intermediate Waters, LABSEA: Labrador

Sea, GINSEA: Greenland-Iceland-Norwegian Sea.

the source of Denmark Strait Overflow Water
(DSOW) that spills over the Denmark Strait sill
(625 m deep) and then descends to the bottom
of the North Atlantic. Some of this dense water
also flows northward and propagates towards the
Arctic Ocean. The Labrador Sea, and to a lesser
extent the Irminger Sea, is another important site
of deep-water formation in the North Atlantic, with
convection events reaching up to 2000 m depth.
This leads to the formation of North Atlantic Deep
Water (NADW) which then propagates southward.
The ultimate fate of NADW is to either i) upwell
into a surface divergence zone of the Antarctic
Circumpolar Current; ii) ventilate the Indian Ocean;
or iii) ventilate the Pacific Ocean (Figure 1.2).

e During the very long journey from its formation
region in the northern North Atlantic, NADW
remains isolated from the atmosphere and its
oxygen content becomes progressively lower as
it gets further away from its source region. In the
Indian and Pacific Oceans, a mixture of NADW and
predominantly AABW (Johnson, 2008) propagates
northwards. No deep-water formation takes place
in the Pacific and Indian Oceans, so that they are
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less well ventilated than the North Atlantic (Figure
1.2) and have lower oxygen content. The formation
of North Pacific Intermediate Water (NPIW) in the
mixed water region of the Oyashio (i.e. cold current
flowing south-westward from Kamchatka to Japan)
and Kuroshio (i.e. warm current flowing northward
from Taiwan to Japan) ventilates the upper 300
to 700 metres of the North Pacific subpolar gyre
(Talley, 1993).

Projections from Earth System Models that simulate
global warming from rising CO, levels indicate that
ventilation processes will likely become more sluggish
in the next decades (Bopp et al., 2013). An analysis of
oxygen data from the global ocean tentatively suggests
that such reduced ventilation may already be underway
(Schmidtko et al., 2017). But large interdecadal
variability is present, causing us to remain prudent in
this conclusion. For instance, records preserved in the
sediments underlying Oxygen Minimum Zones (OMZs)
show that the rate of ventilation changes on multiple
time scales. Climatic phenomena like El Nifo, the Pacific
Decadal Oscillation (PDO) and Ice Ages all change the
rate at which the deep ocean gets replenished with
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Figure 1.3 Global distribution of deoxygenation in the coastal and global ocean (from Breitburg et al., 2018). In the coastal area, more than 500 sites have
been inventoried with low oxygen conditions while in the open ocean the extent of low oxygen waters amounts to several millions km?.

oxygen. In the north Pacific Ocean, Deutsch et al.
(2014) have found that the variability over the last 150
years of the extent of the anoxic zone responds to the
variability of the trade winds intensity that impacts on the
thermocline depth and hence on the level of respiration
(i.e. ashallower thermocline is expected to be associated
to higher reparation rates). For most of the 20th century
up to 1990, they found that the thermocline depth
increased in answer to the weakening of the intensity of
the tropical trade winds and this reduced the respiration
demand and anoxia extent. The long-term variability
of the extent of OMZ and, in particular of their anoxic
part, results from the interplay of wind-driven and
stratification-driven effects but the relative influence of
these effects is not yet known (Deutsch et al., 2014).

During the last glacial termination (from 20 000 to 10 000
BP), the upper ocean generally became less oxygenated
while the deep ocean became more oxygenated. All
these changes are driven by a subtle balance between
decreased oxygen solubility due to warming, increased
ventilation of the abyssal ocean, shift of organic matter
respiration rates from the deep to the upper ocean, and
possibly a global reduction of respiration due to nutrient
inventory (Jaccard & Gallbraith, 2012).

1.2.2 Formation of a Low Oxygen Zone (LOZ)
The oxygen concentration realized in waters below the

surface layer results from the equilibrium between its
consumption via oxygenated respiration and its renewal

by ocean circulation. Oxygen consumption processes
(animal respiration, bacterial degradation of organic
matter) remove oxygen from the water column. In the
global ocean, the rate of oxygen consumption is greatest
near the ocean surface and decreases exponentially with
depth (Figure 1.2). Most of the respiration of the exported
production occurs in intermediary waters, between 100-
1000 m, and the fraction of organic matter that reaches
waters below 2000 m is rather small. Any modification
of this organic matter flux is expected to impact on the
vertical distribution of oxygen and oxygen content of the
deeper waters. In the coastal ocean, a significant part
of the surface primary production reaches the bottom
layer where it is degraded with possibly high oxygen
consumption rates in the sediment.

Some regions of the global and coastal ocean below
the surface are permanently poorly ventilated (e.g.
intermediate waters of some regions of the tropical
ocean) or periodically ventilated (e.g. bottom waters
in coastal systems). In these regions, the oxygen
concentration reaches such low values that it alters the
ecosystem and biogeochemical cycles. These regions
are considered as Low Oxygen Zones (LOZs) and, for
the global ocean, they are frequently named Oxygen
Minimum Zones (OMZs). The thresholds below which
the oxygen deficiency has biological and biogeochemical
impacts differ in terms of values and reporting units. For
the biogeochemistry, it is the absence of oxygen that
alters the biogeochemical cycling of N, P and Fe. The
oxygen concentration threshold for impacts on living
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Figure 1.4 Succession of respiration processes in oxic and anoxic environments. In oxygenated waters, only oxic respiration occurs while in anoxic regions
there is successively nitrate reduction (i.e. denitrification), manganese, iron, sulphate reduction and finally methanogenesis (Figure modified from Canfield &

Thamdrup, 2009).

organisms varies somewhat across taxa. The definition
of LOZs is based on fixed threshold values, with about
20 pmol O, kg™ (i.e. ~6% saturation) for OMZs and
about 61 umol O, kg™ for coastal LOZs. In extreme
cases, oxygen can become completely depleted and
the waters become anoxic and even euxinic when
hydrogen sulphide, a toxic compound for most marine
life (except some forms of bacteria), is produced.

1.3 Global / Regional differences in
mechanisms

LOZs can be found in different ecosystems
encompassing the open ocean, (semi)-enclosed seas,
the estuary-coastal ocean continuum up to the edge of
the continental shelf, and upwelling margins (Figure 1.3).
The basic mechanisms responsible for the formation
of low oxygen conditions differ across systems (e.g.
Fennel & Testa, 2018). The configuration of the basin
(e.g. open versus (semi)-enclosed), its bathymetry,
and specifics of the land-sea-sediment-atmosphere
interactions determine the residence time of waters
and the level of biological production and hence the
system’s sensitivity to deoxygenation. Basically, low
oxygen conditions naturally exist in the open ocean in
regions without unusually high rates of O, utilization, but
where the circulation is most sluggish and ventilation
times are longest. The most poorly ventilated waters
are found in the subsurface layers (~100 - 1000 m) of
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the Tropical Ocean inside relatively stagnant cyclonic
gyres that exist north and south of the equator in the
eastern part of ocean basins (Karstensen et al., 2008).
These OMZs are permanent features, but their upper
boundaries are highly dynamic, and the analysis of long
time series data have shown that their upper boundary
is extending upward (Stramma et al., 2008). In some
parts of the Eastern Tropical Pacific, recent observations
made with sensors with detection limits of a few nM
reveal the presence of an Anoxic Marine Zone (AMZ)
between 100 - 500 m inside the OMZs (Tiano et al.,
2014). The absence of oxygen in these AMZs gives
rise to peculiar microbial processes (Figure 1.4) that are
described below.

Similarly, naturally poor ventilation due to restricted
vertical circulation explains the deficiency of oxygen in
some enclosed basins, such as the Baltic and Black
Seas. In areas, like the Black Sea and the Cariaco basin,
the degradation of organic matter leads to the production
of a huge pool of hydrogen sulphide, a compound that
is toxic for most animal life. In the Black Sea case, the
opening of the Bosphorus strait ~10 000 years ago,
and the resulting intrusion of the salty Mediterranean
waters, transformed the basin from a lake to the largest
euxinic region (4.7x10° km?® of sulphidic waters) in the
world. Few aerobically-respiring animals are found in the
waters between 100 m depth and the bottom.
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The eastern branch of the main anti-cyclonic gyres
located in both hemispheres in the Atlantic and Pacific
Oceans leads to the occurrence of major upwelling
zones along the eastern boundary of the ocean, i.e.
Eastern Boundary Upwelling Systems (EBUS). These
upwelling zones are located off Peru-Chile, Namibia,
California and Senegal. They bring oxygen depleted
and high nutrient waters from the open ocean OMZs
onto the continental shelf. These upwelling zones
have high levels of primary and secondary production
that biologically support many of the world’s important
fisheries. They have very high oxygen consumption rates,
and this is where the most intense and thick OMZs tend
to be found. The degradation of the organic material
consumes unusually large amounts of oxygen and can
generate severe hypoxia and even anoxia with potential
detrimental consequences for aerobically respiring living
organisms. The variability of the oxygen conditions in
EBUS depends on the intricate interplay between local
(e.g. local wind mixing versus stratification) and remote
(e.g. equatorial current) forcing. These, in turn, affect the
ventilation mechanisms, the productivity of the region
and the intensity of the upwelling (e.g. Bachélery et al.,
2015; Bettencourt et al., 2015).

The open ocean OMZs are naturally poorly ventilated
and climate change is expected to further lower

A)

B)

ventilation. For instance, in the Black Sea, the depth of
the oxygenated layer has dramatically decreased from
140 m in 1955 to 90 m in 2015 (Figure 1.5) very likely
due to the reduced formation of well oxygenated waters
in winter (Capet et al., 2016).

In parallel with the expansion of these naturally
occurring oxygen deficient areas, anthropogenically-
induced LOZs have also been rapidly increasing (Diaz
& Rosenberg, 2008) (Figure 1.6). After the 1950s, the
Haber-Bosh process offered a way to synthetically fix N
to form ammonia at an industrial scale. This process has
allowed for the mass production of synthetic fertilizers.
The Haber-Bosh discovery and the increasing burning
of fossil fuels have led to anthropogenic sources of
newly created fixed N becoming two to three times
larger than natural terrestrial sources resulting in
substantial changes in the N cycle (Galloway et al.,
2013). For coastal areas with large river inputs, it
resulted in an increase in the delivery of fixed N by ~30 %
from 1970 to 2000 (Seitzinger et al., 2010). Similarly,
over the same period, dissolved inorganic phosphorus
also increased by ~30%. This influx of nutrients leads
to the eutrophication (over-enrichment) of the waters
in the coastal zone. Eutrophication stimulates primary
production and, to some extent, can be beneficial to
fisheries. But if not well managed, eutrophication may

Figure 1.5 The surface oxygenated layer of the Black Sea has been shrinking from 140 m in 1955, 90 m in 2010-2015 and 72 m in 2016. A) trends of
oxygen penetration depth deduced from (dots) the analysis of ship-based casts and (blue) ARGO floats. B) trend reconstructed from Argo floats over 2010-

2016 (Figure from Capet et al., 2016).
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Figure 1.6 Global distribution of systems that have been reported as eutrophication (N and P enrichments)-associated LOZs. Their distribution matches
the global human footprint (the normalized human influence is expressed as a percentage) in the Northern Hemisphere. For the Southern Hemisphere,

the occurrence of dead zones is only recently being reported. Affected water bodies range from small coastal lagoons to large systems like the Baltic Sea,
Black Sea, Kattegat, and East China Sea, and the Northern Gulf of Mexico. It should be noted that low oxygen zones can only be detected where monitoring
is in place, and the uneven efforts in monitoring and research may contribute to the much higher number of low oxygen areas reported in the northern

hemisphere (Figure from Diaz & Rosenberg, 2008).

lead to massive development of algae that produce
large amounts of organic material that sink to the sea
bed. When bottom waters are not well ventilated (e.g. in
periods of vertical stratification), the oxygen consumed
cannot be replaced and this leads to the creation of
a LOZ. Coastal LOZs result from excessive external
nutrients inputs from the rivers and once established,
they are further stimulated by internal nutrients sources
activated by the deoxygenation process (Figure
1.7). Indeed, the remobilization of bound P from the
sediments in anoxic conditions will further aggravate
the deoxygenation process by releasing P that further
stimulates primary production. Even after a reduction of
river nutrients, coastal systems require several years to
recover because the sediment continues to consume
large amounts of oxygen and can continue to leach
out nutrients that accumulated during eutrophication
(Conley et al., 2009).

1.4 Trends and impacts
1.4.1 Observations
The advent of autonomous platforms like Argo floats

(Figure 1.8) and (wave) gliders has the potential to boost
our knowledge of oxygen dynamics at the mesoscale
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and even sub-mesoscale (1 to 100 km) (e.g. Pascual
et al., 2017). Up to now, more than 100 000 oxygen
profiles have been collected by Argo floats throughout
the ocean, allowing depiction of the oxygen patterns
over large areas. The inclusion of Argo oxygen data in
global climatologies and trend estimation is promising
but has not been done so far because of oxygen sensor
calibration and data management issues.

Oxygen measurements at the very low concentrations
(< 5 pmol O, kg') found in some parts of LOZs are
technically challenging and the historical data at very
low oxygen concentrations have been often suspect
(Bianchi et al., 2012). Consequently, estimation of the
extent and evolution of OMZs with particularly low
oxygen concentrations at their core (e.g. AMZs) are still
uncertain. Recent oxygen sensors with detection limits
as low as a few nanomoles are now available and have
changed our view of the biogeochemistry of OMZs (Tiano
etal., 2014). The emergence of these new platforms and
sensors makes possible the implementation of regional
and global oxygen observatories targeted towards the
monitoring and management of the deoxygenation
process.
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Figure 1.7 Schematic of the generation of a LOZ in the coastal area. Large nutrients discharges from the rivers stimulate intense primary production that
sinks to the bottom where it is degraded consuming large amounts of oxygen. When the ventilation is not able to renew the oxygen consumed, a LOZ

is generated and in extreme cases hydrogen sulphide escapes the sediment. Low oxygen conditions in bottom waters enhance the release of inorganic
phosphorus that will stimulate primary production and hence feedbacks positively on the oxygen depletion.

Table 1.1 Oxygen Content and change per basin for the main areas affected by deoxygenation. Synthesis of the information provided by Schmidtko et al.

(2017)
Basin Oxygen Change as Decrease as | Causes
decrease percentage of | percentage of
since 1960 global change | basin change
(Pmol) (%) since 1960 (%)
Global 48+ 2.1 Up to 1000 m: solubility plays a major role and explains 50%
ocean of the oxygen loss.
Below 1000 m: changes in deep water formation and
thermohaline circulation with natural variability superimposed
are suggested to explain the oxygen loss.
North and 1.9+0.8 39.9+17.2 3.8 Upper Layer: decline in the formation rates of North Pacific
Equatorial Intermediate waters due to warming changes on the time
Pacific scales of Pacific Decadal Oscillation (PDO) are observed
Ocean Below 1000 m: no impact of PDO has been found
Southern 0.8+0.2 156.8+4.9 2.1 Decline in deep water formation of Antarctic water masses
Ocean due to changes in thermal buoyancy and in circumpolar wind
patterns.
Most pronounced in the Indian and Pacific sectors in parallel
to the increase of salinity and temperature of the Antarctic
Bottom Water of the circumpolar deep water.
South 0.6+0.1 124 +28 2.7 Reduced ventilation due to meridional overturning changes
Atlantic affect mainly the entire deep water column between north
Ocean Atlantic deep water and Antarctic bottom water.
Multi decadal variability.
Arctic 0.36 +0.15 7.6+ 31 7.8 Reduced deep water ventilation due to a freshening and
Ocean warming in the Canada Basin and Beaufort Sea.
Increased consumption by enhanced biological activity due to
sea ice reduction in summer.
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Figure 1.8 A) Deployment of an ARVOR float from the French R/V Pourquoi Pas; B) position of biogeochemical Argo floats in August 2019; C) schematics of an
Argo profile cycle (sources: Map JCOMMOPS; photos : http://www.argo.ucsd.edu/pictures.html with courtesy of John Garrett, Skeptical Science for the Argo

cycle).

1.4.2 Trends

Since the middle of the 20th century, the global and
coastal ocean have had to face deoxygenation. In the
global ocean, the oxygen content is decreasing and
OMZs are expanding while in the coastal ocean, the
occurrence of bottom LOZs is more and more reported.

Evidence shows that the oxygen balance in the global
ocean has been perturbed during the last decades with
the consequence that the oxygen inventory is globally
decreasing (e.g. IPCC, 2013; Ito et al., 2017; Schmidtko
et al., 2017; Stramma et al., 2008). Observations and
model simulations agree that the ocean oxygen content
has decreased by 1-2% since 1960. This decrease is
not uniform but rather varies across ocean basins and
depths (Table 1.1). The largest loss is observed at the
depth of the main thermocline between 100-300 m in
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the Tropical and North Pacific Ocean, the Southern and
Arctic Ocean and the South Atlantic Ocean (Table 1.1).

Natural climate fluctuations can substantially contribute
to the interannual to decadal variation in oxygen and
can preclude unequivocal detection of any climate
driven signal. This is particularly the case for the North
Atlantic and North Pacific regions where the surface
and subsurface oxygen concentrations are statistically
linked with the North Atlantic Oscillations (NAO) and
Pacific Decadal Oscillations (PDO) climate modes
(Andrews et al., 2013; Duteil et al., 2018; Frolicher
et al.,, 2009). Volcanic eruptions are another natural
forcing that is superimposed onto the anthropogenic
and internal drivers that govern oxygen variability.
Volcanic eruptions enhance the amount of oxygen taken
up by the ocean due to a cooling effect that reduces
the stratification and increases solubility. The oxygen
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inventory increases globally in the top 500 m, and this
increase compensates for part of the human-induced
decreasing trend in oxygen that follows an eruption
(Frolicher et al., 2009). The identification of the causes of
deoxygenation requires extracting the climate signal from
the natural and internal variability of the ocean system.
Models, supported by observational data, are essential
for making this differentiation as, currently, the available
observations alone do not allow sufficient differentiation
of the different contributing drivers and signals.

Global warming is expected to further decrease the
global ocean oxygen content directly because the
solubility of oxygen is lower in warmer water (i.e. direct
thermal effect) and indirectly through changes in ocean
dynamics (e.g. increased stratification, decreased mixing
layer subduction, convective mixing and deep-water
formation, slowdown of the thermohaline circulation)
that reduce ocean ventilation. These changes have
affected the balance of the air-sea oxygen flux, reducing
the amount of oxygen that goes from the atmosphere
to the ocean and increasing the outgassing of oxygen
from the ocean. A reduction of deep-water formation
will affect the whole ocean after decades to hundreds
of years (dependent on depth). These changes may also
have an impact on key biogeochemical processes and
hence the local production-consumption of oxygen in a
way that is still not clearly understood. For the same level
of global photosynthesis and respiration, the increased
stratification  reinforces the decoupling between
the oxygen oversaturated surface waters and the
undersaturated subsurface waters. This strengthened
decoupling increases the outgassing of oxygen.
Observations and modelling have been combined in
order to determine the relative importance of these
different mechanisms and how they have affected the
oxygen dynamics of different ocean basins. Clearly, the
different layers of the ocean respond to global warming
with different time scales; the surface layer responding
after just a few years, whilst the intermediate layers and
the deep ocean adjust to surface conditions on 10 to
120 years (Karstensen et al., 2008) and millennial time
scales, respectively. In addition, the mechanisms of
deoxygenation differ regionally and in particular differ
vertically within a system. Over the first 1000 m of the
water column, ~50% of the oxygen loss can be attributed
to solubility change, while below 1000 m, changes
in ocean circulation and deep-water formations with
natural variability superimposed explain the oxygen loss.
Globally, it has been shown that the direct thermal effect
can only explain a limited fraction (~15%) of the oxygen
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decrease observed globally; the remaining part being
imparted to indirect effects (Schmidtko et al., 2017).

Diaz and Rosenberg (2008) classified systems affected
by oxygen deficiency according to the frequency of
occurrence and duration of their low oxygen events.
They found that since the 1960s the number of reported
coastal LOZs has approximately doubled every ten
years from ~25 in 1960 up to ~400 in 2007. Coastal
LOZs exhibit different types of dynamics in response to
the local aspects of primary production, stratification
and mixing. Episodic events, with infrequent oxygen
depletion (i.e. less than one event per year as defined
by Diaz and Rosenberg, 2008), represent ~17% of
the reported coastal LOZs and are the first signal that
a region may potentially be shifting towards higher
frequency oxygen deficiency. In small systems (e.g.
river-estuary, bay, lagoon, inlet), oxygen depletion
may appear several times per year lasting from a few
hours to days or weeks. In these systems (~25%),
local weather events and the periodic spring-neap-tidal
cycles govern the variability of the primary production
and the alternation between stratification and mixing
periods. Low oxygen in about 50% of the reported
LOZs occurs seasonally in summer-autumn when the
seasonal thermocline or pycnocline is established and
prevents the ventilation of bottom waters. The oxygen
consumed by the degradation of the spring algal bloom
cannot be replaced and a LOZ is generated in the
benthic boundary layer. In systems prone to permanent
stratification (8%), a persistent LOZ develops.

1.4.3 Projecting deoxygenation

Robust model projections under various scenarios of
changes are needed for the global and coastal ocean
in order to test in advance the potential impacts of
mitigation strategies. The projection and forecasting of
deoxygenation are based on state-of-the-art models
that couple the physics and biogeochemistry, interact
with the atmosphere and, in the coastal ocean, are
linked with the land and the sediments. Mechanistic
models are powerful tools to understand the underlying
processes operating and to be able to then differentiate
the causes of the oxygen decrease. While models used
for projecting deoxygenation in the global and coastal
ocean are quite similar in terms of formulations, their
resolution in space and time, required accuracy, horizon
of projections, and scenarios differ. A climate approach,
with long term projections up to the end of the 21st
century under global change scenarios, is needed for
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the global ocean. Conversely, for the coastal ocean,
a weather-based approach with medium to short
term projections and forecasting is more appropriate:
medium term projections (< 20 years) can support the
implementation of regional river nutrients management
strategies while, the setting up of a warning system,
would require the implementation of an operational
framework delivering near real time forecasts with a high
accuracy.

Global models are able to reproduce the observed
decline in the global oceanic oxygen inventory since
1960. Yet, they are not able to represent the spatial
(region-specific) patterns of decrease and, in particular,
the observed decline in the tropical thermocline. For
the 21st century, an ensemble of models consistently
predicts that continued global warming will worsen
deoxygenation in the surface and deep ocean under
the high mitigation (RCP 2.6) and business as usual
(RCP 8.5) scenarios, with decrease of the global oxygen
inventory of 1.81 + 0.31 and 3.45 + 0.44% , respectively
(Bopp et al., 2013). Yet, there is still little agreement in the
simulated spatial distribution of low oxygen areas with
concentrations less than 100 pmol O, kg™ (Cabre et al.,
2015). This uncertainty limits our ability to reliably predict
the impact of climate warming on the open-ocean
OMZs and hence on oxygen sensitive biogeochemical
processes including the N budget. The predictive skill
of coarse resolution ocean models at low latitudes is
limited by the need to resolve zonal currents thought to
be important in supplying oxygen into the tropical OMZs
(Brandt et al., 2010; Keeling et al., 2010; Stramma et
al., 2010).

Looking at a longer time horizon; by 2150, the
decreasing oxygen trend projected up to 2100 for
the tropical intermediate (200-1000 m) reverses. The
volume of OMZ is projected to shrink through 2300 with
consequences on the N budget through a reduction
of denitrification. This may potentially have important
climate feedbacks through the reduced production and
emission of N,O to the atmosphere (Fu et al., 2018).
Model simulations show that the causes for this oxygen
increase are a reduction of export production combined
with an intensified ventilation after 2200. Fu et al. (2018)
suggest that at the end of the 21st century the projected
expanding tropical OMZs do not reach a steady state
but rather are in transition towards volume reduction.

Projecting oxygen levels in individual coastal water
bodies requires modelling the variability of the ventilation
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and primary production from hours to weeks in
response 1o changing river discharges (e.g. fresh
water, inorganic nutrients, suspended particles), local
weather conditions (e.g. wind storms, flooding events,
heat waves), interactions with offshore (e.g. advection,
upwelling), oxygen consumption in the sediments, and
possibly the influence of the spring-neap tidal cycle.
Coastal and regional models have the ability to represent
the oxygen dynamics at monthly to weekly time scales
but their performances can be hampered by the quality
of their boundary conditions, mainly river discharges
and atmospheric forcing that do not have the required
spatial and temporal resolutions. Coastal models are
progressively evolving towards a structure that allows
a seamless coupling of the river-estuary-coastal ocean
continuum. This will offer an improved quantification of
the export of nutrients, and, in particular of N and P,
along the river-ocean dimension.

The mitigation of coastal deoxygenation requires the
implementation of effective nutrient reduction strategies
based on a dual reduction of N and P to control the level
of eutrophication (Conley et al., 2009). The economic
costs associated with the reduction of anthropogenic
nutrients is substantial and thus it is crucial that the
level of reduction in a given coastal system be based
on a deep comprehension of the processes governing
oxygen dynamics and the likely ecological benefits.
Over the last decades, regional action plans have
been implemented in order to reduce the amount of
nutrients discharged to the coastal zone through better
wastewater treatment and other best management
practices. However, to date, the positive effects are
not always as expected and some regions remain
far from reaching their nutrient reduction targets as
positive feedback mechanisms (i.e. enhanced release
of iron-bound phosphate in low oxygen conditions) and
sediment inertia continue to emit nutrients for several
years after reduction (e.g. Capet et al., 2013; Conley,
2012; Rabalais et al., 2010). Even when the nutrients
level returns to a reference state, some systems may not
return to their initial reference but rather may go to a new
ecological state due to the non-linearity of living systems
(Duarte et al., 2009).

Nutrient management in agriculture, the reduction of P
detergent, and the increasing connections of people to
sewage plants with high levels of treatment will control
the amount of river export of fixed N and dissolved
inorganic P (Seitzinger et al., 2010). Based on four
scenarios of socio-economic development and using
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an indicator of coastal eutrophication potential (Billen &
Garnier, 2007), Seitzinger et al. (2010) estimate that risk
for coastal eutrophication in many regions of the world
until at least 2030 will likely continue due to the increase
ininorganic P and N and changes in the nutrient ratios of
river exports. Warming is expected to further exacerbate
the deoxygenation issue by intensifying respiration and
reducing the ventilation process due to a reduced
solubility and stronger, prolonged stratification.

1.4.4 Impacts

1.4.4.1 Impact on biogeochemistry and
biogeochemical feedbacks

The transition to anaerobic conditions induces major
changes in the biogeochemical cycling of essential
elements like N, P and Fe in the water column and in
the underlying sediments. Some of these modifications
will further the deoxygenation process as positive
feedback loops may establish and stimulate further
oxygen consumption. Special microbial processes start
to operate, such as anaerobic remineralization of organic
matter by denitrification and anaerobic ammonium
oxidation (anammox), leading to formation of dinitrogen
gas N, (a component that is largely inaccessible for
most organisms) and a net loss of bioavailable N in the
ocean. Nitrous oxide (N,O), a potent greenhouse gas,
is formed as a byproduct during nitrification and as
an intermediate product during denitrification (Bange,
2006). Because the oxygen thresholds that govern the
microbial pathways to N,O are not precisely known, the
role of OMZs in the marine N,O budget is debatable. In
a warming world, the sign of change of the N,O budget
(e.g. Bianchi et al., 2012; Martinez et al., 2015) and the
sign of the air-sea flux of N,O are uncertain, as increased
stratification is expected to prevent N,O from reaching
the surface ocean and escaping to the atmosphere
(Martinez et al., 2015).

Estimates of the total loss of bioavailable N from the
open ocean is currently estimated to be 0.005-0.006
Pmol N yr' from the water column, and 0.01-0.02
Pmol N yr' from sediments (Somes et al.,, 2013).
Analysis and modelling of global benthic data also
indicate that denitrification in sediments underlying
high nutrient-low oxygen areas such as OMZs remove
around three times as much N per unit of C deposited
as sediments underlying highly oxygenated water, and
account for approximately 10% (i.e. 0.001 Pmol N yr)
of global benthic denitrification (Bohlen et al., 2012).
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The amount of this loss is significant in regards to
the inventory of fixed N (~ 300 Pmol,) and if not
compensated for by other sources, has the potential
to affect the content of bioavailable N over a time scale
of ~10 000 yrs (Gruber, 2016). It is not yet known
whether the recently inferred quadrupling of oxygen-
deficient waters (Schmidtko et al., 2017) has been
accompanied by a corresponding increase in anaerobic
remineralization and denitrification. In oxic conditions,
Fe and P can be adsorbed on particles in the sediment
and onto sinking marine aggregates. With the onset of
oxygen deficient conditions, the P bound to Fe oxides
is generally remobilized and released to the overlying
water, where it has the potential to stimulate primary
production and hence further the oxygen deficiency.
Oxygen deficient regions are enriched in iron and,
based on the Redfield ratio, have an excess of P relative
to N. These conditions are expected to be favourable
for the fixation of N, by photosynthetic bacteria (e.g.
Prochloroccocus, Synechococcus) that produce fixed
N and that can potentially compensate for the loss of
fixed N by denitrification and anammox. The feedbacks
that link N loss and N fixation remain enigmatic. It is not
yet known whether, on what time scales and to what
extent global rates of N fixation respond to changes
in N loss processes that are likely associated with
ongoing deoxygenation (Deutsch et al., 2007; Knapp
et al., 2016; Landoffi et al., 2013).

1.4.4.2 Impact on living organisms

At 100% saturation, the amount of oxygen available
in one litre of water is ~35 times less than that in an
equivalent volume of air. This means that in order for a
marine animal to extract the same amount of oxygen
in support of metabolism, the organism must pass 35
times more volume of medium across their gas exchange
surfaces (gills vs lungs) or have to be much more
efficient in taking up oxygen than terrestrial organisms.
Critical physiological processes like respiration depend
on the flux of oxygen into marine organisms (Seibel,
2011). This flux is governed by the gradient in oxygen
partial pressure (pO,) across membranes and tissues.
Because pO, incorporates the effects of temperature,
salinity and hydrostatic pressure into one single number,
pO, thresholds are expected to be universally applicable
(Hofmann et al., 2011; Seibel, 2011). Currently, most of
the experiments (e.g. Davidson et al., 2016; Stevens &
Gobler, 2018; Vasquer & Duarte, 2008) have addressed
the effect of O, concentrations (rather than pQO,) on
living organisms. An absolute pO, threshold below
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which aerobic life is not sustainable still remains to be
determined.

Contrary to pO,, oxygen concentrations do not
incorporate the effect of temperature, salinity and
hydrostatic pressure. Consequently, species living
in open ocean permanent OMZs do not have the
same oxygen concentration thresholds as species
experiencing seasonal oxygen depletion in the
warmer coastal ecosystems (Hofmann et al., 2011).
Nevertheless, a comparative analysis of experimentally
derived oxygen concentration thresholds for benthic
organisms shows that there is no one single oxygen
concentration threshold but rather that this threshold
value can exhibit significant variability when viewed
across the high diversity of taxa found in the oceans.
This analysis predicts that, as oxygen declines, the
sequence of losses of benthic fauna during a low oxygen
event should be initiated by the loss of fish, followed by
crustaceans, then worms, echinoderms, and molluscs
(Vasquer & Duarte, 2008).

These differences reflect differences in taxa traits
describing their ability to adapt and to escape, such
as mobility, life cycle dynamics, physiological tolerance,

1 Whatis ocean deoxygenation?

and metabolic adaptation over hours to days (e.g.
reduced activity, lowered heartbeat rate, shift to
anaerobic metabolism) (e.g. Vasquer & Duarte, 2008).
Species inhabiting the permanent open ocean OMZs
have evolved to be adapted to these low oxygen
concentrations; an example is the vampire squid (Figure
1.9) living off California with oxygen levels below 15
umol O, kg (Seibel et al., 1999).

1.5 Ecosystem consequences: The challenge
of scaling up from species to ecosystem

The development and extension of low oxygen areas
degrade the living conditions and vertically contract
the metabolically viable habitat for a large number
of living species. It alters marine ecosystems and
biogeochemical cycles by shifting the spatial distribution
of species, altering trophic relationships by favouring
low-oxygen tolerant species including invasive species
and microbes, and excluding sensitive species with,
in the case of severe oxygen deficiency, increased
mortality of the most sensitive ones (Hofmann et al.,
2011). Exposure of animals to low oxygen can induce
movement (avoidance), reduce survival and growth,
alter behaviour and prey-predator interactions, impair

Figure 1.9 Vampire squid, Vampyroteuthis infernalis, recovered from 700 m depth off the coast of southern California. This species possesses specific
physiological adaptations that enable them to survive in the extreme, persistent hypoxia of the oxygen minimum layer. (Seibel et al., 1999, Photograph taken

by B. Seibel).
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reproduction, trigger epigenetic changes, disrupt life
cycles, and cause mortality (Breitburg et al., 2018).
Mobile species that have the capability to avoid low
oxygen waters by swimming or crawling away may
escape low oxygen conditions and accumulate in well
oxygenated waters. They may become more vulnerable
to fishers targeting these high oxygen refuge areas.
Although short-term economic benefits may result,
there is concern that these strategies can contribute to
misinformed management, and potentially contribute
to over-harvesting of affected stocks both in coastal
areas (Craig & Bosman, 2013) and the open ocean
(Stramma et al., 2012). For instance, observations
show that the vertical expansion of the OMZs in the
tropical north-east Atlantic restricts the migration
depth of billfishes and tunas to a narrower surface
layer, potentially increasing their vulnerability to surface
fishing gear and distorting information used in fisheries
management that could lead to over-harvesting
(Stramma et al., 2012). This reduction of the migration
depth of these fishes can be due to a reduction of their
habitat or that of their prey due to the expansion of
OMZs. In coastal areas, hypoxia modifies the structure
of the benthos and may affect the bioturbating/bio-
irrigating activities of the macrofauna with feedbacks
on the biogeochemistry of the coastal waters that are
not yet well understood.

The extrapolation to marine habitats of results from
laboratory controlled-experiments is not direct for several
reasons. Forinstance, the coastal LOZis often associated
with a high level of productivity (via eutrophication or
upwelling) that can be beneficial for marine animals
and partially compensate for the detrimental effects of
low oxygen. Oxygen concentrations in the field are not
constant but vary in response to potential intermittent
mixing events, oxygen consumption and production
from living communities. Multiple stressors like warming,
deoxygenation and acidification can interact and
generate synergistic or antagonistic effects that affect
the isolation and detectability of oxygen effects (Vasquer
& Duarte, 2008). Also, the description of the impact of
low oxygen conditions at the scale of the ecosystem
is mostly qualitative and speculative. The scaling-up of
information obtained in the laboratory at species level
to robust quantitative information at the level of the
ecosystem (~ several hundreds of kilometres) requires
the development of a suite of advanced methodologies.
Data analysis and simulation models provide maps of
oxygen values, and appropriate transfer functions have
to be devised in order to translate the consequences
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of a LOZ on ecosystem functions. If appropriately
parameterized, high trophic levels models can make
the link with fisheries. For the biogeochemistry, some
important parameterizations are still missing (e.g.
N-fixation, N,O pathways) as well as the impact of
oxygen deficiencies on living organisms that mediate
biogeochemical cycling (e.g. in the benthic ecosystem).
The transfer of information on the environment provided
by numerical models that basically address the low
trophic levels up to the ecosystem faces several
limitations. These include the limited capabilities of
current models to simulate low oxygen values (< 20
uM), their rather coarse resolution (~ >1 km), the
choice of the appropriate indicator of oxygen deficiency
(concentration versus pO,, duration of the event), the
presence of other stressors (e.g. warming, acidification)
that are expected to affect the lethal oxygen threshold
(Vaguer-Sunyer & Duarte, 2008).

1.6 Ecosystem services consequences

Deoxygenation effects on ecosystem services are well
documented in several areas and suggestive but not
well quantified in many other possible pathways. This
is partly due to the dynamic and localized aspects of
deoxygenation, and also because of the difficulty in
isolating oxygen effects from the effects of other co-
varying stressors such as temperature and acidification.
The challenges in isolating and quantifying the ecological
effects of low oxygen (and consequently its effects
on ecosystem services) should not be misinterpreted
as all effects are small; effects of low oxygen can be
important but hidden with other stressors and may be
very important episodically.

Ecosystem services are typically divided into four
categories: Provisioning (e.g. food, fresh water), Cultural
(aesthetic, spiritual, education), Regulating (e.g. disease,
biodiversity, water purification), and Supporting (e.g.
productivity, nutrient cycling). Provisioning services have
received significant attention to date, with a focus on
deoxygenation effects on fisheries. Modelling analyses
of fisheries demonstrate that in those situations when
hypoxia alone may have small to moderate population-
level effects on biomass of fish and shellfish available
for harvest, the effects become large or amplified when
hypoxia is combined with other stressors. A prevalent
effect of deoxygenation is changes in fishing locations
in response to fine-scale distribution changes due to
hypoxia that affect the catchability and bio-economics
of fishing. Catchabilities are relied upon for effective

Ocean deoxygenation: Everyone’s problem



fisheries management and not including their effects
can result in ill-informed management analyses and
incorrect harvesting advice.

Cultural services are an understudied area in ecosystem
services in general. Spiritual, therapeutic, and
aesthetic values remain difficult to quantify. One area of
deoxygenation effects on cultural services is related to
fisheries and is when deoxygenation, often in tandem
with other stressors, affects traditional harvests of fish
or shellfish used by indigenous peoples for spiritual
purposes (Lynn et al., 2013). The potential for loss
of valuable cultural services is illustrated by a recent
bioeconomic analysis for the Chesapeake Bay. The
loss was illustrated by showing the economic benefits
that would result from improving water quality from
today’s conditions. The focus was on how management
actions would lead to improved water quality that would
result in increased recreational activities. Massey et
al. (2017) roughly estimated that if the management
targets on water quality were realized the benefits (in
dollars) of improved water quality (including, but not
limited to, higher oxygen) attributed to recreational
use outside of fishing can be on the order of hundreds
of millions of dollars annually. While this analysis is
not a straightforward assessment of the impact of
deoxygenation effects on cultural services, the results
suggest that such assessments should be pursued.

The negative effects of deoxygenation on key regulating
and supporting services continue to be areas of
intense investigation. Alterations of benthic diversity
and community structure (regulating services) due
to low oxygen have been well documented (Diaz &
Rosenberg, 2001; Levin et al., 2009). Another likely
pathway is the loss of coral and seagrass cover due
to low oxygen decreasing erosion control and water
purification. How low oxygen affects the supporting
services aspects of ecosystem services in terms of
changes to biogeochemical cycling and the magnitude
and food web pathways of productivity in coastal and
open ocean ecosystems is becoming clearer but still
further studies are required before generalizations can
be made (Shepherd et al., 2017).

As ecology, economics, and social sciences continue
to merge into integrated, coupled, natural and
human systems analyses (Liu et al., 2007, 2015),
the quantification of how deoxygenation and other
environmental stressors affect ecosystem services will
become more common.
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1.7 Conclusions / Recommendations

Since about 1960, ocean deoxygenation has been
occurringin the global and coastal ocean and is expected
to worsen in a warming world with consequences for
living organisms and on regional and global budgets of
essential elements.

Better understanding of the deoxygenation process
can be achieved by access to accurate observations
and to furthering the reliability and coupling capabilities
of physical, biogeochemical, plankton and benthic
foodwebs, and upper trophic level models. Rapid
advancement is being made in each of the modelling
types, as well as in how best to couple them, in order
to generate “climate to fish” models (Rose et al., 2010)
that include oxygen effects. A regular monitoring of
the state of the ocean with respect to oxygen based
on observations and modelling offers new knowledge
on the fundamental processes like global circulation,
photosynthesis, respiration and interactions with the
atmosphere. Keeling and Manning (2014) found that a
better estimation of the oxygen air-sea flux would offer
a better estimation of the Earth carbon budget of the
order of 0.5 Pg C yr'. Indeed, the recent understanding
that the air-sea flux of oxygen is probably not balanced,
but rather reveals a net outgassing of oxygen from the
ocean to the atmosphere leads to a revision of the global
carbon budget and, in particular, the partitioning of the
ocean and land carbon sinks.

Oxygen maps (climatologies) are regularly produced for
the global ocean based essentially on ship-based data
(e.g. Schmidtko et al., 2017; Stramma et al., 2008).
Once quality checked, the oxygen time series delivered
by Argo floats have the potential to enhance these
climatologies by providing a high frequency signal. The
lack of openly available oxygen data from the coastal
ocean in a centralized database prevents a similar
global mapping of oxygen for the coastal ocean. This
would be needed in order to update the inventory of
Diaz and Rosenberg (2008) and to reassess the state of
deoxygenation in coastal waters.

The success of combating deoxygenation relies on our
capacity to understand and anticipate its consequences
in an environment affected by local, regional, and global
processes. State-of-the-art models have capabilities
to simulate the deoxygenation process in the global
and coastal ocean, and their parameterizations and
formulations should continuously evolve based on
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new knowledge. Model development needs new
observations and dedicated experiments, in particular
in low oxygen and anoxic waters that are particularly
challenging to measure and to model. Oxygen levels
act as a “switch” for nutrient cycling and availability. The
detailed nature of these thresholds and their ecological
and biogeochemical implications are still a matter of
intense scientific investigation.

For both the global and coastal ocean, an estimation of
the uncertainty that accompanies projections of mean
state is critical for management purposes. With this
aim, ensemble approaches combining the projections
of various models are promising, especially for the
global ocean (e.g. Bopp et al., 2013); a similar process
is emerging for the regional ocean as well (Meier et
al., 2011). International platforms and programmes
like IPCC (Intergovernmental Panel for Climate
Change), IPBES (Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services ), the
WCRP (World Climate Research Programme) CMIP
(Coupled Model Intercomparison Project) project
and the European Copernicus Marine Environment
Service (CMEMS) promote the capacity to produce
and evaluate ecological forecasts and long-term
projections. Evidence has shown that the evolution
of the oxygen levels is not a straightforward function
of temperature but rather depends on the subtle
interactions between physical and biogeochemical
mechanisms whose balance can evolve in answer
to anthropogenic forcings and over time scales of
centuries (e.g. Jaccard & Gallbraith, 2012).

An enhanced understanding of the long-term response
to climate warming of oxygen supply versus demand
since the industrial revolution would improve our
capabilities to project future changes (e.g. Deutsch et
al., 2014).

A process that engages a dialogue between
decision makers and scientists is necessary to foster
communication between the two communities and
to assure the saliency of model projections. Recently,
IOC-UNESCO established the Global Ocean Oxygen
Network (GO,NE), a global network of ocean oxygen
scientists, including experimentalists, modellers and
field scientists, to promote scientific collaboration and
public outreach (e.g. Breitburg et al., 2018).
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“The decline in the oceanic oxygen content can
affect ocean nutrient cycles and the marine habitat,
with potentially detrimental consequences for
fisheries, ecosystems and coastal economies.”
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Global and regional
case studies of ocean
deoxygenation

No other chemical parameter is of such importance to marine life as dissolved oxygen. The equilibrium state of
the ocean-atmosphere system has recently become perturbed, with the ocean becoming a source of oxygen
for the atmosphere, even though its oxygen inventory is only about 0.6% of that of the atmosphere. Different
analyses conclude that the global ocean oxygen content has decreased by 1-2% since the middle of the 20th
century. While the biogeochemical and physical changes associated with ocean warming, deoxygenation and
acidification occur all over the world’s ocean, the imprint of these global stressors has a strong regional and local
nature, a theme which is explored in this chapter.

In the following sections of this chapter global and regional evidence for ocean deoxygenation is explored in more
details. Perhaps the most familiar regions of the ocean subject to low oxygen are the Baltic Sea and Black Sea.
These are the world’s largest enclosed low oxygen marine ecosystems. While the deep basin of the Black Sea

is naturally anoxic, the low oxygen conditions currently observed in the Baltic Sea have been caused by human
activities and are the result of enhanced nutrient inputs from land, exacerbated by global warming.

In the open ocean the eastern boundary upwelling systems are one of the ocean’s most productive biomes,
supporting one fifth of the world’s wild marine fish harvest. As naturally oxygen-poor systems, these upwelling
system are especially vulnerable to any changes in global ocean deoxygenation and so what happens to the
oxygen content of them ultimately will ripple out and affect many hundreds of millions of dependent people. In
the Atlantic, oxygen concentrations at mid-ocean depths have decreased during the last 60 years, partly due to
ocean warming, partly as a result of decreased mixing and ventilation. Elsewhere the low-oxygen zones of the
Indian Ocean are expected to expand and intensify.
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Summary

e The global oxygen inventory has decreased by ~2% over the period 1960 to 2010, this finding is supported by
regional time series data that indicate a continuous decrease in oceanic dissolved oxygen.

e Ocean model simulations predict a decline in the dissolved oxygen inventory of the global ocean of 1 to 7%
by the year 2100, caused by a combination of a warming-induced decline in oxygen solubility and reduced
ventilation of the deep ocean.

e Open-ocean deoxygenation is resulting mainly from a warming ocean, increased stratification and changing
circulation which interact with eutrophication-induced hypoxia (oxygen concentration below ~60 to 120 pmol
O, kg™) and biological activity in shelf regions.

e (Climate change related longer-term oxygen trends are masked by oxygen variability on a range of different
spatial and temporal scales.

e The decline in the oceanic oxygen content can affect ocean nutrient cycles and the marine habitat, with
potentially detrimental consequences for fisheries, ecosystems and coastal economies.

e Oxygen loss is closely related to ocean warming and acidification caused by CO, increase driven by CO,
emissions as well as biogeochemical consequences related to anthropogenic fertilization of the ocean; hence a
combined effort investigating the different stressors will be most beneficial to understand future ocean changes.
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Global deoxygenation effects

Consequences

Continuous loss of global oceanic dissolved oxygen
content.

First ecosystem changes can be observed, habitat
compression occurs and large-scale changes in
ecosystems are expected for the future.

Increasing deoxygenation and anoxia occurs in large
areas of the continental shelves.

Reduced fish catches with decreasing economic
profit in coastal states are expected.

Deoxygenation is overlain by climate variability,
interactions and understanding of impacts is limited.

Periods with enhanced, reduced or even increased
deoxygenation might appear, and predictions of the
future deoxygenation are insecure.

Open ocean oxygen loss is closely connected to ocean
warming and acidification caused by CO, increase driven
by CO, emissions.

Continuous CO, emissions will increase
deoxygenation, warming, and acidification of the
ocean.

Specific ecosystem services can be negatively affected
by combined deoxygenation, pollution and ocean
acidification.

Negative impacts are expected on biological
regulation, nutrient cycling and fertility, food,
ornamental resources (like corals, pearls, shell
material), tourism and recreation.

2.1.1 Introduction

Despite its far-reaching consequences for humanity,
the focus on climate change impacts on the ocean lags
behind the concern for impacts on the atmosphere and
land (Allison & Bassett, 2015). In the ocean a reduction
in ventilation and decrease of oceanic dissolved oxygen
are two of the less obvious but important expected
indirect consequences of climate change on the ocean
(Shepherdetal., 2017). Deoxygenation of the open ocean
is one of the major manifestations of global change. It
accompanies ocean warming and ocean acidification
as one of the three major oceanic consequences of
rising atmospheric CO, levels (Levin & Breitburg, 20195).
In addition, agricultural runoff and human waste cause
decreasing oxygen concentrations in estuaries and
coastal areas as well as the adjacent open ocean.

Oxygen is distributed in the ocean through an intimate
interplay of physics and biology. Oxygen is transported
by ocean circulation and mixing processes from the well-
ventilated surface into the depths of the ocean interior.
The ocean surface layers are saturated with oxygen
due to atmospheric exchange and photosynthesis,
primarily by phytoplankton. Oxygen is consumed by
all animals throughout the ocean, but the majority of
consumption occurs by bacterial respiration of organic
matter. Both the supply and consumption of oxygen
are severely modulated by climate change in ways
that are not yet fully understood (Levin, 2018). On the
continental shelf, nutrient input and eutrophication-
induced hypoxia influences the oxygen concentration
and hence the coastal ecosystem. Variations in marine
oxygen concentrations can induce major changes to
remineralization processes and associated sources and
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sinks of important nutrient elements such as nitrogen,
phosphorus and iron in the water column and underlying
sediments (Oschlies et al., 2018). For instance, radically
different microbial and chemical processes operate at
low oxygen levels, such as anaerobic remineralization of
organic matter by denitrification, leading to a net loss of
fixed nitrogen from the ocean. Therefore, oxygen levels
can act as a ‘switch’ for nutrient cycling and availability.

For the past several hundred milion years, oxygen
concentrations in  Earth’s atmosphere have been
comparatively high (e.g. Mills et al., 2016). However,
parts of the ocean seem never to have been far from
anoxia (oxygen depleted) and have occasionally suffered
major oceanic anoxic events (OAEs). In the past OAEs
seem to have been promoted by warm climates, and
some have been associated with major environmental
crises and global-scale disturbances in the carbon cycle
(Watson, 2016). Palaeco-records from the late Permian
and Cretaceous provide evidence for past periods of
dramatically reduced oceanic oxygen levels, and these
had major consequences for marine ecosystems leading
to mass extinctions. Major low-oxygen events in the past
were primarily associated with warmer climates and
higher atmospheric CO, levels. Hence deoxygenation,
accompanying the present changes in climate, has to
be understood in detail to be able to predict future ocean
changes and propose societal actions that can help to
avoid or minimize future anthropogenic inputs to oceanic
deoxygenation events.

2.1.2 Geographic definition

Until recently knowledge of ocean deoxygenation was
based on local time series of individual measurements
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or from geographically restricted areas of oxygen data
collections. In recent years the various data for the entire
world ocean from the surface to the ocean bottom were
used to investigate the trends in oxygen from both
measurements as well as numerical model runs. The
computed oxygen inventory for the whole world ocean
from the sea surface to the ocean bottom varies for
the different ocean basins and reflects oceanic volume,
bathymetry and deep-water ventilation rates (Schmidtko
et al., 2017). The largest oxygen inventories exist in the
well-ventilated deep Atlantic Ocean (Figure 2.1.1A).

In the eastern Pacific and Atlantic Oceans as well as
in the northern Indian Ocean the oxygen concentration
is lower at mid ocean depths due to weak water
renewal by sluggish ocean circulation. These regions
are often called oxygen minimum zones (OMZs), e.g.
marked in Figure 2.1.1 by the 80 umol O, kg contour.
In the eastern portions of ocean basins, the sluggish
circulation is caused by the asymmetric shape of the
subtropical gyres, which lead to weak ventilated regions
at the eastern sides equatorward of the subtropical
gyres, sometimes referred to as shadow zones (see Box
2.1.1). Formation of well oxygenated deep water can be

2.1 Globalevidence of ocean deoxygenation

reduced by ocean surface warming in two ways: by a
reduction in ventilation volume, and by a temperature
increase of the water formed. Formation of this deep
water that drives thermohaline ocean circulation on a
global scale takes place in a few areas: the Greenland-
Norwegian Sea, the Labrador Sea, the Mediterranean
Sea, the Weddell Sea and the Ross Sea (see Box 2.1.1).
These are the source regions ventilating the deep ocean
basins via deep western boundary currents. These deep
currents later upwell and form near-surface currents that
complete the thermohaline circulation pattern.

2.1.3 Trends and impacts

Ocean models predict a decline of total dissolved
oxygen in the global ocean in the order of 1 to 7% by
the year 2100, caused by a combination of warming-
induced decrease in oxygen solubility and reduced
ventilation of the deep ocean (e.g. Keeling et al., 2010;
Oschlies et al., 2018; Schmidtko et al., 2017). Oxygen
trends, variability and impacts based on measurements
are often analysed locally or across small geographical
regions and should be used to verify the model results.

Box 2.1.1 Major ocean circulation features

circulation (Box Figure 2.1.1)

Ross Sea, and the Wedell Sea.

The distribution and changes in oxygen are related to the large-scale wind driven and thermohaline ocean

Box Figure 2.1.1 Schematic distribution of the wind driven subtropical gyres (orange) and their contribution to the Equatorial Undercurrent (EUC) and
the warm (red) and cold (blue) components of the thermohaline overturning circulation. The cool Antarctic Circumpolar Current (
zones of the Pacific and Atlantic oceans are marked by arrows as well as the Labrador Sea, the Greenland-Norwegian Sea, the Mediterranean Sea, the

). The shadow
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2.1 Global evidence of ocean deoxygenation

Figure 2.1.1 A): Global ocean top to bottom oxygen inventory (colour coded) with lines indicating boundaries of oxygen-minimum zones (OMZs), dash-dotted
regions with less than 80 pmol kg™ oxygen anywhere within the water column; dashed lines and solid lines similarly represent regions with less than 40 pmol
kg oxygen and 20 pmol kg™ oxygen respectively. B): Change in dissolved oxygen per decade in % for the time period 1960 to 2010, based on Schmidtko et
al. (2017). Areas 5°N-5°S, 105°-115°W and 10°-14°N, 20°-30°W used here are marked in white in A).

Despite data limitations, it is feasible to detect significant
oxygen changes over time in some regions. These
studies cover different time frames and regions (Keeling
et al., 2010). Regional observational data (Stramma et
al., 2008) indicate a continuous decrease in oceanic
dissolved oxygen content in most regions of the global
ocean. Despite the already low oxygen content in the
tropical ocean, a decrease of oxygen was observed for
selected regions in all three tropical ocean basins for
the period 1960 to 2008 (Stramma et al., 2008). These
time series reveal vertical and horizontal expansion of
the intermediate-depth low-oxygen zones and reduced
oxygen content in the OMZ cores, where the oxygen
concentration is lowest.

Despite limited data some large-scale analyses
have been undertaken based on measurements in
the literature. A recent and comprehensive analysis
of observed oxygen changes indicates a 2% (i.e.
96 Tmol yr' (Tmol = 10 mol)) decline of total global
ocean oxygen content over the 50 year period 1960 to
2010 (Schmidtko et al., 2017). Five distinct regions with
significant oxygen loss stand out that cannot be directly
attributed to solubility changes alone. These are the
tropical regions of all basins, which contain most of the
upper-ocean OMZ, the North Pacific, the South Atlantic,
the Southern Ocean and the Arctic Ocean (see Figure
2.1.1B). Different drivers for the oxygen decrease in these
regions have been proposed (Schmidtko et al., 2017).
For the upper (0 -1200 m depth) North Pacific a decline
in North Pacific Intermediate Water formation is thought
to be the main cause of decreasing oxygen content,
whereas for the deep (1200 m to ocean bottom) South
Atlantic a reduced or changing ventilation process as
well as multi-decadal variability seem to be responsible
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(Schmidtko et al., 2017). The amount of oxygen lost
globally in the upper ocean has been estimated to be
about 26 Tmol O, yr" (0 to 1200 m layer for 1960 to
2010; Schmidtko et al., 2017) similar to the 24 Tmol O,
yr' (0 to 1000 m for 1958 to 2015) estimated by Ito et al.
(2017). Alarger decrease reported for the 100 — 1000 m
layer of 55 Tmol O, yr' between the 1970s and 1990s
(Helm et al., 2011) is probably related to the strength of
the Pacific Decadal Oscillation during this time period.

Circulation in the thermocline (~ upper few hundred
metres of the ocean) is predominantly wind-driven
and therefore particularly sensitive to changes in wind
patterns, which in turn are highly associated with major
climate modes such as Pacific Decadal Oscillation
(PDO) and EI Nino-Southern Oscillation (ENSO) in the
Pacific Ocean and North Atlantic Oscillation (NAO) and
Atlantic Meridional Mode (AMM) in the Atlantic. Hence
these climate modes have a strong potential influence
on the changes in the upper ocean oxygen content.
For example for the overall time period of positive and
negative PDO (1960 to 2008) in the tropical eastern
Pacific (6°Sto 5°N, 105°W to 115°W; area D in Stramma
et al. (2008); see Figure 2.1.1) the oxygen decrease is
0.23 pmol O, kg yr'" in the 200 to 600 m depth layer
but for the time period of mainly positive PDO (1979 to
2008) a much stronger oxygen decrease occurs (0.64
pmol O, kg™ yr, Figure 2.1.2).

Global warming leads to upper ocean warming, and less
dissolved oxygen can therefore be stored in the surface
layer due to a reduced oxygen solubility in warmer water.
A tight relationship between oxygen inventories and
ocean heat content was observed from measurements
for the upper 1000 m (lto et al., 2017). Temperature
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Figure 2.1.2 Annual mean Pacific Decadal Oscillation Index (http://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/annpdo.txt) and dissolved oxygen
concentration (umol kg™ versus time in the eastern equatorial Pacific Ocean (5°S to 5°N, 105° to 115°W (area D in Stramma et al., 2008)). The yellow line

marks the shift from the negative to the positive PDO phase.

profiles in the Japan Sea show a warming by as much
as 0.1 - 0.5 °C in the upper 1000 m and by 0.01 °C
below 2000 m for a 30 year period and an associated
oxygen decrease in the deep layer (Watanabe et al.,
2003). Furthermore, warmer waters are less dense and
enhance ocean stratification and consequently less
oxygen-rich waters reach the deep ocean. A reduced
oxygen supply in midwater depths, in the absence of
any major change in the midwater microbial community,
leads to a decreased oxygen concentration at a given
depth, and ultimately to vertical expansion of the OMZs
and the low-oxygen zone above them. In effect, this
vertical expansion reduces the volume of the well-
oxygenated epipelagic surface zone, thus reducing
habitat extent of many fishes with high oxygen demand
(Figure 2.1.3).

Another important driver of decreased oxygen content
in coastal oceans is eutrophication-induced hypoxia
that results from addition of excess nutrients into the
ocean. The number of such coastal zone sites has
increased by an order of magnitude since the 1960s
(Diaz & Rosenberg, 2008) and oxygen decline rates are
more severe in a 30 km band near the coast than in the
open ocean (Giloert et al., 2010). Near eastern shelf-
breaks, poleward undercurrents such as the California
and Peru-Chile Undercurrent in the Pacific Ocean and
the Mauritania and Angola Currents in the Atlantic carry
oxygen-poor water from expanding tropical OMZs

Ocean deoxygenation: Everyone’s problem

toward the subtropics, where it can interact, often
through wind-driven upwelling processes, with both
natural and eutrophication-induced hypoxic zones on
the inner shelves. This occurs for example off Peru,
Chile, Namibia and the western Indian margin (Figure
2.1.3; Stramma et al., 2010). In the eastern Pacific these
oxygen-poor upwelled waters are corrosive (low pH) and
undersaturated with respect to aragonite, exacerbating
the stress imposed on the exposed ecosystem (Feely et
al., 2008). It is important to point out that the unusually
high productivity of such shelf regions depends on
wind-driven upwelling. Upwelling of deoxygenated and
corrosive water will impact the largest fisheries on the
planet, e.g. that for Peruvian anchoveta.

Results of numerical biogeochemical Earth system
models reveal that the magnitude of the observed
change is consistent with CO,-induced climate change.
However, the correlation between pattern of simulated
and observed oxygen change is negative for the
subtropical and tropical upper ocean, indicating that
the models do not correctly reproduce the current
processes responsible for observed regional oxygen
changes (Stramma et al., 2012a). Particularly in the
tropical thermocline, a region which features open-
ocean oxygen minimum zones, observations indicate
a general oxygen decline, whereas most of the state-
of-the-art models simulate increasing oxygen levels in
these OMZs. Wind-driven changes in the low-latitude

29

"!
o~
z
o
[
[¢]
Ll
(2]




2.1 Global evidence of ocean deoxygenation

Box 2.1.2 Future projections based on projected greenhouse gas emissions

Model projections into the future depend on the projected greenhouse gas emissions. Representative
Concentration Pathways (RCPs) are four greenhouse gas concentration trajectories which describe possible
climate futures that are considered possible depending on the scale of greenhouse gas emissions in the years
to come. They are RCP2.6, RCP4.5, RCP6 and RCP8.5 reflecting a range of possible greenhouse gas-caused
radiative forcing values in the year 2100 relative to pre-industrial values of +2.6, +4.5, +6.0 and +8.5 W m?2
(difference between insolation absorbed by the Earth and energy radiated back to space). RCP2.6 is compatible
with the Paris Agreement and assumes that global annual greenhouse gas emissions peak between 2010-
2020, with emissions declining substantially thereafter. In RCP8.5 emissions continue to rise throughout the 21st
century, often called ‘business as usual’. The key greenhouse gases emitted by human activities are 76% carbon
dioxide, 16% methane, 6% nitrous oxide and 2% fluorinated gases (IPCC, 2014).

To assess internal variability and model scenario uncertainties, a combination of several Earth System Models
(Frolicher et al., 2016) was used, and the results project a decrease of surface pH, increase of sea surface
temperature (SST), and oxygen loss in most ocean basins in the 100 to 600 m layer by 2100 for the RCP2.6
and the RCP8.5 scenarios (Box Figure 2.1.2). Hence even the most optimistic scenario (RCP2.6 ) would lead
to lower ocean surface pH, as well as ocean warming and deoxygenation in the future (Box Figure 2.1.2 ¢, f,
i). By the end of the 21st century pH is projected to decrease (in pH units) by 0.29+<0.005 (RCP8.5) and 0.07
+<0.005 (RCP2.6), SST is projected to increase by 2.39+0.50°C (RCP8.5) and 0.75+0.30°C (RCP2.6), and
oxygen concentrations averaged over 100-600 m depth are projected to decrease by 6.98+1.02 mmol m
(RCP8.5) and 1.29+1.06 mmol m= (RCP2.6). (Those oxygen units are equivalent to pmol L' and ~pmol kg™).

Box Figure 2.1.2 Time series and spatial patterns of simulated change in surface pH, sea surface temperature (°C), and oxygen concentration (mmol
m-) averaged over 100 to 600 m depth. Simulated spatial patterns of multi-model mean changes in year 2095 for the (middle column) RCP8.5 scenario
and right column RCP2.6 scenario (Reprinted with permission from Frélicher et al., 2016 (© Wiley and Sons)).
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2.1 Globalevidence of ocean deoxygenation

Figure 2.1.3 Schematic of interactions of open ocean oxygen minimum zone (OMZ, red) with hypoxic shelf system and dead zones on continental shelves of

eastern ocean boundaries (modified after Stramma et al., 2010).

oceanic ventilation are identified as a possible factor
contributing to the apparent discrepancies during the
past decades. Other factors relevant to model-data
discrepancies are the roles of equatorial jets, lateral and
diapycnal mixing processes, changes in the wind-driven
circulation, atmospheric nutrient supply and some
poorly constrained biogeochemical processes (Oschlies
et al.,, 2017). The process associated with the largest
changes in simulated oxygen trend was variability in the
wind forcing, particularly during the period prior to the
oxygen content evaluation. Thus, a better observational
constraint on the wind fields before the 1960s will help
to yield more robust simulations of oxygen changes
during the 50 years between 1960 and 2010 (Oschlies
et al., 2017). Continued development and refinement
of this more nuanced modelling approach thus holds
great promise to more accurately predict future changes

Figure 2.1.4 Humboldt (jumbo) squid (Dosidiscus gigas) at night - Gulf of
California’ © robertharding/Alamy stock photo.
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in ocean oxygen on a regional scale and resolve some
observation-model discrepancies.

2.1.4 Ecosystem consequences

Oxygen influences biological processes at the
most fundamental level. Changes in temperature,
oxygen content, and to a lesser degree some other
ocean biogeochemical properties directly affect the
ecophysiology of marine water-breathing organisms
with regard to distribution, phenology and productivity
(Cheung et al., 2012). Expanding OMZs benefit microbes
and life forms adapted to hypoxia while restricting the
ranges of most other species. Eutrophication as a result
of coastal pollution exacerbates this problem, through
organic matter which increases metabolic consumption
in deeper coastal areas (Gattuso et al., 2015). Moreover,
higher temperatures lead to community-level shifts to
smaller Eukarya, Bacteria and Archaea under conditions
of diminished oxygen (see e.g. Gattuso et al., 2015) and
also increase sensitivity of various fish and invertebrates
to hypoxia, thereby limiting the depth distribution of
those species not adapted to hypoxic conditions. In the
tropical Atlantic, for example, the expansion of the OMZ
reduced the available habitat for tropical pelagic fishes
(Stramma et al., 2012b). In addition, the maximum size
of exploited fishes decreases with rising temperature
and decreasing oxygen level, ultimately reducing
potential fish yields (Baudron et al.,, 2014) which is in
agreement with current model predictions (e.g. Cheung
etal., 2012).
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2.1 Global evidence of ocean deoxygenation

Figure 2.1.5 Owlfish (Bathylagus milleri Monterey Bay © 2001 MBARI.

Conversely, hypoxia-adapted species may benefit, as
illustrated by the range-expansion of Humboldt squid
(Figure 2.1.4), a species which is well adapted to hypoxia
(Stewart et al., 2014). Increases in jellyfish blooms have
been linked to eutrophication and hypoxia and lowered
pH; such blooms may indirectly promote hypoxia by
preying on zooplankton, leaving more unconsumed
phytoplankton to sink and degrade via microbial
consumption (Purcell et al., 2001). Some species will
potentially benefit from a habitat expansion, these
include, for example, larger animals that permanently
inhabit the OMZ and include species with extremely
low metabolic rates, e.g. the vampire squid and the
mysid shrimp which have enhanced oxygen extraction
and transport abilites and the bathylagid owlfishes
(Figure 2.1.5), the pelagic worm Poeobius meseres
(Christiansen et al., 2018) and filter-feeding tunicates
(e.g. Pacific transparent sea squirt, or common sea
grape) (Gilly et al., 20138). The impact of habitat
compression was also quantified by the change in
proportion of zooplankton biomass in the upper water
column (Wishner et al., 2013). The vertical repositioning
of biomass layers and the increased depth range of low
oxygen water that diel vertical migrators and sinking
particles must transit in an expanded OMZ, could
have widespread effects on species distribution, the
biological pump, and benthic-pelagic coupling (Wishner
etal, 2013).

Future projections of potential stressors of ocean
ecosystems, such as deoxygenation, warming,
acidification, and changes in ocean productivity, remain
vague due to incomplete understanding of fundamental
mechanisms behind these processes, internal climate
variability, and divergent carbon-emission scenarios
(Frolicher et al., 2016). Nevertheless, it is clear that future
oxygen changes will be strongly dependent on and
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mostly negatively impacted by future global greenhouse
gas emissions (see Box 2.1.2).

2.1.5 Societal consequences

Deoxygenation especially in shelf and coastal waters
has and will lead to more societal consequences.
Productivity will be decreased both for capture fisheries
and aquaculture. Fish and shellfish species that support
regional human needs for protein are scarce and
vulnerable to hypoxic waters, a problem particularly
severe for artisanal fisheries without the capability of
relocating in response to hypoxic or anoxic events that
cause mortality and changes in distributions of fisheries
species (Levin & Breitburg, 2015). Human communities,
especially in developing nations, that depend heavily on
coastal fishery resources for food, economic security,
and traditional culture are at particular risk from shifts in
ocean primary production and species habitat ranges
(Gattuso et al., 2015).

Ecosystem services comprise the entire range of benefits
that nature provides to human communities and can be
classified in four major categories: supporting services,
provisioning services, regulating services and cultural
services (see Cooley, 2012).  Specific ecosystem
services could be negatively affected by pollution,
warming, ocean acidification, and deoxygenation.
Services that are very likely to be negatively impacted
by all stressors include: the supporting services of
biodiversity, biological regulation, nutrient cycling, and
fertility of marine organisms; the provisioning services
of food, building materials, ornamental resources (e.g.
coral, pearls, shell material, aquarium fish); and all the
cultural ecosystem services of spiritual benefits, tourism
and recreation, aesthetic benefits, and opportunities for
education and research (Cooley, 2012).

Established, emerging, and new ocean industries are
directly influenced by oceanic deoxygenation. Negative
influences are listed with regard to fisheries, aquaculture,
pharmaceuticals and chemical industries, tourism, and
assimilation of nutrients; whilst positive influences are
seen only with regard to technology R & D (Allison &
Bassett, 2015).

Societal responses to climate change range from
individual adaptive decisions, to attempts by
representatives of sovereign states to reach a global
consensus on reducing greenhouse gas emissions
(Allison & Bassett, 2015). O’Neill and Nicholson-Cole
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Figure 2.1.6 A menhaden (Brevoortia tyrannus) fish kil due to severe
hypoxia — near anoxia in Greenwich Bay (Narragansett Bay, Rhode island)
© Chris Deacutis.

(2009) have shown that non-threatening images that
engage everyday emotions, such as a picture of a
community mobilizing to protect their local environment,
are more likely to inspire wider citizen action to
address climate change impacts than are fear-inducing
representations of a climate catastrophe. For example,
pollutants mostly from wastewater treatment facilities
resulted in poor water quality and deoxygenation in
Narragansett Bay over the past decades. The pollution
led to algal blooms and a lack of dissolved oxygen in
the bay. Following a large fish kill in 2003 (Figure 2.1.6)
wastewater treatment plants reduced the amount of
nitrogen discharge into the water and in some parts of
the Bay the oxygen returned to normal levels by 2014
leading to better water quality and a healthier marine
habitat that resulted in increased home prices in this
region (Jepsen, 2017).

2.1.6 Implication of continuing ocean
deoxygenation

As deoxygenation is closely connected to global
warming and CO, increase, a continuation and possibly
acceleration of the current rate of ocean deoxygenation
is expected. An area in the eastern tropical Atlantic,
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where repeated measurements have been made in
recent years indicates that the oxygen concentration
continuously decreased in the open ocean in the 50 to
300 m layer by 0.49 pmol kg'yr' for the period 1960
to 2016 (Figure 2.1.7). Excess nutrients from land can
stimulate further biogeochemical activity and push
open-ocean ecosystems into more severe hypoxic
conditions. At the same time, future warmer estuarine
and ocean waters resulted in an increasing number of
eutrophic coastal sites approaching hypoxic tipping
points, thus worsening the severity and spatial extent of
oxygen depletion in systems with historically occurring
hypoxia (Levin & Breitburg, 2015). Harmful algal blooms
might be augmented from nutrients released in bottom
water due to hypoxia (Davidson et al., 2014) with severe
consequences for pelagic fishes and invertebrates that
provide important fisheries for humans and prey for
marine mammals.

Shoaling of the upper boundaries of the OMZs
accompanies horizontal OMZ  expansion, and
decreased oxygen at shallower depths can affect
all marine organisms through multiple direct and
indirect mechanisms. Effects include altered microbial
processes that produce and consume key nutrients and
gases, changes in predator-prey dynamics, and shifts in
the abundance and accessibility of commercially fished
species (Gilly et al., 2013). Microbial communities will
be greatly affected by the expansion and shoaling of
OMZs. Three key changes in microbial communities
and microbe-mediated biogeochemical cycles are likely
to be consequences of OMZ expansion, intensification,
and shoaling: alteration of the N cycle, the emergence of
sulphur (S) cycling, and the creation of new low-oxygen
habitats (Gilly et al., 2013). The removal of nitrogen can
be a limiting nutrient in upwelling areas, phytoplankton
growth and surface production would be reduced. In
OMZs sometimes sulphate seems to be reduced to
sulphide, which is toxic to most organisms. Deeper
low-oxygen habitats will expand as OMZ shoals with
effects on carbon, nitrogen and sulphur cycling, but the
ultimate biogeochemical outcome is difficult to predict
(Gilly et al.,, 2013).

2.1.7 Conclusions / Recommendations

Deoxygenation is an ongoing process and is expected
to continue as increasing global temperatures reduces
the capacity of the ocean to hold oxygen, decreases
the degree of mixing in the upper water column and
reduces the ocean overturning circulation. The current
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2.1 Global evidence of ocean deoxygenation

Figure 2.1.7 A) Dissolved oxygen concentration (umol kg') versus time in the eastern tropical Atlantic Ocean (10° to 14°N, 20° to 30°W (area A in Stramma
et al., 2008)) extended with cruises until September 2016; and B) mean oxygen content of the layer 50 to 300 m with a decreasing linear trend of 0.49 pmol

kg yr for the period 1960 to 2016.

understanding of both the causes and consequences of
reduced oxygen in the ocean and our ability to represent
them in models especially in the low latitudes are
inadequate. The reasons for the discrepancies between
simulations and observations currently remain unclear
(Shepherd et al., 2017).

Accelerated oxygen loss in both the open ocean
and coastal waters is generating complex biological
responses. The phenomena in the open ocean
and in shelf regions are highly interconnected, and
investigations in both areas need to be linked more
closely in the future to address ocean deoxygenation.

Spatial patterns of oxygen change differ considerably
between observed and modelled estimates. Within
models the primary uncertainty of ocean deoxygenation
in the subsurface tropical ocean is due to a
compensation between decreasing oxygen saturation
due to warming and decreasing apparent oxygen
utilization (difference between oxygen saturation and
measured oxygen concentration) due to increased
ventilation of the corresponding water masses (Bopp
et al, 2017). Model improvements are needed for
better simulations to understand oxygen changes and
consequently improve the quality of projections further
into a changing future (Oschlies et al., 2017).

Detecting time-varying trends in ocean properties
and processes requires consistent, high-quality
measurements. Ocean time-series as well as spatial
monitoring provide vital information needed for
assessing oxygen-related ecosystem change. Some

34

of the most important contributions to emerge from
the ocean time-series programmes are reconstructions
of biogeochemical rate processes based on annual
mass balance of properties such as dissolved oxygen,
dissolved inorganic carbon, nitrate and nitrogen and
carbon isotopes. Future studies that seek mechanistic
understanding of ecological interactions underlying
the biogeochemical dynamics should be encouraged
(Church et al., 2013).

As CO, increases in the atmosphere and the ocean,
this is a driver for ocean warming and acidification,
and closely related with deoxygenation. Investigations
of the biological effects of a single, isolated driver are
problematic, in that they can produce misleading
inferences about different organism’s responses in a
multivariate natural environment. Essentially, interactive
(additive, synergistic, or antagonistic) effects are
generally not predictable from single-driver studies.
In some cases, hypoxic conditions can mediate
negative effects of ocean acidification, however, ocean
acidification and hypoxia increase heat sensitivity, and
oxygen loss combined with warming is projected to
lead to the contraction of metabolically viable habitats
of marine animals on a global scale (see Gattuso et al.,
2015). Growing evidence suggests that interactions
with other environmental factors, such as irradiance,
nutrient availability, geographical location and species
community composition, can strongly modulate the
biological effects of warming, ocean acidification and
hypoxia (see Gattuso et al., 2015).
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Understanding the impact of climate change, as well as
society’s diverse perspectives and multiscale responses
to the changing ocean, requires a correspondingly
diverse body of scholarship in the physical, biological,
and social sciences as well as humanities. This can
ensure that the research that informs climate policy
leads to a plurality of values and viewpoints and may
enable the concerns of maritime societies and economic
sectors to be heard in key adaptation and mitigation
discussions (Allison & Bassett, 2015).
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2.2 Evidence for ocean deoxygenation and its
patterns: Atlantic Ocean
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Summary

e No other chemical parameter is of such importance to all higher marine life as dissolved oxygen. From available
data it is obvious that oxygen-limited areas have expanded throughout most of the Atlantic during the last 50
to 100 years and are clearly related to human activities.

e Oxygen limited waters, hypoxic and even anoxic conditions are now found in many coastal areas in the Atlantic
Ocean including in connected seas like the Mediterranean, the Black Sea, the North Sea and the Baltic Sea,
and the Gulf of Mexico.

e Sediment studies show that anoxic conditions have been present in deep waters in the past, long before
anthropogenic activities started to have an influence on the marine environment. However, the present observed
deoxygenation in coastal and offshore areas is clearly linked to human activities such as input of nutrients and
organic matter, and increasing temperatures as a result of climate change.

e The expanding oxygen minimum zones affect the entire Atlantic ocean ecosystem, its biodiversity and
productivity.

e |n addition to many coastal waters, oxygen limited waters are also found at mid-water depths (typically 300-
1000 m) in the Atlantic Ocean basins, particularly the Equatorial and South Atlantic. The oxygen concentrations
in these areas have decreased during the last 60 years, partly due to ocean warming, and partly as a result of
decreased mixing and ventilation.

e Continued spreading of deoxygenated areas in the Atlantic, as well as the rest of the world ocean, must be
considered a most serious environmental problem with enormous potential impacts on biodiversity and human
societies.
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Atlantic Ocean deoxygenation

Potential consequences

Oxygen limited areas have expanded over most of the
Atlantic Ocean during the last 50 to 100 years.

If the conditions continue to deteriorate a number of
human ocean and coastal activities are in jeopardy
including fishing, aquaculture and coastal tourism.

Human activities are the reasons for the expanding
oxygen limited areas.

If the release of nutrients, oxygen depleting organic
substances and greenhouse gases are not dealt with,
the deoxygenated areas will expand as well as extend
into deeper parts of the Atlantic Ocean.

Consequences can now more often be noted in many
coastal areas and marginal seas where the smell of
anoxic water is a regular phenomenon.

Coastal areas will lose fisheries, tourism and may even
be uninhabitable to marine life.

In addition to large parts of the coastal waters of the
Atlantic, over the last 60 years large ocean basins
such as the Equatorial and southern Atlantic are being
affected by decreasing oxygen levels.

If the deoxygenation of entire ocean basins continue
human life will be seriously threatened, not only in
coastal areas but everywhere on the planet.

2.2.1Introduction

The Atlantic Ocean, including marginal seas like the
Mediterranean, Gulf of Guinea, Black Sea, North Sea,
Baltic Sea, and Gulf of Mexico, is the second largest
body of water on the planet. The surface area of about
106 million km? with an average depth is about 3600 m,
and a maximum depth of 8500 m. The Atlantic Ocean
is the drainage basin for more land area than any other
ocean basin. Seven of the world’s ten largest rivers
empty into the Atlantic Ocean. The Atlantic Ocean basin
is the only part of the world ocean with significant water
exchange with the Arctic Ocean.

There are more and longer data series of physical/
chemical and biological parameters from the Atlantic
(particularly the North Atlantic) than from any other part
of the world ocean. Such data series of measurements
in some cases stretch as far back as 150 years.

In the Atlantic Ocean, as in most of the world ocean,
the oxygen concentrations in the water column are
generally characterized as slightly supersaturated in
the surface water, more-or-less undersaturated at
intermediate depth, and with higher levels of oxygen,
although still undersaturated, in deeper waters. This
difference in the oxygen concentration is a reflection
of the production and uptake of oxygen through
photosynthesis and air-sea gas exchange near the
surface, and the consumption through respiration and
degradation processes below. Deeper waters tend
to have higher oxygen levels because of supply of
well-oxygenated bottom waters and low degradation
rates. These well-oxygenated bottom waters originate
from down-welling/thermohaline circulation in polar
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regions. The oxygen-minimum zone typically occurs
at depths between 300 and 1200 m which is the zone
where the permanent thermocline is found. A number
of other physical processes also influence the levels
of oxygen at a particular depth in the ocean, such as
circulation, and down- and up-welling. The Atlantic is
characterized by massive down-welling in the North
Atlantic and Norwegian Sea. Here North Atlantic Deep
Water (NADW) is formed which feeds the upwelling in
many other regions of the world ocean. There is also
significant although less pronounced down-welling in
the South Atlantic near Antarctica.

Upwelling areas are found in several parts of the Atlantic
Ocean (Figure 2.2.1). At these sites nutrient rich deep
water is brought up to the surface through a combination
of wind and Ekman drift and the Coriolis force. Ekman
drift is the process where winds generate currents and
due to such currents upwelling occurs, a process called
the Coriolis effect. This deep water may, however, be
oxygen limited or hypoxic and such waters are found
often around 100 to 300m depth and sometimes even
at the surface. Pronounced upwellng areas are found
for example off the south-west coast of Africa where the
Benguela Current brings pulses of hypoxic deepwater to
the surface along the coast of South Africa, Namibia and
Angola (Arntz et al., 2006; Mohrholz et al., 2008; Monteiro
et al., 2006, 2008; Prochazka et al., 2005) (Figure 2.2.1).
The Canary Current is a wind-driven surface current
which is part of the North Atlantic Gyre. Along the north-
west African coast off Mauretania and West Sahara
the Canary Current, due to the Ekman drift, produces
a pronounced upwelling which brings oxygen-depleted
but nutrient-rich deep water to the surface (Gyory et al.,
2007; Hempel, 1982). Furthermore, seasonal upwelling
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Figure 2.2.1 The Atlantic Ocean with areas of permanent or seasonal upwelling of deep water (dark blue areas). Such areas are common in the basins along
the western coasts of the Europe and Africa but occurs also along large parts of the coastline in Europe and North America as well as in the Baltic and Black

Seas. Major surface currents are also illustrated (orange arrows).

areas related to the West African monsoon are found in
the central equatorial Atlantic Ocean, typically occurring
from May through September (Christian & Murtugudde,
2003). The area affected by this upwelling may be as
large as 2 million km? (Subramaniam et al., 2013).

2.2.2 Trends and impacts
2.2.2.1 Coastal areas

Under natural conditions shallow waters on the
continental shelf generally tend to have higher
concentrations of oxygen because of higher primary
productivity and being better ventilated. However, a
number of anthropogenic activities affect the levels of
oxygen in coastal oceanic waters. Coastal waters are
affected by forestry, agriculture and urbanization which

Ocean deoxygenation: Everyone's problem

often leads to increased concentrations of nutrients
and organic matter (e.g. Seitzinger et al., 2010; Sinha
et al., 2017). This leads to eutrophication which results
in increased decomposition and decreased oxygen
concentrations (hypoxia) which may further lead to
anoxia (no oxygen). There are numerous reports of
such conditions along much of the world’s coastlines
(see for example reviews by Diaz & Rosenberg (2008)
and Rabalais et al. (2014), as well as the assessments
carried out by the World Resources Institute (2010)).
In the Atlantic Ocean region eutrophic conditions are
nowadays more or less permanent in parts of the Gulf
of Guinea, Abidjan Lagoon, along the Atlantic coast of
Spain and Portugal, English Channel, Wadden Sea,
Kattegat and Skagerrak, up to 40% of the Baltic proper,
Bay of Gdansk, Gulf of Riga, the Black Sea including
Azov Sea and Sea of Maramara.
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Figure 2.2.2 Map showing the distribution of 415 hypoxic and eutrophic coastal systems worldwide. Most of these areas are found in the Atlantic. From WRI

(2010).

A contributing factor to decreasing oxygen
concentrations is the increasing ocean water
temperature. Global warming results in increasing
water temperatures particularly in surface waters,
which also leads to decreasing dissolved oxygen
concentrations as warmer water holds less oxygen. In
the Baltic Sea where the relative importance of physical
forcing versus eutrophication is debated, analysis of
oxygen and salinity profiles collected over the last 115
years show that increasing temperatures over the last
two decades has contributed to worsening oxygen
conditions (Carstensen et al., 2014). In the Baltic Sea,
oxygen deficient waters have expanded from 5000 to
60,000 km? over the last century making it the largest
anthropogenically induced hypoxic area in the world.
Increasing water temperatures will also increase the
tendency for stratification of the water mass which will
decrease the tendency for mixing of the water mass.

However, due to human activities on land, higher rates of
degradation are also a characteristic feature of shallow
waters. Increased loads of nutrients and organic matter
due to runoff from drainage areas affect the oxygen
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conditions in many coastal areas, particularly near major
rivers or in enclosed or semi-enclosed sea areas. In the
Atlantic Ocean depressed oxygen levels as a result of
increased outflow of organic matter and nutrients have
been observed along most of the coastal areas. In some
cases, the deoxygenation is temporary and affects
relatively small areas. However, there is an increasing
number of large coastal areas that are more-or-less
permanently affected by hypoxia or anoxia. Recovery
from prolonged periods of anoxia takes many years
(Diaz & Rosenberg, 2008; Pearson & Rosenberg, 1978).

The World Resources Institute published a global
assessment of the number of eutrophic and hypoxic
coastal areas around the world in 2010 (Figure 2.2.2). In
total 762 areas were impacted by eutrophication and /
or hypoxia (World Resources Institute, 2010). Of these
about 300 were to be found in the Atlantic including
the Mediterranean, Black, North and Baltic Seas (Figure
2.2.3).

The northern Gulf of Mexico is another example of an
area impacted by hypoxia and eutrophication (Rabalais
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Figure 2.2.3 Map showing the distribution of hypoxic and eutrophic coastal systems in Europe. From WRI (2010).

et al., 2014) (Figure 2.2.4). The average size of the
hypoxic zone in the northern Gulf of Mexico over the
past 30 years (1985-2014) has been estimated at about
13,650 km?2. Another large coastal area affected by
hypoxic conditions in North America is the Chesapeake
Bay which covers about 11,000 km?. As a result of
reductions in the input of nutrients from surrounding
areas and increasing ambient temperatures and sea-
level rise the oxygen concentrations in bottom waters
are projected to increase while the oxygen levels at mid-
depths will decrease. However, with the precipitation
over land predicted to increase, there will be larger
volumes of winter and spring fresh water inflow and
nutrient loads leading to increased primary production.
The combined effect of this multitude of factors
is predicted to further lower the dissolved oxygen
throughout the Cheasapeake Bay (Irby et al., 2017).

Parts of the eastern and southern North Sea including
the Skagerrak, the Kattegat, the Sound (the strait
between Sweden and Denmark) and the Wadden
Sea are examples of areas increasingly affected by
hypoxia although a slight recovery was seen recently in
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the Kattegat (OSPAR Commission, 2017). In addition,
the Baltic Sea is an extreme example of a marginal
sea where extensive areas (as much as 30-40%) are
affected by hypoxia at mid-depths (30 to 150 m) and
anoxia in the deeper water (e.g. Lindberg, 2016).

Even more affected by hypoxia and anoxia was the
Black Sea till the early 1990s when up to nearly 90%
of the water volume was affected (Paleari et al., 2005)
by anoxic conditions. However, the release of nutrients
from surrounding areas has decreased since then
and the environmental conditions in the Black Sea
appear to have improved, although the improvement
is unstable, and complete recovery may take a very
long time (Jessen et al., 2017). Jessen et al. (2017)
conclude that the bottom water oxygen concentration
is a key factor in determining the biogeochemistry of the
sediments and overlying waters. Hypoxic conditions
prevent bioturbation and decrease remineralization
rates even within short periods of a few days. However,
Capet et al. (2016) point out the importance of
dedicated monitoring in areas such as the Black Sea
where seasonal fluctuations and the heterogeneous
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Figure 2.2.4 Map showing the distribution of hypoxic and eutrophic coastal systems from coastal North America. From WRI (2010).

spatial distribution complicates the interpretation of
information from different data sets, and conclude
that the reported recovery of the Black Sea after 1995
probably overestimated the trends and that hypoxic
events have been recurring.

2.2.2.2 Offshore Atlantic Ocean

Models for the future development of the oxygen
concentrations in the Atlantic project a 1 to 7% decline
by the year 2100 (Keeling et al., 2010; Long et al.,
2016). This decline would be caused by a combination
of a warming-induced decline in oxygen solubility and
reduced ventilation of the deep ocean.

Generally, over the Atlantic Ocean there are large
subsurface oxygen minimum zones (OMZs) offshore,
particularly in the eastern tropical and subtropical
Atlantic. Oxygen poor waters have far-reaching
ecological impacts as key fauna such as bottom-living
invertebrates that normally are responsible for the
degradation of organic matter and fish cannot survive in
these hypoxic zones (e.g. Bianucci et al., 2016; Brennan
et al., 2016) (Figure 2.2.5). There has been a significant
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increase in the vertical expansion of these low-oxygen
zones at intermediate depth in the eastern parts of the
tropical Atlantic both south and north of the equator
(Stramma et al., 2008, 2010). Schmidtko et al. (2017)
assessed the global oceanic oxygen content during the
past five decades for the different basins in the Atlantic
Ocean.

The loss in ocean oxygen is spread over the entire
deep-water column between the North Atlantic deep
water and Antarctic bottom water, with 12.4% of the
global ocean oxygen loss over the 50 years (i.e. from
1960) occurring in the South Atlantic (Table 2.2.1;
Figure 2.2.6). The change is in line with the theory of
reduced ventilation due to meridional overturning
changes, and that this reduced ventilation has provided
less oxygenated waters in recent years, particularly in
mid-latitudes in both hemispheres, as well as in tropical
areas. That multi-decadal basin-scale variability in
combination with the slow-down in oceanic overturning
of the deep water and a potential increase in biological
consumption is supported by other work (Broecker
et al., 1999; Keller et al., 2016). In the upper water
column, warming and the resulting decrease in solubility
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Figure 2.2.5 Atlantic wolfish (Anarhichas lupus) has a critical oxygen level of
5.69-6.64 mg L. © Nature Picture Library / Alamy stock photo.

and biological consumption is most likely the reason
for the loss in oxygen which, measured over the entire
global ocean corresponds to over 2% since the 1960s
(Schmidtko et al., 2017).

The long-term trends in dissolved oxygen in eight
regions (Labrador Sea, Irminger Sea, Iceland Basin,
Rockall Through and the Western European Basin
North, Newfoundland Basin, North American Basin,
Mid Atlantic Region, and Western European Basin
South) covering the entire North Atlantic during the 50
years from1960-2009 were analysed based on three
different data sets (Stendardo & Gruber, 2012). The
results showed a significant decrease in oxygen in the
upper and mid-depth waters in aimost all regions over
the five decades. However, over the same period the
deep water and water from Labrador entering into the
North Atlantic increased in oxygen concentrations to
a limited extent in two regions of the North Atlantic.
Stendardo and Gruber (2012) concluded that the
oxygen decreases in the mid-water of the northern

and eastern regions were largely driven by changes
in circulation and/or ventilation, while the decreases
observed in the upper layer and the oxygen increases
in the deep water and the Labrador water were driven
by changes in solubility. Comparing the oxygen trends
with those of the oceanic heat content for the different
regions and water depths the figures largely overlap and
are larger than what would be expected from solubility
alone. Hence biological parameters such as production
and respiration as well as factors related to ventilation
and circulation probably play roles in explaining this.

Santos et al. (2016) showed that the explanation to the
declining oxygen concentrations is more complicated
than simply warming. Their study showed that
deoxygenated Antarctic mid-water directly impacts the
thickness of the oxygen minimum zones in the eastern
tropical South Atlantic (ETSA) and the eastern tropical
North Atlantic (ETNA). The investigation using data
since the 1960s showed the thickness of the oxygen
minimum zones has increased by 2.58+0.67 m y'
(ETSA) and 3.37+0.73 m y' (ETNA), and that the
oxygen levels had decreased correspondingly while
the temperatures has increased. However, an analysis
of the Antarctic Intermediate Water (AAIW) source
region revealed a temperature increase of 1.9 °C and
a dissolved oxygen decrease of ~46 umol kg™ over the
study period of 60 years. This would indicate a decrease
in oxygen solubility of up to ~15 umol kg™ and thus the
observed warming explains only 31% of the observed
oxygen decline. This suggests that a reduction in
ventilation, ocean circulation and thermal stratification
as well as productivity changes and altered respiration
and mineralization may have also contributed to the
decrease in dissolved oxygen levels.

Table 2.2.1 Atlantic Ocean: Volume, oxygen content and change and solubility related to changes per basin and depth. The decreasing oxygen content is
particularly pronounced in the South Atlantic (modified from Schmidtko et al., 2017)

Atlantic Ocean | Volume | Oxygen content | Solubility (rel. oxygen | Change in % of global change
area (10 km?) (Pmol) change (Tmol dec™) in the entire world ocean
North Atlantic 111.6 26.86 +0.05 -04 0.9

0-1200 m 34.04 6.90 +0.02 -9.8 2.7

1200 m-bottom |  77.02 19.96 +0.03 -9.3 1.8

Eq. Atlantic 74.19 15.89 +0.04 -11.1 7.5

0-1200 m 20.62 2.76 +0.02 -7.8 2.3

1200 m-bottom | 53.58 13.13 +0.02 -3.3 5.2

South Atlantic 100.84 22.39 +0.05 -30.0 12.4

0-1200 m 27.72 5.98 +0.02 -26.2 1.4

1200 m-bottom | 73.12 16.41 £0.03 -3.8 11.0
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Figure 2.2.6 Map illustrating the area of decreasing oxygen content down to 1200m which is particularly pronounced in the South

Atlantic (modified from Schmidtko et al., 2017).

Sediment cores from the deep North Atlantic have
revealed millennial changes in the oxygen concentrations
(Hoogakker et al., 2016). Interglacial changes in bottom
water (1-2 km deep) in the north-east Atlantic have
been linked to decreased ventilation related to changes
in oceanic circulation and biological productivity.
Hoogakker et al. (2016) showed that glacial cold events
may be associated with lower seawater oxygen levels
across the North Atlantic and suggested that lower
oxygen concentrations in the deep water can be linked
to increased export of organic material from the surface
waters and its subsequent remineralization in the water
column.
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Hypoxia interrupted by periodic anoxia will fundamentally
alter the benthic ecosystem and its ability to process
carbon. Studies show that under normal oxygen
conditions most of the organic matter sinking to the sea
bed is consumed and recycled. Usually only a minor part
of the organic matter gets buried in the ocean floor, most
of it is remineralized and fed back to the ecosystem.
However, declining oxygen levels and short hypoxic
periods will completely change the picture and more
than 50% of the organic matter will not be remineralized,
significantly influencing the carbon storage in the sea
floor for decades (Jessen et al., 2017).
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2.2.3 Ecosystem consequences

Oxygen is an essential element for all higher life and the
implications of continued spreading of deoxygenated
areas in the Atlantic Ocean must be considered a most
serious environmental problem. It has fundamental
implications on ocean productivity, biodiversity,
biogeochemical cycles and the global climate.

The response to declining oxygen will vary depending
on sensitivity of different species and different life stages.
The responses may be death or sub-lethal effects such
as behavioural or physiological, that may manifest as
reduced growth or impaired reproduction. Furthermore,
the oxygen available to organisms depends on the
temperature of the water (low temperature means
increased solubility), pressure (high pressure increases
solubility), and salinity (high salinity means lower
solubility).

Declining concentrations of oxygen not only have direct
and often dramatic effects on higher organisms such
and fish and shellfish, but decreased oxygen levels also
affect a number of important biogeochemical reactions
and cycling in the marine environment. Hence the cycling
of nutrients, metals, sulphide and carbon are affected.
For example, hypoxia and anoxic conditions prevents
the sequestration of phosphorus in the sediment.
As a consequence, even if the input of phosphorus
is eliminated, under hypoxic conditions phosphorus
remains in the ecosystem and continues to fuel primary
productivity resulting in massive algal blooms, perhaps
for decades, for example as in the central Baltic Sea, the
Black Sea, parts of the North Sea and the Cariaco Basin
(Ahtiainen et al., 2014; Jokinen et al., 2018; Kemp et al.,
1990; Nixon et al., 1996; Ye et al., 2016). These blooms
of algae may in some cases be harmful (HABs). The
extent of hypoxia also affects the loss of fixed nitrogen
in the ocean via denitrification, thereby influencing
the supply of nitrate which is a limiting nutrient over
much of the ocean (e.g. Gruber, 2004). This will have
negative consequences on ocean productivity. The
concentrations of oxygen also influence the production
of nitrous oxide (N,O) which is a powerful greenhouse
gas. Production of this gas will increase under hypoxic
conditions both from denitrification and nitrification
(Codispoti et al., 2001; Keeling et al., 2010). Results
from investigations off the western Indian Shelf during
periods of hypoxic, suboxic and anoxic waters produced
a maximum surface N,O saturation of >8000%. The
studies showed the sensitivity of denitrification to small
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changes in the ocean dissolved oxygen, and that small
changes in dissolved O, concentrations can change the
N,O emission from the ocean rapidly.

The ecological consequences of the decline in
oxygen levels in marine areas are dramatic. Hypoxia
impoverishes the ecosystem with only the most tolerant
and opportunistic species remaining, and anoxia
eliminates all higher life. Pelagic species may, to a
certain extent, be able to avoid hypoxic conditions and
indeed this is why fish stocks are still present in places
such as the Black Sea and the Baltic Sea. Fish such
as cod and herring simply move to surface waters as
hypoxia spreads in deeper waters. However, species
living on or near the sea bed will not be able to survive
such conditions. Also, although adult cod may be able
to survive, eggs and larvae may not as the situation in
the Baltic Sea shows (e.g. Nissling, 1994). The response
pattern of benthic communities to hypoxia has been
described by Pearson and Rosenberg (1978). As
dissolved oxygen declines to <0.7 ml L' and extends
through time, mass mortality of both more sensitive and
the more tolerant species will take place. If anoxia occurs
all benthos will die. The process of recovery from such
conditions follows a different path from when oxygen is
declining. The conceptual model for benthic community
responses to hypoxia and anoxia and the recovery from
such conditions has been described in the Pearson-
Rosenberg model (Pearson & Rosenberg, 1978).

2.2.4 Societal consequences of continued
deoxygenation

The socio-economic consequences of continued
deoxygenation of the Atlantic Ocean are enormous
and difficult to comprehend. Fundamental changes
will take place affecting biological as well as chemical
factors in the ocean and in the longer term also life
on land will suffer as biogeochemical cycles including
that of carbon and oxygen are affected. Initially, and
this is already happening, fisheries suffer from the
consequences of hypoxia and anoxia in the pelagic
and benthic zones (Table 2.2.2). As the oxygen
minimum zones are expanding the habitats for fish
and shellfish are compressed. In the tropical Atlantic
some populations of tuna, billfish and marlin have
experienced a 15% reduction in their vertical habitat
range between 1960 and 2010 as a result of the
expansion of the oxygen minimum zones (Stramma
et al., 2011). Organisms that require high oxygen
levels are losing habitat while more tolerant species
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Table 2.2.2 The typical effects of hypoxic/anoxic conditions

Before deoxygenation

Under low-oxygen condition

e Diverse ecosystem including demersal
species
e Benthic life consisting of fish and shellfish

Impoverished ecosystem
Only pelagic fish in surface waters
No deep-water/benthic life

Well-oxygenated deep water
Well-flushed water body

Hypoxic/anoxic deep-water

will expand. The effects are manifested as decreased
catches of benthic species and increased catches
of upper-pelagic fast-growing species, a reflection of
a switch to shorter food chains; clear signs of such
effects have been seen in the Baltic Sea, the Black Sea
and in other parts of the North Atlantic (e.g. Bianucci
et al., 2016; Brennan et al., 2016). It is reasonable to
assume that, as deoxygenation progresses, fisheries
in coastal as well as offshore areas will be affected
with implications on the food supply to many millions
of people.

As oxygen levels continue to decrease and reach
hypoxic conditions the available habitats for aerobic
organisms decrease rapidly (Deutsch et al., 2011).
The spatial extent of hypoxia is highly sensitive to
small changes in the oxygen content with maximum
responses at suboxic levels where anaerobic processes
predominate. Areas most at risk in the Atlantic are
the eastern tropical/subtropical basin as well as mid-
latitudes. Based on model simulations widespread
hypoxia is forecasted in these areas between 2014 and
2030 (Long et al., 2016).

Potentially the societal consequences of the effects of
ocean deoxygenation on the global climate is, however,
even more serious but much more information is needed
to fully understand the implications. As the oxygen
concentrations are decreasing the nutrient cycling is
affected and as this is taking place on such a large scale
it has implications for the global biogeochemistry and
climate. Oxygen is directly linked to the carbon cycle
via photosynthesis and respiration, hence the rate at
which organic material is produced, distributed and
recycled. Understanding how the ocean ecosystems
are changing with global warming is clearly linked with
the CO, concentrations in the atmosphere and the ability
of the ocean as well as land to serve as carbon sinks.

2.2.5 Conclusions / Recommendations

Hypoxic and anoxic conditions are found in many
coastal areas in the Atlantic Ocean including in
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connected seas like the Mediterranean, the Black
Sea, the Baltic Sea and Gulf of Mexico. From available
data it is obvious that these oxygen-limited areas have
expanded dramatically during the last 50 to 100 years.
In coastal areas there are several good examples that
conditions can improve, provided the input of nutrients
and organic matter from land can be controlled. At
local and regional levels, there are therefore good
reasons to build sewage treatment plants and improve
management of drainage water from land in order to
reduce these substances as far as possible.

The expanding oxygen minimum zones affect the entire
marine ecosystem, its biodiversity and productivity.
In addition, there are several links to global climate
change. Oxygen limited waters are also found at mid-
water levels in most of the Atlantic Ocean basins, usually
at 300 to 1000 m depth. The oxygen concentrations in
these areas have decreased during the last 60 years,
partly due to ocean warming, partly as a result of
decreased mixing and ventilation. Continued spreading
of deoxygenated areas in the Atlantic Ocean must be
considered a most serious environmental problem.
There is no other parameter of such importance to all
higher life as dissolved oxygen. To be able to manage
the declining oxygen levels in offshore areas global
action is needed. The clear links to the atmospheric
concentrations of carbon dioxide would strongly
suggest that the issue of deoxygenation of the ocean
must be dealt with within the framework of the climate
change negotiations.

Understanding of the relative importance of autotrophic
and respiratory processes, as well as physical processes
(e.g. mixing and currents) in deep and mid-water oxygen
dynamics requires more data than what are currently
available.

Also, knowledge regarding the impacts of climate
change on physical processes, oxygen deficiency and
oxygen consumption is poor in large parts of the Atlantic
Ocean. In order to better distinguish between the
effects of nutrient enrichment and changes in seawater
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Box 2.2.1 The Baltic Sea and deoxygenation

The Baltic Sea has been affected by deoxygenation and anoxic conditions since it was formed after the last
glaciation. Geologists have detected periods of anoxic conditions at the sea bed since the Littorina Sea about
8000 years ago. The Littorina Sea was a brackish water marginal sea which existed for about 4000 years before
the present Baltic Sea. However, since the early 1900s local outbreaks or hypoxia have become more frequent
and since 1950 large areas, up to 100 000 km? have been affected by anoxia in the deep and intermediate
waters from the sea bed up to 50 to 80 m depth (Box Figures 2.2.1.1 — 2.2.1.3). The water column in the Baltic
Sea is highly stratified due to large inflows of fresh water from surrounding land areas and low and infrequent
inflow of Atlantic water. As a consequence, the surface water is only some 6 to 8 Practical Salinity Unit (PSU)
while the deep water is 15 to 20 PSU. The halocline is at about 40 m in the southern Baltic Sea and about 80 m
in the north. The anoxia in deep waters contributes to the mobilization of nutrients from the seabed sediment
which results in massive algal/bacterial blooms during the summer months.

The increasing problems with hypoxia and anoxia during the last 100 years have been related to the release of
nutrients and organic substances from the drainage area. Based on a catchment-sea coupled model system
and numerical experiments based on meteorological and hydrological forcing data and scenarios, it is projected
future changes will lead to increasing problems with hypoxia and decreasing pH (Omstedt et al., 2012).
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Box Figure 2.2.1.1 The Baltic Sea with Gulf of Finland, Gulf of Riga, the Sound, the Belt Sea and the Kattegat. The maps show the extent of

hypoxic and anoxic water in the autumn (A) 2016, (B) 2017. From SMHI 2017 (www.smhi.se).
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Box Figure 2.2.1.2 Aerial extent of anoxic and hypoxic conditions in the Baltic Proper including the Gulf of Finland and the Gulf of Riga from 1960 to
2017. Results from 1961 and 1967 have been removed as data from deep basins are missing. From SMHI, Report Oceanography 63, 2017.
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Box Figure 2.2.1.3 Volume of anoxic and hypoxic deep water in the Baltic Proper, Gulf of Finland and Gulf of Riga 1960-2017. Results from 1961 and
1967 have been removed as data from deep basins are missing. From SMHI, Report Oceanography 63, 2017.
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temperature as a result of climate change more data
series are needed. Since oxygen deficiency is localized
and often short-lived, modelling can help in identifying
hotspots.

2.2.6 References

Ahtiainen, H., Artell, J., Eimgren, R., Hasselstrom, L., & Hakansson,
C. (2014). Baltic Sea nutrient reductions — What should we aim
for? Journal of Environmental Management, 145, 9-23. https://
doi.org/10.1016/j.jenvman.2014.05.016

Arntz, W. E., Gallardo, V.A., Gutiérrez, D., Levin, |.E., Mendo, J., Neira,
C., ... Wolff, M. (2006). El Nifio and similar perturbation effects on
the benthos of the Humboldt, California, and Benguela Current
upwelling ecosystems. Advances in Geosciences, 6, 243-
265. https://doi.org/10.5194/adgeo-6-243-2006

Bianucci, L., Fennel, K., Chabot, D., Shackell, N., & Lavoie, D. (2016).
Ocean biogeochemical models as management tools: a case
study for Atlantic wolffish and declining oxygen. ICES Journal of
Marine Science, 73, 263-274. https://doi.org/10.1093/icesjms/
fsv220

Brennan, C.E., Blanchard, H., & Fennel, K. (2016). Putting Temperature
and Oxygen Thresholds of Marine Animals in Context of
Environmental Change: A Regional Perspective for the Scotian
Shelf and Gulf of St. Lawrence. PLoS ONE, 11, e0167411.
https://doi.org/10.1371/journal.pone.0167411

Broecker, W.S., Sutherland, S., & Peng, T.-H. (1999). A possible
20" century slowdown of the southern ocean deep water
formation. Science, 286, 1132-1135. https://doi.org/10.1126/
science.286.5442.1132

Capet, A., Meysman, F., Akoumianaki, J., Soetaert, K., & Grégoire,
M. (2016). Integrating sediment biogeochemistry into 3D oceanic
models: A study of benthic-pelagic coupling in the Black Sea.
Ocean Modeling, 101, 83-100. https://doi.org/10.1016/j.
ocemod.2016.03.006

Carstensen J., Andersen, J.H., Gustafsson, B.G., & Conley, D.J.
(2014). Deoxygenation of the Baltic Sea during the last century.
Proceedings of the National Academy of Sciences of the United
States of America, 111, 5628-5633. https://doi.org/10.1073/
pnas.1323156111

Christian, J.R., & Murtugudde, R. (2003). Tropical variability in a
coupled physical-biogeochemical ocean model. Deep Sea
Research Part Il: Topical Studies in Oceanography, 50, 2947-
2969. https://doi.org/10.1016/j.dsr2.2003.07.005

Codispoti, L.A., Brandes, J.A., Christensen, J.P., Devol, A.H., Nagvi,
S\W.A., Paerl, HW., & Yoshinari, T. (2001). The oceanic fixed
nitrogen and nitrous oxide budgets: Moving targets as we enter
the anthropocene? Scientia Marina, 65, 85-105. https://doi.
0rg/10.3989/scimar.2001.65s285

Deutsch, C., Brix, H., lto, T., Frenzel, H., & Thompson, L. (2011).
Climate-forced variability of ocean hypoxia. Science, 333, 336-
339. https://doi.org/10.1126/science.1202422

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

48

Gruber, N. (2004). The dynamics of the marine nitrogen cycle and its
influence on atmospheric CO,. InM. Follows, & T. Oguz (Eds.). The
Ocean Carbon Cycle and Climate. pp. 97-148. Dordrecht: Kluwer
Academic. https://doi.org/10.1007/978-1-4020-2087-2_4

Gyory J., Mariano, A.J., & Ryan, E.H. (2007). The Canary Current.
Global International Waters Assessment, Kalmar, Sweden.
Available online. URL: http://www.giwa.net/ areas/area41.phtml.
Accessed March 21, 2007.

Hempel, G. (Ed.). (1982). The Canary Current: studies of upwelling
systems. Rapports et process-verbaux des Réunions, 180.

Hoogakker, B.A.A., Thornalley, D.J.R., & Barker, S. (2016).
Millennial changes in North Atlantic oxygen concentrations.
Biogeosciences, 13, 211-221.  https://doi.org/10.5194/
bg-13-211-2016

Irby, 1.D., Friedrichs, M.AM., Da, F, & Hinson, K.E. (2017). The
competing impacts of climate change and nutrient reductions
on dissolved oxygen in Chesapeake Bay. Biogeosciences, 15,
2649-2668. https://doi.org/10.5194/bg-15-2649-2018

Jessen G.L., Lichtschlag, A., Ramette, A., Pantoja, S., Rossel,
P.E., Schubert, C.J., ... Boetius, A. (2017). Hypoxia causes
preservation of labile organic matter and changes seafloor

microbial community composition (Black Sea). Science
Advances, 3, e1601897. https://doi.org/10.1126/
sciadv.1601897

Jokinen, S. A, Virtasalo, J.J., Jilbert, T., Kaiser, J., Dellwig, O., Arz, HW.,
... Saarinen, T. (2018). A 15600-year multiproxy record of coastal
hypoxia from the northern Baltic Sea indicates unprecedented
deoxygenation over the 20th century. Biogeosciences, 15,
3975-4001. https://doi.org/10.5194/bg-15-3975-2018

Keller, D.P, Kriest, I., Koeve, W. & Oschlies, A. (2016). A
Southern Ocean biological impacts on global ocean oxygen.
Geophysical Research Letters, 43, 6469-6477. https:/doi.
0rg/10.1002/2016GL069630

Keeling, R.F., Kortzinger, A., & Gruber, N. (2010). Ocean deoxygenation
in a warming world. Annual Review of Marine Science, 2, 463-
493. https://doi.org/10.1146/annurev.marine.010908.163855

Kemp, W. M., Sampou, P, Caffrey, J., Mayer, M., Henriksen, K., &
Boynton, W.R. (1990). Ammonium recycling versus denitrification
in Chesapeake Bay sediments. Limnology and Oceanography,
35, 15645-1563. https://doi.org/10.4319/10.1990.35.7.1545

Lindberg, A.E.B. (2016). Hydrography and oxygen in the deep basins.
Baltic Sea Environment Fact Sheet 2015. SMHI and HELCOM.

Long, M.C., Deutsch, C., & Ito, T. (2016). Finding forced trends in
oceanic oxygen. Global Biogeochemical Cycles, 30, 381-397.
https://doi.org/10.1002/2015GB005310

Mohrholz, V., Bartholomae, C.H., van der Plas, AK., & Lass, H.U.
(2008). The seasonal variability of the northern Benguela
undercurrent and its relation to the oxygen budget on the
shelf. Continental Shelf Research, 28, 424-441. https://doi.
org/10.1016/j.csr.2007.10.001

Monteiro, PM.S, van der Plas, A.K., Melice, J.-L., & Florenchie, P.
(2008). Interannual hypoxia variability in a coastal upwelling
system: Ocean-shelf exchange, climate and ecosystem-
state implications. Deep Sea Research Part I: Oceanographic
Research Papers, 55, 435-450. https://doi.org/10.1016/j.
dsr.2007.12.010

Ocean deoxygenation: Everyone’s problem


https://doi.org/10.1016/j.jenvman.2014.05.016
https://doi.org/10.1016/j.jenvman.2014.05.016
https://doi.org/10.5194/adgeo-6-243-2006
https://doi.org/10.1093/icesjms/fsv220
https://doi.org/10.1093/icesjms/fsv220
https://doi.org/10.1371/journal.pone.0167411
https://doi.org/10.1126/science.286.5442.1132
https://doi.org/10.1126/science.286.5442.1132
https://doi.org/10.1016/j.ocemod.2016.03.006
https://doi.org/10.1016/j.ocemod.2016.03.006
https://doi.org/10.1073/pnas.1323156111
https://doi.org/10.1073/pnas.1323156111
https://doi.org/10.1016/j.dsr2.2003.07.005
https://doi.org/10.3989/scimar.2001.65s285
https://doi.org/10.3989/scimar.2001.65s285
https://doi.org/10.1126/science.1202422
https://doi.org/10.1126/science.1156401
https://doi.org/10.1007/978-1-4020-2087-2_4
https://doi.org/10.5194/bg-13-211-2016
https://doi.org/10.5194/bg-13-211-2016
https://doi.org/10.5194/bg-15-2649-2018
https://doi.org/10.1126/sciadv.1601897
https://doi.org/10.1126/sciadv.1601897
https://doi.org/10.5194/bg-15-3975-2018
https://doi.org/10.1002/2016GL069630
https://doi.org/10.1002/2016GL069630
https://doi.org/10.1146/annurev.marine.010908.163855
https://doi.org/10.4319/lo.1990.35.7.1545
https://doi.org/10.1002/2015GB005310
https://doi.org/10.1016/j.csr.2007.10.001
https://doi.org/10.1016/j.csr.2007.10.001
https://doi.org/10.1016/j.dsr.2007.12.010
https://doi.org/10.1016/j.dsr.2007.12.010

2.2 Evidence for ocean deoxygenation and its patterns: Atlantic Ocean

Monteiro, PM.S., van der Plas, A.K., Mohrholz, V., Mabille, E., Pascall,
A., & Joubert, W. (2006). Variability of natural hypoxia and
methane in a coastal upwelling system: oceanic physics or shelf
biology? Geophysical Research Letters, 33, L16614. https://doi.
0rg/10.1029/2006GL026234

Nissling, A. (1994). Survival of eggs and yolk-sac larvae of Baltic cod
(Gadus morhua L.) at low oxygen levels in different salinities.
ICES Marine Science Symposia, 198, 626-631.

Nixon, S.W., Ammerman, J., Atkinson, L., Berounsky, V.M., Billen,
G., Boicourt, W.C., ... Seitzinger, S. (1996). The fate of nitrogen
and phosphorus at the land-sea margin of the North Atlantic
Ocean. Biogeochemistry, 35, 141-180. https://doi.org/10.1007/
BF02179826

Omstedt, A., Edman, M., Claremar, B., Frodin, P., Gustafsson, E.,
Humborg, C., ... Yurova, A. (2012). Future changes in the Baltic
Sea acid-base (pH) and oxygen balances. Tellus B: Chemical
and Physical Meteorology , 64, 19586. https://doi.org/10.3402/
tellusb.v64i0.19586

OSPAR Commission. (2017). Intermediate assessment 2017. www.
orpar.org

Paleari S., Heinonen, P, Rautalahti-Miettinen, E., & Daler, D. (2005).
Transboundary Waters in the Black Sea-Danube region; Legal
and financial implications. University of Kalmar, Kalmar, Sweden

Pearson, TH., & Rosenberg, R. (1978). Macrobenthic succession
in relation to organic enrichment and pollution of the marine
environment. Oceanography and Marine Biology Annual Review,
16, 229-311.

Prochazka, K., Davies, B., Griffiths, C., Hara, M., Luyeye, N., O'Toole,
M., ... Hasler, R. (2005). Benguela Current, GIWA Regional
Assessment 44. University of Kalmar, Kalmar, Sweden.

Rabalais, N.N., Cai, W.-J., Carstensen, J., Conley, D.J., Fry, B.,
Quinones-Rivera, X., ... Zhang, J. (2014). Eutrophication-driven
deoxygenation in the coastal ocean. Oceanography, 70, 123-
133. https://doi.org/10.5670/oceanog.2014.21

Santos, G.C., Kerr, R., Azevedo, J.L.L., Mendes, C.R.B., & da
Cunha, L.C. (2016). Influence of Antarctic Intermediate Water
on the deoxygenation of the Atlantic Ocean. Dynamics of
Atmospheres and Oceans, 76, 72-82. https://doi.org/10.1016/j.
dynatmoce.2016.09.002

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

Seitzinger, S. P., Mayorga, E., Bouwman, A.F.,, Kroeze, C., Beusen,
AHW., Bilen, G., Harrison, J.A. (2010). Global river
nutrient export: A scenario analysis of past and future trends.
Global Biogeochemical Cycles, 24, GBOAO08. https://doi.
0rg/10.1029/2009GB003587

Sinha, E., Michalak, AM., & Balaji, V. (2017). Eutrophication wil
increase during the 21st century as a result of precipitation
changes. Science, 357, 405-408. https://doi.org/10.1126/
science.aan2409

SMHI. (2017). Oxygen Survey in the Baltic Sea 2017 - Extent of
Anoxia and Hypoxia, 1960-2017. Report Oceanography No. 63.
https://www.smhi.se/polopoly_s/1.132189!//Oxygen_timeseries_
1960_2017.pdf

Ocean deoxygenation: Everyone’s problem

Stramma, L., Johnson, G.C., Sprintal, J., & Mohrholz, V.
(2008). Expanding oxygen-minimum zones in the tropical
oceans. Science, 320, 665-658. https://doi.org/10.1126/
science.1153847

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

Stendardo, I., & Gruber, N. (2012). Oxygen trends over five decades
in the North Atlantic. Journal of Geophysical Research, 117,
(C11004. https://doi.org/10.1029/2012JC007909

Subramaniam, A., Mahaffey, C., Johns, W., & Mahowald, N. (2013).
Equatorial upwelling enhances nitrogen fixation in the Atlantic
Ocean. Geophysical Research Letters, 40, 1766-1771. https://
doi.org/10.1002/grl.50250

Ye, L., Meier, H.E.M., & Ealila, K. (2016). Nutrient cycling in the Baltic
Sea - results from a 30-year physical-biogeochemical reanalysis.
Biogeosciences Discussions. https://doi.org/10.5194/bg-2016-
301

World Resources Institute. (2010). Eutrophication and hypoxia. http://
www.wri.org/media/maps/eutrophication/fullscreen.html

49

SECTION 2.2


https://doi.org/10.1029/2006GL026234
https://doi.org/10.1029/2006GL026234
https://doi.org/10.1007/BF02179826
https://doi.org/10.1007/BF02179826
https://doi.org/10.3402/tellusb.v64i0.19586
https://doi.org/10.3402/tellusb.v64i0.19586
http://www.orpar.org
http://www.orpar.org
https://doi.org/10.5670/oceanog.2014.21
https://doi.org/10.1016/j.dynatmoce.2016.09.002
https://doi.org/10.1016/j.dynatmoce.2016.09.002
https://doi.org/10.1038/nature21399
https://doi.org/10.1029/2009GB003587
https://doi.org/10.1029/2009GB003587
https://doi.org/10.1126/science.aan2409
https://doi.org/10.1126/science.aan2409
https://www.smhi.se/polopoly_fs/1.132189!/Oxygen_timeseries_1960_2017.pdf
https://www.smhi.se/polopoly_fs/1.132189!/Oxygen_timeseries_1960_2017.pdf
https://doi.org/10.1126/science.1153847
https://doi.org/10.1126/science.1153847
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.1029/2012JC007909
https://doi.org/10.1002/grl.50250
https://doi.org/10.1002/grl.50250
https://doi.org/10.5194/bg-2016-301
https://doi.org/10.5194/bg-2016-301
http://www.wri.org/media/maps/eutrophication/fullscreen.html
http://www.wri.org/media/maps/eutrophication/fullscreen.html




2.3 Evidence for ocean deoxygenation and its
patterns: Indian Ocean

S.W.A. Naqvi
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Summary

e Analysis of available data for the past five decades indicates a generally lower and more variable rate of
deoxygenation in the North Indian Ocean than in other oceanic areas (i.e. substantial oxygen loss in the upper
300 m in the western Arabian Sea, mixed trends in the central Arabian Sea, and a slight decline in the Bay of
Bengal).

e Thereis no clear evidence for expansion/intensification of the functionally-anoxic oxygen minimum zone (OMZ2)
in the Arabian Sea, where microbes decompose organic matter via anaerobic pathways, but slight oxygen loss
might have brought the relatively more oxygenated Bay of Bengal OMZ close to anoxia.

e Preliminary analysis suggests substantial decrease in oxygen levels below 400 m in the northern Red Sea.

e Emerging hypoxia in conjunction with an increase in organic load in response to eutrophication in the Persian
Gulf may lead to expansion/intensification of the Arabian Sea OMZ.

e The world’s largest naturally-formed shallow hypoxic zone along India’s west coast is more intense now as
compared to 1970s; seasonal oxygen-deficiency off Oman and eastern India is also more severe. Hypoxia/
anoxia has developed in several Indian estuaries, bays and ports and in some estuaries of western Australia as
a result of human activities.

e There is a severe lack of information from potential hotspots, including the mouths of the Indus, Ganges-
Brahmaputra, and Irrawaddy rivers. Capacity building and networking are needed to expand/improve monitoring
of deoxygenation and other impacts of global change in the region.
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Human induced change

Potential consequences

The bulk of excess heat retained by the Earth due
to greenhouse warming being absorbed by the
ocean.

e Ocean deoxygenation occurring at all depths due to:

o |ower solubility of oxygen in warmer waters.

o stronger vertical stratification (steeper temperature gradient)
inhibiting diffusion of O, from surface to deep ocean.

o more sluggish deep circulation reducing oxygen supply to deep
waters.

Increase in nutrient inputs to the ocean through
river runoff and atmospheric deposition.

e Nutrient over-enrichment (eutrophication) promoting algal blooms,

enhancing O, demand and causing development of hundreds of
coastal hypoxic (dead) zones as well as intensification of naturally
formed low- O, zones.

Low - O, zones of the Indian Ocean expected to
expand and intensify due to above-mentioned
human-induced changes. w

Expansion of volume of hypoxic (O,<1.4 ml L) water has many
deleterious effects on marine life including: (i) loss of habitat; (i) changes
in food webs; (i) reduced growth and reproduction; (iv) physiological
stress; (v) migration; (vi) vulnerability to predation; (vii) disruption of life
cycles; and, in extreme cases, (ix) mortality.

The northern Indian Ocean contains about 2/3 of the global continental
margin area in contact with very low O, (<0.2 ml L") waters, and also
houses the world’s largest naturally-formed shallow low-O, zone (off
western India). With countries surrounding its semi-enclosed basins,
accounting for about a quarter of the global human population, its
environment, biodiversity and living resources, are most vulnerable to
human-induced changes, especially deoxygenation.

When dissolved O, is depleted below detection levels, as happens
within a large volume of waters at mid-depths within the oxygen
minimum zone (OMZ) of the Arabian Sea, the microbial community
respires anaerobically, predominantly utilizing nitrate, an essential
nutrient, converting it to inert molecular nitrogen (N,) and nitrous
oxide (N,O), a potent greenhouse gas. While N, produced through
this process (denitrification) modulates reactive nitrogen balance
and marine biological productivity, oceanic N,O emissions play an
important role in Earth’s radiation balance.

The OMZ of the Bay of Bengal retains some O, in minute traces but
enough to inhibit large-scale denitrification. The volume of water
containing traces of O, (<0.2 ml L") in the northern Indian Ocean is
much larger than the volume of functionally-anoxic OMZ of the Arabian
Sea. This in conjunction with the extreme sensitivity of denitrification
to vanishingly low O, levels underlines the non-linear response of N,
and N,O production to ocean deoxygenation. Thus, expansion and
intensification of oceanic OMZs are expected to have large impacts
on productivity as a result of reactive nitrogen loss, and on climate
through enhanced production of N,O.

2.3.1 Introduction

chemistry and biology of the Indian Ocean. During the
summer or south-west monsoon (SWM), strong winds

Unlike the Pacific and Atlantic Oceans, the Indian
Ocean is bound by the Eurasian landmass at nearly
tropical latitudes (~25°N, Figure 2.3.1), which has a
profound impact on regional climate and oceanography.
Differential heating and cooling of land and sea give rise
to the unigue phenomenon of monsoons, manifested by
complete reversals of atmospheric and surface oceanic
circulations every six months north of about 10°S latitude
(Wyrtki, 1973). The monsoons also greatly affect the
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blow anomalously from the south-west, being strongest
in the western Arabian Sea where they drive a vigorous
western boundary current and uplift sea water from
depth that is rich in nutrient salts. This water spreads far
and wide eastward, fertilizing the nutrient-impoverished
surface layer and promoting growth of algae that form the
base of rich and diverse food webs (Naqvi et al., 2006a).
In other ocean basins, this process, called upwelling,
occurs along eastern boundaries (i.e. off Namibia and
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Figure 2.3.1 Map showing the Indian Ocean and important locations/features mentioned in the text. While the southern boundary of the Indian Ocean is

arbitrarily fixed at 60°S latitude, longitudes 20°E and 146.82°E, corresponding to the southern tips of South Africa and Tasmania (Australia), are taken to
separate the Indian Ocean from the Atlantic and the Pacific, respectively (https://www.iho.int/mtg_docs/com_wg/S-23WG/S-23WG_Misc/Draft_2002/
Draft_2002.htm). This chapter largely focuses on the Indian Ocean north of the equator. The dark blue area in the Arabian Sea marks the functionally anoxic
zone defined by concentration of nitrite, a proxy of anoxia, exceeding 0.2 pM within the oxygen minimum layer (from Nagqvi, 1991).

Mauritania in the Atlantic, and off California and Peru-
Chile in the Pacific). As compared to the Arabian Sea,
upwelling is much weaker in the Bay of Bengal, partly
because of weaker winds and partly because the Bay
of Bengal receives enormous runoff from a number of
rivers as well as a large amount of rainfall that greatly
affects its hydrography and circulation (Naqvi et al.,
2006a). The two basins are also differently affected by
the winter or north-east monsoon (NEM), when cool,
dry continental winds blow from the north-east causing
convective mixing and consequently winter algal blooms
in the Arabian Sea. This does not happen in the Bay of
Bengal, where the upper water column is more strongly
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stratified because of low salinities, inhibiting convection
(Naqyi et al., 2006a). Consequently, the Arabian Sea is
far more productive than the Bay of Bengal on an annual
basis (Qasim, 1977).

The other unique feature of the Indian Ocean geography
is that it is connected to the Pacific Ocean through the
Indonesian seas, which allows the inflow of warmer,
low-salinity water (the Indonesian Throughflow) from
the Pacific that drives the anomalous poleward-flowing
eastern boundary current (the Leeuwin Current), and
is primarily responsible for the absence of large-scale
upwelling off western Australia (Schott & McCreary,
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Figure 2.3.2 Distribution of dissolved O, (uM) at its minimum (after Keeling et al., 2010). The depth of the minimum varies, but in the northern Indian Ocean
the lowest O, concentrations are generally found below ~150 m and above 800 m (Wyrtki, 1971). Note the anomalous location of the oxygen minimum
zones in the northern Indian Ocean. Oxygen supply from the south is indicated by the northward tilt of contours along the western boundary (off Africa and

Arabia).

2001). The biogeochemistry of this region is, therefore,
completely different from its counterparts in the Pacific
and Atlantic Oceans (in the equator-bound Humboldt
Current and Benguela Current, respectively).

The low-latitude northern boundary of the Indian Ocean
also drastically influences deep water circulation and
renewal. As the dense, deep waters are mostly formed
in cold, polar areas, the deep Indian Ocean can only
be ventilated by waters flowing northward from the
Southern Hemisphere. Although two sources of dense
intermediate waters do exist in the Mediterranean-type
marginal seas - the Persian Gulf and the Red Sea that
are located in highly arid zones and receive little river
runoff - most of the ventilation below the surface layer in
the upper kilometre of the Indian Ocean occurs through
waters formed close to or just north of the Polar Front
(around 50°S latitude) in the Southern Indian Ocean
(Swallow, 1984). These waters do not flow directly
northwards but take a circuitous route; carried by the
anti-clockwise flow of the southern subtropical Indian
Ocean, these waters are fed into the complex equatorial
current system of the Indian Ocean from where they
cross the equator in the western Indian Ocean during
the SWM (Swallow, 1984).

Deviations in patterns of surface and deep currents
and related biological productivity in the Indian Ocean
from those observed in the Atlantic and Pacific Oceans
also result in unusual distribution of dissolved oxygen
(©,) in the Indian Ocean (Wyrtki, 1971). Like other
oceanic areas, the water column in the Indian Ocean
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also contains mid-depth O, concentration minima,
maintained by a combination of relatively high O, demand
by microbes that decompose organic matter sinking
from the surface, and restricted O, supply as a result
of sluggish deep-water circulation and mixing. What
is unusual is that while the so-called oxygen minimum
zones (OMZs), located in the tropics, are most intense
along the eastern boundaries of the Pacific and Atlantic
Oceans, they occur along the northern boundary of the
Indian Ocean (Figure 2.3.2).

The northward tilt of O, contours in the western
Indian Ocean (Wyrtki, 1971) is because, as mentioned
above, cross-equatorial flow of relatively oxygenated
intermediate waters of southern origin occurs only
in the west; despite this, O, deficiency is clearly more
severe in the north-western Indian Ocean than in the
north-eastern Indian Ocean (Figure 2.3.2). This is also
supported by the distribution of chemical proxies of
anoxia. For example, the upper 1/3 or so of the OMZ
of the Arabian Sea is distinguished by the accumulation
of nitrite (NO,), a transient species of nitrogen usually
not present much below the surface layer. This feature,
caled the secondary nitrite maximum (SNM), is
ubiquitous to almost all intense OMZs, but it is not seen
in the Bay of Bengal (Naqyi et al., 2006a). The SNM is
believed to be produced by bacteria that decompose
organic matter using nitrate (NO,), the most abundant
form of reactive nitrogen in the sea, once O, gets fully
consumed. Recent measurements have shown that O,
levels associated with the SNM are below the detection
limit (@ few nanomol per litre) of the best O, sensor
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Figure 2.3.3 A schematic representation of processes occurring in thew world’s largest naturally formed coastal hypoxic zone off the west coast of India
(eastern Arabian Sea) in late summer and early autumn. The water column over the shelf can be broadly divided into three layers. (A) The upper layer is warm
and has low salinity because of intense monsoon rainfall; being in contact with the atmosphere, it is also well oxygenated. (B) The middle layer is a transient
zone where salinity (1), temperature (1), density (1) and o, (¥) change rapidly with depth. This layer acts as a barrier, strongly inhibiting mixing of the
overlying and underlying waters. (C) The lower, near-bottom layer comprises cold, saline water that is derived through upwelling from the oxygen minimum
zone (OMZ) located offshore. The little O, it initially contained gets used up over the shelf by bacteria that decompose copious organic matter sinking from
the surface. Removal of O, triggers microbial conversion of nitrate (NO,) to gaseous nitrogen (N,) (denitrification). Unusually large amounts of nitrous oxide
(N,0) are also produced through denitrification (5CH,0+4NO, —5C0,+2N,0+5H,0) making this region a hotspot for oceanic N,O emissions. As this water
ascends further and loses all NO,, sulphate reduction sets in, producing obnoxious and toxic hydrogen sulphide (H,S). Conditions in the deep layer are harsh

for higher life forms including fish.

(Switchable Trace Oxygen, STOX) presently available
(Thamdrup et al., 2012). Nitrite is further converted to
elemental nitrogen (N,), with nitrous oxide (N,O), laughing
gas, being another intermediate of this reaction chain,
called denitrification (Deuser, 1975). This process is also
known to occur in several other anaerobic environments,
such as groundwaters and soils. Denitrification is of
immense geochemical importance because it regulates
the N, inventory of the atmosphere; but for this process,
N, the most abundant (78%) gas in the Earth’s
atmosphere would be depleted in a few tens of million
years (Deuser, 1975). In addition to denitrification, N, can
also be produced by microbes that oxidize ammonium
(NH,*), another common nitrogen species, with NO, in
the absence of O,. Although the relative importance
of anaerobic ammonium oxidation (Anammox) and
denitrification continues to be debated (Lam et al.,
2011; Ward et al., 2009), both processes require anoxic
conditions. It is estimated that the Arabian Sea accounts
for at least 1/3 of the global N, production in oceanic
OMZs (Codispoti et al., 2001; Naqgvi, 1987). Surprisingly,
the SNM zone, where most of this loss is believed to
occur, is located in the central and north-eastern parts of
the Arabian Sea (Figure 2.3.1), that are biologically less
productive than the upwelling centres off Somalia and
Arabia, underscoring the importance of circulation in the
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formation and sustenance of SNM (Nagvi, 1991). While
the biogeochemistry of OMZs is dominated by nitrogen
cycling, the OMZs also affect cycling of several other
elements, such as manganese, iron, iodine and sulphur
(Brietburg et al., 2018). Thus, changes in the volume and
intensity of OMZs are potentially of global significance.

Based on physical considerations alone (poorer
ventilation), the OMZ is expected to be more intense in
the Bay of Bengal than in the Arabian Sea. The OMZ
in the latter region is indeed nearly devoid of dissolved
O,; however, unlike the Arabian Sea it does not support
large-scale anaerobic respiration as evident from the
absence of SNM (Naqvi et al., 2006a) and associated
N, production (Bristow et al., 2017). This is in large part
due to the fact that the Bay of Bengal is considerably
less productive than the Arabian Sea (Qasim, 1977) as
a result of much weaker coastal upwelling and strong
stratification that restricts nutrient entrainment from
subsurface waters into the sun-lit surface layer through
wind-induced and convective mixing. However, rivers
also bring large quantities of particulate organic carbon
(POC) to the Bay of Bengal along with enormous
amounts of lithogenic material, and it is hypothesized
that incorporation of dense mineral material into particle
aggregates facilitates rapid sedimentation of POC to
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the sea floor with less degradation in the water column
(Ittekkot et al., 1992; Rao et al., 1994).

The extent and intensity of deoxygenation in the
estuarine, coastal and shelf waters of the Indian Ocean
also vary regionally. In the western Arabian Sea, strong
seasonal upwelling brings up low O, waters over the
shelf off the Somali and Arabian coasts. However,
vigorous circulation means the upwelled waters do not
stay long enough over the narrow shelves to allow the
development of intense anoxia. Over the western Indian
shelf, upwelling is much weaker, and the upwelled
waters rarely reach the surface because of the presence
of a thin (5-10 m) low-salinity lens that is formed as a
result of intense monsoon rainfall (Figure 2.3.3). With
the cold, high-salinity, O,- depleted water capped by
the warm, low-salinity surface layer, bottom waters
with O, content below 0.5 ml L' (22.3 pM; 1 ml L=
44.6 uM), about 10% of value expected if these waters
were in equilibrium with the atmosphere, seasonally
cover the entire shelf (area ~200,000 km?), making it
the largest shallow water O, deficient zone in the world
(Naqvi et al., 2000). The bottom waters over the inner
shelf experience some of the most extreme anaerobic
phenomena, including denitrification and reduction
of sulphate to noxious and toxic hydrogen sulphide
(H,S), another pathway of organic matter degradation,
observed along an open coast anywhere in the world.
Sulphate reduction is activated when NO," also gets
fully consumed by microbes. Such conditions do not
occur in the Bay of Bengal despite immense river runoff
which has been postulated to be highly enriched in
nutrients (Seitzinger et al., 2002). This is perhaps due
to reduction of nutrient loads in freshwater ecosystems
before the river water reaches the sea (Naqvi et al.,
2018).

The low O, systems described above are naturally-
formed and have existed in the geological past, albeit
with varying intensity driven by natural climate variability
(Reichart et al., 1998). These systems are expected
to be highly sensitive to human-induced climatic and
environmental changes of both global and regional
nature, such as warming and eutrophication, one major
effect of which is ocean deoxygenation (Breitburg et al.,
2018). In the following sections, an attempt is made
to document ongoing trends of further deoxygenation
in and around these systems and their potential
ecological and socio-economic consequences. While
ocean deoxygenation is global and would obviously
occur in other parts of the Indian Ocean as well, this
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chapter focuses largely on the northern basins, not only
because being already affected by severe O, deficiency
these basins are most vulnerable to human-induced
deoxygenation, but also because sufficient data are
available from these basins to discern ongoing changes.
Information from the equatorial and southern parts of
the Indian Ocean is mentioned briefly, where available.

2.3.2 Trends and impacts
2.3.2.1 Open-ocean

Analysis of global data sets has revealed steady declines
in subsurface O, concentrations since 1960 in many
parts of the ocean, especially close to OMZs in the
tropics (Helm et al., 2011; Stramma et al., 2008). The
rate of O, loss has been reported to be highest (0.34
pmol kg™ yr') in the North Pacific and lowest (0.09 umol
kg™ yr')in the equatorial Indian Ocean. In amore detailed
follow-up study, Schmidtko et al. (2017) demonstrated
that the ocean has already lost over 2% (4.8 petamol) of
its O, content (227.4 petamol) since 1960 (1 peta or 10"
mol = 32 billion tonne of O,). The computed O, decline
rate was highest (0.210+0.125 petamol per decade)
for the equatorial Pacific followed by the North Pacific
(0.173+£0.040 petamol per decade), with these two
regions accounting for ~40% of the global oceanic O, loss
rate (0.961+0.429 petamol per decade). In contrast, the
combined contribution by the equatorial Indian Ocean
(0.055+0.049 petamol per decade) and the southern
Indian Ocean (0.027+0.034 petamol per decade) was
just 8.5%. Based on Schmidtko et al. (2007; Figure
1), the change in dissolved O, in the Arabian Sea and
Bay of Bengal put together would be <<0.055 petamol
per decade). Their results also indicated a substantial
decrease in O, along the west coast of India, in the
Gulfs of Aden and Oman, and in parts of the northern
Bay of Bengal. As in most other areas, the decreases
in O, concentration in the upper water column appear
to have been driven primarily by lower O, solubility in
warming sea water. In deeper water, however, the O,
decrease was attributed to basin-scale multi-decadal
variability, slow-down of oceanic overturning circulation
and enhanced remineralization. Significantly, the highest
rate of decrease in the equatorial Indian Ocean was
recorded along the western boundary (off Africa) where
more oxygenated intermediate waters of southern
origin cross the equator (Swallow, 1984). Since these
waters are responsible for ~90% of O, supply to OMZs
of the North Indian Ocean, the observed loss of O, in
the western equatorial Indian Ocean has potentially
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Figure 2.3.4 Decadal changes in oxygen content in the upper 300 metres in the western Arabian Sea (after Piontkovski & Al-Oufi, 2015).

important implications for future intensification of these
OMZs.

2.3.2.1.1 Arabian Sea and Gulf of Oman

Three recent studies have specifically dealt with changes
in dissolved O, in the upper water column of the north-
western Indian Ocean over the past few decades. Two
of these (Piontkovski & Al-Oufi, 2015; Queste et al.,
2017) focused on the western Arabian Sea and the Gulf
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Figure 2.3.5 “Boxes” selected by Banse et al. (2014) to investigate decadal
changes within the oxygen minimum zone of the Arabian Sea. The left
boxes are numbered “1” while the right boxes are numbered “2”. Oxygen
distribution at 200 m is shown by the 0.2 and 0.5 mL I'' contours (solid)
from Wyrtki (1971); the zone of denitrification is demarcated by the 1 pM
nitrite contour (dashed) from Naqvi (1991).
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of Oman. The western Arabian Sea contains the world’s
only major western boundary upwelling system where,
as stated earlier, low O, waters are brought up to the
continental shelves during the SWM. Analysis of data
from this region collected during 53 cruises conducted
from 1960 to 2008 revealed significant decadal changes
in the upper 300 metres. While the water temperature
has risen by ~1.5 °C over five decades, the oxycline
(the horizon below the surface where O, concentration
begins to fall rapidly) shoaled up at a rate of ~19 m
per decade. Significantly, the observed decrease in
O, concentration within the OMZ is quite large during
the SWM, when waters derived from the southern
hemisphere ventilate the OMZ, with the most recent
data (for 2000-2010) indicating near anoxic conditions
(Figure 2.3.4). In a more recent study, Queste et al.
(2017) combined historical data with recent time series
measurements made with automated gliders equipped
with O, sensors to show that within the core of the
OMZ in the Gulf of Oman O, levels have fallen from
6-12 umol kg™ at the time of the International Indian
Ocean Expedition (IIOE) in the 1960s to < 2 ymol kg
in recent times. Although, this shift is subtle, and could
to some extent be accounted for by the improved
quality of recent data, it is potentially significant given the
above-mentioned sensitivity of respiratory processes to
vanishingly low O, levels.

The third investigation (Banse et al., 2014) that
concentrated on the more intense OMZ in the central
Arabian Sea yielded less clear trends. This study utilized
discrete O, measurements made between 1959 and
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Figure 2.3.6 Vertical profiles of nitrite (red symbols) and salinity (black symbols) at a fixed site (Lat. 19.75°N, Long. 64.62°E) sampled repeatedly between
1977 and 2004 (arranged by month of visit). The station is located close to the north-western boundary of denitrification zone and the observed variability is
largely caused by the flow of the high salinity water mass originating in the Persian Gulf (modified from Banse et al., 2014).

2004 near 150, 200, 300, 400, and 500 m water depths
at stations located within zonally-paired boxes of 1°
latitude x 2° longitude that were centred at 8, 10, 12, 15,
18, 20, and 21°N latitudes along 65° and 67°E longitudes
(Figure 2.3.5). Except for 8 — 12°N, all boxes were
located within the zone having SNM. On many recent
cruises in the Arabian Sea (e.g. US JGOFS Arabian Sea
Process Study, 1994-1995; Morrison et al., 1999), O,
analysis by the automated Winkler procedure involved
photometric end-point detection. As this technique yields
consistently lower values (by ~0.04 ml L") than manual
titrations involving visual end point detection, Banse et
al. (2014) only considered O, data generated with the
latter procedure to minimize analytical bias. However,
about a quarter of the O, data used might still have been
accompanied by substantial NO, (Karl Banse, pers.
comm.), but exclusion of these data is unlikely to alter
the major conclusions of this study.

Linear regression analysis, carried out for each depth
and box separately for NEM and SWM to see if the O,
concentration varied systematically with time, revealed
conflicting trends (Banse et al., 2014). Within the three
southern boxes (A-C), located at 8-12°N, outside
the OMZ having SNM, O, concentration seemingly
increased with time in the majority of cases, although
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the correlation was significant at p <0.1 on only three
occasions. In contrast, within the OMZ the overwhelming
trend was of declining O, concentrations with time in
all boxes except F2, G1 and G2, situated at 20-21°N
during both monsoon seasons. Although the median
value for significant positive slopes (~-0.12 uM yr), was
close to the lower range of rates of O, decline reported
by Stramma et al. (2008), it was somewhat higher than
the concentrations measured within the SNM (<0.090
uM) with the STOX sensor (Jensen et al., 2011; note
that the limit of detection of the sensor was higher on
this cruise). An important result of this study was that
the long-term declining trends within the OMZ were
different during the NEM and SWM seasons with a more
pronounced decrease occurring during the NEM when
O, concentrations were slightly higher. The seasonal
variability points to O, supply to the OMZ through
vertical mixing and horizontal advection. Within the three
northern boxes (F2, G1 and G2), although the majority
of slopes were positive, none of them were statistically
significant, with the maximal rate of increase being only
~0.10 uM yr ™.

Banse et al. (2014) also used NO, (within the SNM) as

a proxy of functional anoxia (Thamdrup et al., 2012).
Nitrite concentration broadly reflects the extent of
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Figure 2.3.7 A) Convective mixing in winter leads to the development of phytoplankton blooms in the northern Arabian Sea, which are identifiable by satellite-
based ocean colour measurements. Source: Image obtained on 14.02.2015 by the Moderate Resolution Imaging Spectrometer (MODIS) on NASA’s Aqua
satellite (https://earthobservatory.nasa.gov/images/85718/winter-blooms-in-the-Arabian-Sea). Earlier algal blooms in this region largely comprised diatoms,
the major group of phytoplankton with glassy shells. Diatoms were grazed by copepods that were, in turn, eaten by fish.

B) Replacement of diatoms by larger sized dinoflagellates (Noctiluca scintillans bloom in February 2009 (from http://helgagomes.com)), attributed to
incursions of low O, waters into the surface layer (Gomes et al., 2014), may disrupt this important food chain. Instead the photosynthesized organic matter
may now end up as ‘useless’ salps and jellyfish with potentially large socio-economic consequences.

denitrification (Bulow et al., 2010; Nagvi, 1991) or the
intensity of the OMZ. The SNM in the Arabian Sea has
been known to occur since 1933/34 (Gilson, 1937),
which implies that parts of the OMZ in the Arabian Sea
have been functionally anoxic for at least 80 years.
Repeat measurements at two locations - 19.75°N,
64.62°E, going back to 1977 (Figure 2.3.6), and ~15°N,
68°E, going back to 1979 (data not shown) - showed
large interannual changes in NO, concentration but
no secular long-term trend. The amplitude of variability
was larger at the former site, it being closer to the
north-western boundary of the denitrification zone and
to a large extent affected by the warm, saline outflow
from the Persian Gulf that serves as a source of O,
to the OMZ (Codispoti et al., 2001). Consequently, at
depths where this water mass is found, as identified
by its characteristic salinity maximum, NO, and
salinity were inversely related (Banse et al.,, 2014).
Linear regression analysis between NO,” concentration
and year of measurement yielded both negative and
positive slopes, with the number of positive slopes
exceeding that of negative values indicating that the
NO, concentration mostly increased with time, i.e.
OMZ intensified. The Arabian Sea was extensively
surveyed during the Joint Global Ocean Flux Study
(JGOFS) project. Utilizing the data collected during the
US JGOFS cruises, Rixen et al. (2014) demonstrated
that the area with NO,  concentrations exceeding
2 uM was 63% larger in 1995 than what was estimated
from the earlier data (Naqvi, 1991). However, Rixen et
al. (2014) also pointed out that these observations
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probably indicated considerable seasonal and
interannual variations in denitrification rather than a
secular trend of increase. Combining this data set with
their own observations made in September-October,
2007, Rixen et al. (2014) showed that the seasonal and
interannual variations were driven by the monsoons.
During the SWM, the boundary of the denitrification
zone, determined by a complex interplay between
circulation and productivity, moved eastward as a result
of advection of the more oxygenated water across
the equator in the western Indian Ocean. Reversal of
circulation during the NEM led to westward expansion
of the denitrification zone. Rixen et al. (2014) proposed
that during those years when the SWM was weaker,
the denitrification zone expanded toward the west,
and vice versa. The sedimentary records presented
by Rixen et al. (2014) indicated an intensification
of denitrification in the Arabian Sea during the past
few thousand years, supporting this view (see also
Kessarkar et al.,, 2018), but the longer sedimentary
records show the opposite trend (Altabet et al., 2002).
Thus, it is still not clear whether or not denitrification
in the Arabian Sea has intensified in recent decades.
In any case, the monsoons play an important role in
regulating the intensity of the OMZ and the associated
biogeochemical transformations, and since global
warming is projected to impact the SWM significantly
(Turner & Annamalai (2012), and references therein),
this represents an additional region-specific human-
induced forcing that may potentially modify O,
distribution in the North Indian Ocean.
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Figure 2.3.8 Comparison of O, distribution in the northern Bay of Bengal in
the vicinity of Lat.18°N, Long. 89°E based on sampling in April 1963 (black
symbols) and April 2007 (red symbols).

[t has been reported that global warming has already
led to an intensification of upwelling in the western
Arabian Sea (Goes et al., 2005). These authors
analysed satellite data off Somalia to demonstrate an
increase in phytoplankton biomass by over 350% from
1997 to 2003. It was suggested that the increase in
productivity of the Arabian Sea would have far-reaching
consequences for the OMZ. However, intensification of
upwelling and a consequent increase in phytoplankton
biomass have not been confirmed either from satellite
data or by in situ measurements by subsequent workers
(e.g. Naqgvi et al., 2010). An expansion of the OMZ has
been invoked by Gomes et al. (2014) to explain a radical
shift in the composition of winter phytoplankton blooms
in the Arabian Sea, where the dinoflagellate Noctiluca
scintillans was reported to have replaced diatoms over
the past decade (Figure 2.3.7). The remarkable ability of
its endosymbiont Pedinomonas noctilucae to fix carbon
under hypoxic conditions is believed to give Noctiluca
an ecological advantage over other phytoplankton.
However, incursions of low O, waters into the surface
layer in winter have not been subsequently verified
(Prakash et al., 2017).
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2.3.2.1.2 Bay of Bengal

Reliable O, data from the Bay of Bengal date back only to
the International Indian Ocean Expedition (IOE) in the early
1960s. In order to determine whether any change in O,
concentration has occurred since that time, unpublished
O, data collected on a cruise of R.V. Anton Bruun in the
vicinity of Lat. 18°N, Long. 89°E during 20-22 April 1963
are compared in Figure 2.3.8 with measurements made
on a cruise of R.V. Roger Revelle at about the same time
of the year 44 years later. Besides being located in the
northern Bay where the OMZ is most intense, the choice
of this location was determined by data availability over
a long period. The Anton Bruun occupied five stations
within latitudes 17.1-20.07°N and longitudes 88.4-
90.28°E. In 1963, O, concentrations, measured with
visual end point detection within the depth range ~200-
400 m averaged 8.33+2.11 uM (0.187+0.047 ml L),
with a minimum of 5.36 uM (0.12 ml L"). Corresponding
average and minimum values observed on the Roger
Revelle Sta. 199 (Lat. 18°N, Long. 89.85°E) sampled
on 27 April 2007 were 2.63+0.26 pM (0.059+0.006
ml L") and 2.26 UM (0.051 ml L"), respectively, based
on automated Winkler titrations. Even after allowing for
the difference (1.8 uM or ~0.04 ml L") between the two
techniques, the decrease, even though small, is still
significant considering, as in the case of Gulf Oman, the
extreme sensitivity of anaerobic respiratory pathways
to minor changes in O, in the low range. More recent
data at this site (collected in January-February 2014 on
board R.V. Sagar Kanya) using STOX sensors yielded
a minimum O, concentration of 36 M (0.0008 ml L
- Bristow et al., 2017). Elsewhere, O, concentrations
fell below the detection limit of the sensor (7-12 nM) in
six samples; otherwise O, was always present, albeit in
traces (10-200 nM), within the OMZ at all seven stations
sampled.

Broad anoxic zones, characterized by SNM, were not
observed, except for a thin layer having secondary
NO, up to 180 nM at Lat. 18°N, Long. 89°E. Despite
the absence of SNM, Bristow et al. (2017) recorded
the presence of 2-3 UM of excess N, within the Bay
of Bengal OMZ. This quantity is an order of magnitude
smaller than the N, excess found within the Arabian Sea
OMZ (Naqvi et al., 2008b), but it still indicates some
biological N, production. Moreover, analysis of microbial
genes revealed adequate presence of microbes
capable of denitrification and Anammox that were not
very different from other OMZs, and incubations of
samples with isotopically labelled nitrogen compounds
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demonstrated a potential for Anammox, provided NO,
was present. This means that while the system is primed
for the conversion of reactive nitrogen to N, rates of the
processes involved (denitrification and Anammox) are
far lower within the OMZ of the Bay of Bengal compared
to other OMZs that contain SNM. Bristow et al. (2017)
proposed that traces of O, present facilitate NO,
oxidation to NO,, thereby restricting its availability for
Anammox or denitrification for the production of N,,, and
removal of this residual O, may result in an abrupt shift in
the biogeochemistry of the Bay of Bengal OMZ. The O,
change referred to above seems to indicate that the Bay
of Bengal is on the verge of such a shift (Bristow et al.,
2017). The vertically-integrated O, inventory in the upper
1 km was computed to have decreased from 33.77+4.5
to 28.38 M m? between 1963 and 2007. However,
this decrease was mostly caused by a change in the
thickness of the mixed, oxygenated surface layer, which
was lower in 2017 compared to 1963; by contrast, the
lower OMZ appears to have remained remarkably stable
for over four decades (Figure 2.3.8). Should the OMZ of
the Bay of Bengal cross the tipping point which it seems
to be at right now, the loss of reactive nitrogen to N,
is expected to increase, throwing the nitrogen budget
further off balance (Codispoti et al., 2001). Moreover,
production of N,O may also be enhanced, providing
positive feedback to global warming.

2.3.2.2 Red Sea and Persian Gulf

A unique feature of the OMZ of the north-western
Indian Ocean is that it is ventilated by freshly formed
water masses in the two Mediterranean-type marginal
seas (Red Sea and Persian Gulf). Both of these seas
are located in highly arid zones, experiencing excessive
evaporation and receiving little river runoff. Cooling of
consequently high salinity waters in winter elevates
densities of these waters, causing them to sink and
fill deeper parts of the two seas. While in the Red Sea
such deep water formation occurs in the extreme
northern parts, particularly in the Gulfs of Suez and
Agaba (Morcos, 1970), in the Persian Gulf it takes place
off the coasts of the United Arab Emirates (UAE) and
Kuwait (Reynolds, 1993; Swift & Bower, 2003). The Red
Sea is much deeper (average depth 491 m, maximum
depth >2500 m - Morcos, 1970) than the Persian Gulf
(average depth 36 m, maximum depth ~90 m - Al-Said
et al., 2018). The Red Sea is separated from the Gulf
of Aden by a shallow sill (depth 137 m) at the Bab-el-
Mandeb Strait - Naqvi & Fairbanks, 1996). The Hormuz
Strait, which separates the Persian Gulf from the Gulf of
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Oman, does not have a similar sill. Both basins receive
less saline waters from the Indian Ocean, transported
by near-surface currents to make up for the excessive
water loss through evaporation. However, in order to
maintain the salt balance these semi-enclosed seas also
export dense waters to the north-western Indian Ocean
through the Gulfs of Oman and Aden as near-bottom
outflows over the two straits. These water masses,
called the Persian Gulf Water (PGW) and Red Sea Water
(RSW), easily identifiable by their high salinities, are found
at depths of ~200-350 m and ~500-800 m, respectively,
in the Arabian Sea (Wyrtki, 1971). Because of greater
depth, volume and presence of a sill at its entrance,
the ventilation time of the Red Sea is much longer (~36
yr - Nagvi & Fairbanks, 1996) than that of the Persian
Gulf (1.2 yr - Al-Said et al., 2018), and the patterns of O,
distribution are quite different. The Red Sea water column
is remarkably homogenous in terms of temperature
and salinity below the sill depth. However, chemical
data do not show such homogeneity (Morcos, 1970),
with the O, profiles showing a pronounced mid-depth
minimum that generally intensifies toward the south with
values going down to ~0.2 ml L' (Figure 2.3.9). The
low-O, concentrations are associated with relatively high
temperature (~22 °C) which is an important determinant
of hypoxia tolerance to marine organisms (Seibel et al.,
2016). Natural O, depletion in the Persian Gulf is more
modest, restricted only to the central and southern parts
and largely to the summer season where/when the water
column is stratified (Al-Yamani & Naqvi, 2018). Because
both PGW and RSW contribute significantly to water
mass composition of the OMZ of the north-western
Indian Ocean, changes in the amounts of O, carried by
these water masses are important.

Ongoing deoxygenation trends in the Red Sea have
not been documented so far, and there is a dearth of
recent O, data in the publicly available data bases to
investigate such trends. Fortunately, two Argo floats
generated O, profiles in the northern Red Sea (north of
~23°N) - one from 29.09.2015 to 19.02.2017 and the
other from 30.09.2015 to 29.12.2016. The data from
these floats are compared with measurements made
during a cruise of R.V. Sagar Kanya in the same region
in May 1983 (Naqyi et al., 1986) (Figure 2.3.9). While it
would be hazardous to draw definite conclusions based
on just two sets of measurements, O, values recorded
by the floats during 2015-2017 are generally and quite
substantially lower than those obtained during the Sagar
Kanya survey. Also included in Figure 2.3.9A is an O,
profile from the GEOSECS Sta. 407 (Lat.19.92°N, Long.
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Figure 2.3.9 (A) Comparison of O, profiles from two Argo floats deployed in the Red Sea north of ~23'N latitude: #146, from 29.09.2015 t0 19.02.2017
(black symbols) and #147, from 30.09.2015 to 29.12.2016 (blue symbols) with Winkler O, measurements (magenta unconnected circles) made by the
author in the same area in May 1983 on board R.V. Sagar Kanya. O, profiles at a site in the central Red Sea obtained during the GEOSECS Expedition (Sta.
407- Lat.19.92'N, Long. 38.48°E, sampled on 22.12.1977) and at a nearby Sagar Kanya station (Sta. 40 sampled on 24.05.1983) are shown by red and
magenta crosses, respectively. (B) Comparison of O, profiles at two Sagar Kanya stations (Sta. 70 - 16.03'N, 41.39E - black circles, and Sta. 74 - 14.78'N,
42.12F - black crosses) with O, profiles from two closely located stations sampled during cruises of R.V. Tyro on 27.05.1992 (Cast 7168075 - red circles)
and 03.02.1993 (cast 7160570 - red crosses). These data were obtained from the National Oceanographic Data Center, USA.

38.48°E) taken on 22.12.1977 and another from the
closely located Sta. 40 sampled on 24.05.1983 on the
same Sagar Kanya cruise. The GEOSECS and Sagar
Kanya data match very well with each other, as do O,
profiles from two other Sagar Kanya stations (Sta. 70 -
Lat. 16.03°N, Long. 41.39°E, and Sta. 74 - Lat. 14.78°N,
Long. 42.12°E) with the profiles from two closely
located stations sampled during cruises of R.V. Tyro on
03.02.1993 and 27.05.1992, respectively. This shows
that the Sagar Kanya observations were not abnormal.
Thus, it appears that substantial deoxygenation has
already occurred in deep waters of the Red Sea over
the past three decades. However, this trend needs to
be confirmed by recent data from the southern Red
Sea where seasonality is smaller and the O, minimum is
more pronounced. The very low O, values measured on
the Tyro cruises, incidentally the most recent bottle data
in the database of the National Oceanographic Data
Center (NODC), underline the potential vulnerability of
the Red Sea to anthropogenic deoxygenation.

The RSW undergoes substantial modification through
mixing as it descends from the Bab-el-Mandeb Strait
and finds its density level in the Gulf of Aden (Grasshoff,
1969; Morcos & AbdAllah, 2012). With an initial O,
content of ~1.5 ml L' (Morcos & AbdAllah, 2012), the
RSW is a source of O, to the O,-depleted (<0.5 ml L)
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waters it mixes with in the Gulf of Aden. Deoxygenation
within the Red Sea is thus expected to affect O,
distribution in the Gulf of Aden and the adjacent Arabian
Sea where RSW spreads horizontally. Trends of any
deoxygenation in the Gulf of Aden are not yet known
but are expected to be similar to those described above
for the western Arabian Sea.

Flowing directly into the core of the OMZ where
denitrification is most intense, PGW is perhaps more
important than RSW in regulating biogeochemical
cycling in the Arabian Sea. Although O, supply from
this watermass is small, it is nevertheless enough to
prevent the onset of denitrification in the north-western
Arabian Sea. The PGW also has a relatively elevated
concentration of total organic carbon (TOC) compared
to the water it mixes with (Hansell & Peltzer, 1998).
Changes in the initial concentrations of both TOC and
O, in this watermass have the potential to alter the
extent and intensity of the OMZ. There is compelling
evidence to suggest that such changes are already
occurring. Emergence of summertime hypoxia in the
central Persian Gulf has been reported by Al-Ansari et
al. (2015) who observed an O, decrease by as much as
1 ml L relative to the historical data. More recently, high
TOC concentrations (up to 543 pM) have been observed
in the northern Gulf (Al-Said et al., 2018). Significantly,
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Figure 2.3.10 Comparison of O, concentrations with reference to
temperatures over the inner and mid-shelf regions (depths < 60 m) off
Karwar (see Figure 2.3.1), central west coast of India, during the upwelling
period in 1971-1975 (red symbols) and 1997-2004 (blue symbols). Mean
and median values for 1 °C-bins are shown by the dashed and solid curves,
respectively (modified from Naqvi et al., 2006c).

a reduction in runoff from the Shatt al-Arab river has
made surface waters in the region seasonally (in winter)
the densest found anywhere in the Gulf implying that
the organic matter derived from sewage or produced
by phytoplankton in the northern Gulf would be quickly
injected into Gulf Deep Water, to be eventually flushed into
the core of the OMZ of the Indian Ocean (Al-Said et al.,
2018). In addition, model simulations show that the size
and intensity of this OMZ are very sensitive to warming
of waters in the Persian Gulf and Red Sea (Lachkar et
al., 2019). Thus, the ongoing physico-chemical changes
in the marginal seas are likely to lead to expansion and
intensification of the Arabian Sea OMZ.

2.3.2.3 Coastal waters

The available information suggests that O,
concentrations in bottom waters over the Omani shelf
might have decreased in recent decades (Piontkovski &
Al-Oufi, 2015). This is also supported by data presented
by Naqvi et al. (2010). However, there is a dearth of recent
O, measurements from this region. In contrast to this,
the seasonal low O, zone over the western Indian sheff,
the largest of its kind in the world (Figure 2.3.3), has been
fairly well studied. Although O, deficiency off India has
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been known since the 1950s (Banse, 1959; Carruthers
et al., 1959), its regular monitoring was initiated by the
National Institute of Oceanography (NIO), Goa, only in
the 1990s. A number of cruises were undertaken during
which multi-disciplinary observations were made along
transects running perpendicular to the coast. In 1997 a
time series station, the Candolim Time Series (CaTs),
was also established off Goa at a depth of ~28 m.
The CaTS data show marked interannual changes in
the duration as well as intensity of O, deficiency but
no clear long-term trend (Naqyi et al., 2009). The most
intense anoxic conditions were recorded in the early
2000s (especially in 2001) when high hydrogen sulphide
(H,S) concentrations were recorded over large parts
of the shelf at depths as shallow as 5 m and as deep
as 65 m. This was attributed to an intensification of O,
deficiency over the western Indian shelf due to enhanced
anthropogenic nutrient loading (Naqgvi et al., 2006c).
Although anoxic events of comparable magnitude have
not occurred since, current conditions are still more
severe than those indicated by the historical data. The
most extensive of such data, although restricted only
to salinity, temperature and O,, were obtained under
the UNDP/FAO-sponsored Integrated Fisheries Project
(IFP). Repeat observations were made under this
programme from 1971 to 1975 along a number of coast-
perpendicular transects, including one off Karwar, just
south of Goa. A comparison of the O, data generated
during the IFP with those collected by NIO for the same
shelf segment (depth < 60 m) and the same season
(August—September) between 1997 and 2004 (Figure
2.3.10) shows considerable scatter. However, the
means and medians of subsurface concentrations are
significantly lower for 1997-2004 than for 1971-1975.
Significantly, zero O, concentrations, characteristic of
sulphidic waters, were never recorded on the IFP cruises,
implying the absence of H,S. Other data subsequently
collected by NIO (Naqvi et al., 2000 - Supplementary
Information) also show that the subsurface environment
was denitrifying but not sulphate reducing at least until the
1980s. It is still not clear what caused a shift to sulphidic
conditions that have persisted but have not intensified
steadily since the monitoring began at the CaTs site. It
has been suggested that the intensity of anoxia may be
modulated by basin scale events especially the Indian
Ocean Dipole (IOD) (Vallivattathillam et al., 2017). The
IOD is the Indian Ocean counterpart of the El Nifio
and La Nifa events that are well known to occur in the
Pacific Ocean (Saji et al., 1999). Positive IOD years, of
which 1997 is an extreme example, are distinguished by
anomalously low sea surface temperatures (SSTs) in the

63

SECTION 2.3



2.3 Evidence for ocean deoxygenation and its patterns: Indian ocean evidence

eastern equatorial Indian Ocean and high SSTs in the
western Indian Ocean, a reversal of the normal trend,
accompanied by wind and precipitation anomalies.
Isolation of human-induced environmental changes
including changes in O, distribution from those resulting
from irregular but naturally caused climate modes, like
IOD, continues to be a major challenge.

Further south along the same coast, monthly
observations for one year in 2012 at a station located
over the mid-shelf (Lat. 9.969°N, Long. 75.831°E, depth
52 m) off Kochi, which was also sampled on a monthly
basis by Banse (1959) from July 1958 to January 1960,
revealed remarkably little change in O, concentrations
over the intervening period (Gupta et al., 2016). However,
2012 was an 10D year when upwelling was weaker, and
so the prevalence of lower O, concentrations during a
normal year cannot be ruled out.

High population density and rapid industrialization
have led to large increases in waste discharges, often
untreated, into most Indian rivers, resulting in the
development of low O, conditions in several estuaries,
creeks, bays and fishing harbours such as Ratnagiri,
Veraval and Porbandar Harbours; Mahim Bay and
Versova Creek (Mumbai); and the estuaries of rivers
Ulhas (near Mumbai), Kolak (near Daman), Tapi (near
Surat) and Sabarmati (at the head of the Gulf of Cambay)
along the north-west coast of India (Figure 2.3.1), with
the O, concentration sometimes falling below 0.15 ml
L. For example, measurements in the Tapi Estuary
from 1983 to 2011 revealed a change from normoxic
to hypoxic conditions (Ram et al., 2014). The estuary
remains hypoxic/anoxic during all seasons, but anoxia
is more pronounced during the summer and at low
tide. The environmental condition of the Tapi Estuary
has impacted coastal waters, resulting in fish kills (Ram
et al.,, 2014). Development of anoxia has also been
observed in the bottom layers of Kochi Backwaters
along the south-west coast of India (Martin et al., 2010).
Like most estuaries along the Indian west coast, the
intrusion of O,- poor upwelled water also occurs in this
estuarine system. High O, demand in bottom waters
arising from eutrophication maintains anoxic (including
sulphidic) conditions up to 6 km upstream from the bar
mouth of the estuary.

Despite immense runoff from numerous major rivers that
are believed to bring large quantities of nutrients into the
Bay of Bengal (Seitzinger et al., 2002), O, deficiency
in shallow waters over the continental shelf is not as
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intense in the Bay of Bengal as in the Arabian Sea. Even
though as stated above the OMZ in the Bay of Bengal is
almost as intense as that in the Arabian Sea, it is located
offshore at depths exceeding ~100 m. Unlike the Arabian
Sea, it does not come up over the continental shelf
close to the surface because of the lack of large-scale
upwelling along the Indian east coast, except locally
in some areas such as the Andhra coast where some
intensification of low O, conditions has been reported
(Sarma et al., 2013). A more severe event was observed
off the south-east coast of India in 2010 leading to
prevalence of hypoxic conditions even in shallow waters
with O, concentrations going down to 0.1 mIL" at 59 m
depth (Satpathy et al., 2013). Although this event was
attributed to land-based pollution, the data presented
point to an offshore origin of nearly-anoxic waters,
possibly associated with an eddy. While O, deficiency
may develop to a very limited extent close to points of
sewage discharge from large population centres, the
absence of big hypoxic (dead) zones, like the one in the
Gulf of Mexico (https://gulfhypoxia.net/), off the mouths
of major rivers such as the Ganges-Brahmaputra (Mitra
et al.,, 2018) in the Bay of Bengal is counter-intuitive
This supports the view (Nagvi, 2008) that nutrient runoff
by rivers flowing into the Bay of Bengal is not as large
as predicted (Seitzinger et al., 2002). Unfortunately,
reliable recent O, data are nearly non-existent to assess
the extent of O, change along the coasts of all other
countries (Bangladesh, Myanmar, Malaysia, Thailand
and Indonesia).

Some estuaries in western Australia near Perth (e.g.
Swan-Canning Estuary and Peel-Harvey Estuary), have
been impacted by eutrophication and, at some times of
theyearhave O, levels below hypoxiathreshold (1.4 mlL™")
(Hipsey et al., 2014; Thomson et al., 2017; Tweedley
et al., 2015). However, the scale of the problem is far
smaller than in other major hypoxic estuarine systems
such as the Chesapeake Bay along the US east coast
(Officer et al., 1984).

2.3.4 Ecosystem consequences

Oxygen depletion in sea water has a wide variety of
impacts on marine biogeochemistry and ecosystems
(Brietburg et al., 2018, and references therein), all of
which are seen in the low O, waters of the Indian Ocean
as well. Benthic ecosystems in the Indian Ocean are
worst affected by this phenomenon because of the
unusually large area of continental margins exposed
to hypoxic/anoxic waters (Helly & Levin, 2004).
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Figure 2.3.11 Life in anoxic environments is dominated by bacteria that are able to utilize chemical species such as nitrate and sulphate to decompose
organic matter and gain energy. However, a few multi-cellular organisms are capable of tolerating low O, concentrations by suppressing their metabolism
(Seibel et al., 2016). Examples from the Arabian Sea include (A) the copepod Pleuromamma indica (Saraswathy & lyer, 1986) (from http:/www.mmcer.ynu.
ac.jp/shimo/my_site/ photos1/peji/ Planktonic_copepods.html#70) and several species of myctophids (lanternfish), of which (B) Benthosema pterotum (image
courtesy PK. Karuppasamy) is most abundant (Gjgsaeter, 1984). Estimated stocks of myctophids in the Arabian Sea (~100 million tonne) slightly exceed

total annual global marine fish catch. This huge biomass undergoes spectacular diurnal migration to the functionally anoxic core of the OMZ to escape from
predators during the day as shown by the Acoustic Doppler Current Profiler (ADCP) back-scatter records (C) at a location near the heart of the denitrification

zone for 24 hours on 13/01/95 and 23/08/95 (after Morrison et al., 1999).

Oxygen deficiency greatly reduces benthic biodiversity,
promoting dominance of hypoxia-tolerant groups like
polychaetes (Ingole et al., 2010; Levin et al., 2009;
Raman et al., 2015). Where O,-depleted waters reach
the sun-lit zone, they strongly impact phytoplankton
community structure. A dramatic shift in phytoplankton
composition, with  massive blooms of Noctiluca
scintillans replacing diatoms thereby altering the trophic
structure, has been ascribed to the emergence of
hypoxic conditions close to the surface during winter
in the northern Arabian Sea (Figure 2.3.7) (Gomes et
al., 2014). As in other areas, O, depletion also affects
vertical distribution and diurnal migration of zooplankton
in the open ocean (Morrison et al., 1999; Wishner et
al.,, 1998) and in coastal waters (Madhupratap et al.,
1996) of the Indian Ocean. At the higher trophic level,
while most fishes are excluded from O, deficient waters,
some species of myctophids (lanternfish) are adapted to
live in the functionally anoxic core of the OMZ to which
they migrate during the day to avoid predation (Figure
2.3.11; Morrison et al., 1999). The total biomass of
myctophids in the Arabian Sea is incredibly high (~100
million tonne; Gjosaeter, 1984). Diurnal migration of
such a huge biomass up and down the water column is
of great ecological and biogeochemical relevance.

Complete loss of O, from the water column favours
the development of diverse microbial populations that
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utilize anaerobic pathways to derive energy, mediating
elemental transformations that are of immense
geochemical significance (Wright et al., 2012). For
example, denitrification is by far the most important
sink term in the reactive nitrogen budget (Codispoti
et al, 2001), producing N,, the most abundant gas
in the atmosphere, thereby countering biotic and
abiotic N, fixation. The OMZs that support anaerobic
respiration pathways are distinguished by an increase
in total bacterial numbers to the extent that it causes a
significant increase in water turbidity (Naqvi et al., 1993).
These bacteria evidently support unusual food chains
that are yet to be fully explored.

2.3.5 Societal consequences

The most important consequence of deoxygenation is
its adverse effect on biodiversity and living resources.
Unfortunately, published information available on this
important aspect from the Indian Ocean is scarce.
However, several instances of fish kills (Figure 2.3.12)
suspected to be caused by hypoxia often associated with
algal blooms have been documented (e.g. Naqyi et al.,
1998; Piontkovski et al., 2012; Ram et al., 2014). Along
the west coast of India, demersal fish landings appear to
be strongly linked with the intensity of seasonal anoxia,
showing pronounced declines during strong anoxic
events, for example in 2001 when sulphidic conditions
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Figure 2.3.12 An incident of severe fish mortality observed on Caranzalem Beach (Goa, west coast of India) on 24th August, 2019. Such fish kills are
commonly caused by the upwelling of low-oxygen subsurface water from offshore during late summer/early autumn. © D.M. Shenoy, National Institute of

Oceanography.

prevailed on a large scale over the western Indian shelf
(Nagvi et al., 2009). The recently reported dominance
of dinoflagellates over diatoms in the northern Arabian
Sea in the winter, attributed by Gomes et al. (2014) to
expansion of hypoxia in the upper water column, may
potentially affect fisheries, since diatoms have been
the principal primary producers, forming the base of
food chains leading to commercially important species
(Figure 2.3.7). Potential socio-economic impacts of
such ecosystem shifts remain to be evaluated. Another
notable effect of deoxygenation is its positive feedback
to climate change through enhanced production
of greenhouse gases, especially N,O. The Indian
continental shelf is an especially important hotspot
of N,O production during seasonal anoxia (Figure
2.3.3; Nagyi et al., 2000) implying that an expansion
of the OMZs may substantially increase oceanic N,O
emissions. On a longer timescale, enhanced loss of
reactive nitrogen as N, from the expanded/intensified
oceanic OMZs and in sediments would affect biological
productivity, and therefore ocean’s capacity to sequester
atmospheric CO,, thereby affecting climate; this has
been hypothesized to have happened in the geological
past (Altabet et al., 2002).

2.3.6 Implications of continuing ocean
deoxygenation

The Indian Ocean contains a very large volume of water
that has extremely low O, concentrations but is still not
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functionally anoxic (i.e. it does not support anaerobic
processes such as denitrification). Even though rate
of O, loss appears to be generally slower in the region
than, for example, in the North Pacific, with continuing
deoxygenation and expected decrease in O, supply from
the south as well as increase in productivity, an expansion
of the volume of anoxic water seems inevitable. If and
when that happens, it will greatly impact biogeochemical
fluxes such as a substantial increase in oceanic nitrogen
loss (Bristow et al., 2017). Expansion/intensification of
the existing coastal hypoxic/anoxic (dead) zones and the
emergence of new ones as a consequence of enhanced
nutrient loadings are, in all likelihood, also going to
happen, if they are not already happening, given the
large population density in countries surrounding the
North Indian Ocean. South Asia is a hot spot of nutrient
export to the ocean, accounting for 28% of the global
total nitrogen (TN) and total phosphorus (TP) exports, the
majority (>60%) of which is received by the Bay of Bengal
(Figure 2.3.13) (Mayorga et al., 2010). It is estimated that
the TN runoff to the Bay of Bengal alone will increase
from 7.1 million tonne in 2000 to 8.6 million tonne in
2050, whereas TP export may remain unchanged
at ~1.5 milion tonne (Pedde et al., 2017). Coastal
areas adjacent to river mouths in the north-eastern
Indian Ocean (e.g. off Bangladesh and Myanmar) are
particularly vulnerable to eutrophication and consequent
deoxygenation resulting from riverine inputs of nutrients.
Emergence of hypoxia here will have far reaching impacts
on fisheries and associated livelihoods of a large number
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of people. Finally, the ongoing rapid deterioration of the
marine environment of the two marginal seas (Persian
Gulf and Red Sea), especially through eutrophication
and deoxygenation (Al-Ansari et al., 2015; Sheppard et
al.,, 2010) and warming (Lachkar et al., 2019) will have
a potentially large impact on the extent and intensity of
the mid-water O, deficiency in the north-western Indian
Ocean.

2.3.7 Conclusions / Recommendations

The information presented above does not show as
consistent and as large a trend of deoxygenation
in the upper water column in the Indian Ocean as in
other oceanic areas, perhaps reflecting differences in
ventilation of subsurface waters arising from the unusual
geographical setting of the Indian Ocean. However, the
geographical setting and associated unique climatic
conditions in conjunction with high population density of
the surrounding landmasses also make biogeochemistry
and ecosystems in the region more vulnerable to human-
induced deoxygenation. The unique impact of ongoing
changes in the two marginal seas on the open-ocean
OMZs needs to be evaluated in detail. Also, of particular
interest is how conditions in the large volume of water

presently on verge of turning fully anoxic, especially in
the Bay of Bengal, will evolve in future in response to
changes in physics as well as nutrient loading from land.

A severe lack of information on the health of coastal
waters of a majority of countries bordering the Indian
Ocean, including potential hotspots off major river
mouths (e.g. Indus in Pakistan, Ganges-Brahmaputra
in Bangladesh and Irrawaddy in Myanmar), presently
limits our ability to evaluate effects of human activities
including deoxygenation. As enhanced nutrient loading
will eventually lead to development/intensification/
expansion of dead zones at the mouths of these rivers,
and remedial measures will have to be initiated to contain
this problem, capacity building in these countries for
sustained observations and development of regional
observational networks must be given a high priority.
In addition to ocean deoxygenation, such a monitoring
programme should also cover other related changes
such as warming, eutrophication and acidification
arising from human activities. Understanding how these
multiple stressors may act in concert is necessary for
predicting the impact on the marine environment and
ecosystems and their socio-economic ramifications.

Figure 2.3.13 The estuary of River Hooghly, a distributary of the Ganges. The Ganges-Brahmaputra River System, along with several other rivers, brings very
large quantities of fresh water and dissolved & suspended matter to the Bay of Bengal. These rivers form extensive deltas that house some of the world’s
largest mangrove ecosystems. Increases in organic matter and fertilizer loadings to estuarine and coastal water are expected to lead to development of
hypoxic zones in coastal Bay of Bengal in the future. © Dr. Sandip Mukhopadhyay, University of Calcutta.
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Summary

e  FEastern boundary upwelling systems (EBUS) are one of the ocean’s most productive biomes, supporting one-
fifth of the world’s wild marine fish harvest. These ecosystems are defined by ocean currents that bring nutrient-
rich but oxygen-poor water to coasts that line the eastern edges of the world’s ocean basins. As naturally
oxygen-poor systems, EBUS are especially vulnerable to global ocean deoxygenation.

e The dynamics of EBUS are intimately linked to global alterations in ocean chemistry and circulation from climate
change. Upwelling currents connect the vast region of the subsurface open ocean that is experiencing declines
in dissolved oxygen with the productive coastal waters of EBUS. The strength and location of upwelling
currents depend on wind fields that are also affected by climate change. For some systems, this combination
of changes will result in an intensification and expansion of coastal low oxygen zones.

e In comparison to the open ocean, long-term changes in dissolved oxygen availability in dynamic EBUS are
much more challenging to resolve. Nonetheless, important trends have started to emerge. In a number of
systems, dissolved oxygen (DO) has declined by approximately 10 umol kg per decade. This is of great
concern because many EBUS locales already sit near if not pass the canonical threshold for hypoxia of 60 pmol
kg'. Observations of strengthening in winds that drive the upwelling delivery of low-oxygen and nutrient-rich
waters in some systems portend heightened risks of ecosystem changes that outpace those expected from
ocean deoxygenation alone.

e Because many EBUS are already exposed to low-oxygen conditions, the risk of crossing important biological
thresholds that regulate the distribution and productivity of fishery-dependent stocks, and ecosystem
functioning are heightened. Shallow water anoxia has already resulted in mass die-offs of fish and shellfish in
some systems. Expansion of low oxygen zones have led to rapid, transient invasion of hypoxia-tolerant jumbo
squid in others. Movement of fish away from low oxygen zones have also affected the accuracy of fishery-
independent surveys even as the needs for tools for managing in the face of climate change grows.

e The intensification and expansion of low oxygen zones can have further ecosystem conseguences as oxygen-
dependent cycling of elements by microbes alter the supply of nutrients or in extreme cases, lead to increased
production of toxic hydrogen sulphide gas (H,S). Low oxygen EBUS are also regions of CO, enrichment as the
loss of DO is coupled to the production of CO,. In combination with ocean uptake of human CO, emissions,
CO, levels in some EBUS have already reached levels where the calcium carbonate shells of marine life are now
being readily dissolved. Eastern boundary upwelling systems thus represent hotspots for both hypoxia and
ocean acidification where development of mitigation and adaptation solutions are urgently warranted.
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Ocean hypoxia effect

Potential consequences

Oxygen declines induces species range shifts, changes to
vertical and across-shelf movement patterns, and losses in
spawning habitats.

Altered ecological interaction rates among consumers and
prey, and species that compete for resources.

Altered ecological interactions as invasive hypoxia-tolerant
species increase in abundance.

Reduced fishery productivity as population replenishment
declines for benthic spawning species and those that
have strong habitat dependence for growth.

Increased fishery conflicts as multiple targeted species are
compressed into narrow oxygen refuges.

Increased management uncertainty as fishery-
independent surveys are compromised by reduced
accessibility of fish to survey methodology.

Spatial and / or temporal expansion of areas currently
affected by suboxia or anoxia as well as novel development
of suboxic habitats in regions where they have previously
been absent.

Increased loss of nitrogen nutrients as denitrification
intensifies.

Increased risk of water column hydrogen sulphide
accumulation effects as sulphate reduction intensifies.

Altered ratios of nutrient availability as the flux of iron and
phosphorus from sediment increases.

Intensification of ocean acidification in conjunction with
coastal hypoxia.

A wider array of taxa is affected and/or the effects of
hypoxia are amplified if hypoxia and ocean acidification act
as compounding or interactive stressors on organisms.

More rapid shift to no-analogue state where multiple
aspects of coastal ocean environment move away from
natural ranges in exposure.

2.4.1 Introduction

Eastern boundary upwelling systems (EBUS) represent
one of the ocean’s most productive biomes. Even
though EBUS comprise some 1% of the area of the
ocean, the productivity of these coastal ecosystems
supports one-fifth of the world’s ocean wild fish harvests
(Pauly & Christensen, 1995) and gives rise to important
habitats for highly migratory seabirds, marine mammals
and pelagic fishes (Block et al., 2011). Eastern boundary
current upwelling systems can be readily identified
from satellite maps of sea surface temperature (Figure
2.4.1A) as coastal regions that are colder than expected
for their latitude. Ocean water gets colder with depth.
The presence of cold water signals wind-driven ocean
currents that transport or upwell cold, nutrient-rich
waters from deeper layers of the ocean. Once upwelled
nutrients reach the sunlight surface, they fuel dense
blooms of phytoplankton (Figure 2.4.1B) that serve as
the base of ocean food webs.

The dissolved oxygen (DO) content of ocean water also
declines with depth. This reflects the loss of DO from
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the respiration of microbes and other marine life as they
consume the rain of organic matter that sinks down
from the productive ocean surface. In fact, the high level
of nutrients found in upwelled waters is a direct product
of this process of organic matter remineralization. The
surface ocean also acts as an insulating layer that keeps
the waters below from replenishing lost DO with oxygen
from the atmosphere (Figure 2.4.2). The atmosphere
does have a central role to play, however, in structuring
EBUS through the actions of coastal winds. Equatorward
winds are common to coastlines that lie on the eastern
edge of ocean basins. These winds serve as engines
that move the surface ocean. These surface currents do
not simply flow in the same direction as the equatorward
winds, however. Known as the Coriolis effect, currents
in motion on a rotating planet are deflected to the right in
the Northern Hemisphere and to the left in the Southern
Hemisphere. The movement of surface waters away
from the coastline lies at the heart of upwelling as
seaward surface flows (known as the Ekman layer) must
be counterbalanced by deep waters that rise and move
toward the coast. As a consequence of coastal winds,
eastern boundary current upwelling systems are one
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Figure 2.4.1 Satellite remote sensing imagery of Central California Current upwelling: A) Sea surface temperature (AVHRR), B) Surface chlorophyll (SeaWiFS)

August 2000. © John P Ryan Monterey Bay Aquarium Research Institute.

of the few places in the ocean where nutrient-rich but
oxygen-poor deep waters are transported to relatively
shallow depths. Once upwelled, oxygen-poor waters
can be further robbed of oxygen as the exceptional
productivity of EBUS accelerates the rain of organic
matter that fuels oxygen consumption above and in the
sea floor (Adams et al., 2013).

As inherently oxygen-poor and in many instances,
oxygen-deficient systems, it is not surprising that EBUS
represent hot spots for ocean deoxygenation concern,
particularly as relatively small DO declines can push
systems past thresholds for hypoxia (DO < 60 umol kg™)
or suboxia (DO < 5 pmol kg') (Deutsch et al., 2011).
However, the sensitivity of EBUS to ocean deoxygenation
is further compounded by strong climate-dependence
in the very factors that give rise to low oxygen baseline
conditions in EBUS. As systems that receive oxygen-
poor oceanic waters, the global reductions in oxygen
solubility from a warming ocean and slowing exchange
of oxygen between the atmosphere and the deep
ocean from a more strongly stratified sea can directly
impact EBUS (Breitourg et al., 2018). In particular,
because oceanic DO declines are not distributed evenly
but can be most strongly focused at depth layers
where upwelling currents are often drawn from (Ito et
al., 2017), EBUS face disproportionate impacts from
oceanic deoxygenation. The sensitivity of EBUS is also
structured by the effects of climate change on coastal
upwelling (Bakun et al., 2010). Winds are generated by
spatial differences in atmospheric pressure, and coastal
upwelling winds arise from pressure differences between
a cool ocean and a warm continental land mass. As
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land masses are projected to warm more quickly than
the ocean, a long-standing hypothesis posits that
atmospheric pressure differences are expected to
intensify and/or shift spatially to alter upwelling winds
(Bakun, 1990). For systems where upwelling winds
intensify or lengthen seasonally, increased flux of low
DO, high nutrient waters can directly and indirectly
strengthen local deoxygenation (Bakun, 2017).

Figure 2.4.2 A) Equatorward coastal winds drives the flow of surface water
away from the coast. B) Seaward surface flows are compensated by the
upwelling of deep ocean water across the continental shelf. This deep water
is deficient in dissolved oxygen and enriched in nutrients that promotes
phytoplankton blooms. Low DO ocean water can experience further losses
of DO as sinking phytoplankton cells are respired by microbes. © College of
Earth, Ocean and Atmospheric Sciences - Oregon State University.
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2.4.2 Geographic definition

As their name indicates, EBUS are located at the eastern
margins of ocean basins where equatorward winds give
rise to coastal upwelling currents (Figure 2.4.3). There
are four major EBUS. In the Eastern Pacific Basin, the
Humboldt or Peru-Chile Current System (HCS) lies off
the coasts of Peru and Chile, while the California Current
System (CCS) stretches from British Columbia, Canada
to Baja, Mexico. In the Eastern Atlantic, the Benguela
Current System (BCS) is situated along the coasts of
Angola, Namibia and South Africa while the Canary
Current System (CaCS) extends along the coasts of the
Iberian Peninsula into North-west Africa.

Although the four major EBUS share broad
commonalities in physical and ecological structures
their locations give rise to notable differences in their
present, as well as future, exposure to low-oxygen
conditions (Chavez & Messie, 2009). One important
factor is the location of EBUS relative to oceanic
oxygen minimum zones (OMZ) (Figure 4.2.3) (Monteiro
et al.,, 2011). In the eastern Pacific Ocean, broad
expanses of the ocean interior are marked by vertical
profiles where the DO-rich surface waters give way to
a DO minimum layer that can reach anoxia (DO = 0
pumol kg™) (Thamdrup et al., 2012). Where the OMZ is
particularly shallow such as along reaches of the HCS,
coastward upwelling flows can directly draw suboxic

or even anoxic water to compensate for the seaward
movement of the surface Ekman layer. In the Northern
Pacific, OMZ is typically found too deep to serve as
the source water for upwelled water (Connolly et al.,
2010). Instead, upwelled water is drawn from the top
of the OMZ where DO concentrations often range near
hypoxic levels (Adams et al., 2013). In contrast, DO
levels in the OMZ of the Atlantic Ocean do not reach the
extremely low values found in Pacific Ocean OMZ. This
does not mean that low DO and deoxygenation are less
of a concern in the Atlantic systems. The development
of anoxia in portions of the Benguela Current System
highlight the importance of coastal biogeochemical
processes in driving DO loss (Pitcher et al., 2014).

2.4.3 Trends andimpacts

Future changes in oxygen dynamics in EBUS can be
thought of as the product of global-scale decline in
oceanic oxygen content, and system-scale alterations
in upwelling-favourable winds that affect the delivery
of oxygen-poor water to the coast and the supply of
nutrients that fuel further local drawdown of DO. To
understand the likely scope for future changes, we
can consider the observed changes in oceanic and
atmospheric forcings. The ability to resolve trends in
DO is strongly dependent on the background variability
of a given system (Long et al., 2016). Thus, it is not
surprising that considerable attention has been paid

Figure 2.4.3 Location of the four major eastern boundary upwelling systems and dissolved oxygen values at 200m depth illustrating the location of each
system relative to oceanic oxygen minimum zones. Data from World Ocean Atlas 2013.
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to time trends of DO change in the global open ocean
(Stramma et al., 2008). Analyses of the past five decades
of available data point to a globally averaged DO loss
rate of 0.4% per decade (Schmidtko et al., 2017). At
first glance, this appears to be a minor rate of loss but
because DO declines are not distributed evenly across
the ocean, certain regions experience rates of loss that
are considerably higher. In particular, areas near OMZ
exhibit DO loss rates in excess of 4% per decade
(Schmidtko et al., 2017). The volume of suboxic waters
in OMZ increases non-linearly with DO decline, doubling
in size with a 1% drop in mean DO (Ito & Deutsch, 2013).
This expansion of oceanic suboxia has immediate
consequences for the Humboldt Current System as it
draws upwelled water directly from the Eastern Tropical
Pacific OMZ. In absolute terms, DO losses in the upper
300m of the ocean (the range of depth from where
upwelling water is typically drawn from) range upwards
of 5 umol kg ' per decade (Stramma et al., 2012). This is
notable as oceanic source waters that arrive in the CCS
may hold only 90 pmol kg™ of DO, already close to the
canonical hypoxia threshold of 60 pmol kg™ (Adams et
al., 2013).

Model simulations of the impacts of climate change
on ocean oxygen inventory point to the need for long,
five decades plus records for deoxygenation trends to
emerge from background natural variability (Long et
al., 2016). This imposes important constraints on our
ability to resolve deoxygenation trends in temporally-
dynamic coastal EBUS where requirements for time
series lengths can be even greater. Nevertheless, for
the CCS, where long-term observations have been the
most extensive, multi-decadal declines in DO (Pierce et
al., 2012) and shoaling of hypoxia horizons (Bograd et
al., 2008) have been reported. Declines in DO in recent
decades (past 20-30 years) have been the strongest
on record, with rates in the order of 10 umol kg per
decade (Crawford & Pena, 2013). It is noteworthy that
long-term measurements from multiple independent
programmes have reported rates of DO decline that
have been quite uniform across the CCS. Oxygen loss
trends from Vancouver Island to Southern California
range narrowly between 8 to 13 pmol kg per decade
(Crawford & Pena, 2013). We have fewer long-term
records of DO from other EBUS. In the Benguela Current
System, Moloney et al. (2013) report a decline of 9 umol
kg per decade between 1957 and 2007 for St. Helena
Bay, - a large productive bay that has been subject to
episodic anoxia events (Pitcher & Probyn, 2017). For
EBUS, changes can also manifest as increases in the
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frequency or severity of oxygen-deficiency events. In
the CCS, nearshore suboxia and anoxia events have
occurred in the past decade that have no precedence in
the observational record that extends back to the 1960s
(Chan et al., 2008).

Insights from time-series analyses also highlight the
climate sensitivity of oxygen dynamics in EBUS across
inter-annual to inter-decadal time scales (Buil & Di
Lorenzo, 2017). The impacts of ENSO variability on
ecosystem dynamics in the HCS has been particularly
well characterized where strong El Nino events results
in a marked rise in oxygen levels that reorganizes the
structures of benthic and pelagic communities (Bertrand
et al., 2011; Escribano et al., 2004; Gutiérrez et al.,
2008). In the southern CCS, decrease and subsequent
increase in the volume of suboxic water between 1960
and 2005 were found to be well correlated with shifts
in the phases of the Pacific Decadal Oscillation (PDO)
index (Deutsch et al., 2011). During cool PDO periods,
the thermocline and OMZ shoals increasing the supply
of nutrients and resultant rain of organic materials that
drive respiratory losses of DO. A larger fraction of this
respiration also takes place within shallower OMZ
reinforcing the tendency toward suboxia expansion.
In the North Atlantic, declines in DO have been linked
to weakening of trade winds associated shifts in the
Atlantic Multidecadal Oscillation index (AMO) that are
important to the ventilation of subsurface water masses
(Montes et al., 2016). Anomalous events detected from
long-term time series have also provided insights into
the linkages between basin-scale changes in ocean
conditions. In 2002, increased supply of nutrients from
the Gulf of Alaska heightened coastal productivity,
oxygen demand and the eventual emergence of
nearshore hypoxia in the northern CCS (Grantham et
al., 2004). These observations highlight the sensitivity
of EBUS oxygen to climate through changes in winds,
stratification and circulation that takes place over local
to basin scales.

Because oxygen dynamics in EBUS are the product
of complex interplay of physical and biogeochemical
factors, future changes are unlikely to simply follow
mean ocean trends in deoxygenation. Indeed, model
projections suggest that DO in the tropical ocean may
rise in the future if warming slackens trade winds that
drive equatorial upwelling (Bianchi et al., 2018). In
contrast, coastal upwelling as first proposed by Bakun
(1990 is projected to increase as enhanced continental
warming strengthens low-pressure systems on land

77

SECTION 2.4



2.4 Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

relative to high-pressure systems in the sea. The growth
of modelling and observational studies stimulated
by Bakun (1990) has provided general support for
increased upwelling in recent decades (Sydeman et
al.,, 2014; Varela et al., 2015; Wang et al., 2015). The
deepening of this literature has also revealed important
differences in how different EBUS and regions within
EBUS are changing (Aravena et al., 2014). Support for
upwelling increases are strongest for the HCS, CCS, and
BCS (Sydeman et al., 2014). Within systems, evidence
of upwelling increases is strongest for poleward regions
of individual EBUS (Garcia-Reyes et al., 2015). Our
understanding of the potential mechanisms behind
upwelling intensification has similarly diversified. Recent
work has emphasized the importance of poleward
movement and expansion of oceanic high-pressure
systems from climate change in structuring upwelling
winds (Garcia-Reyes et al., 2015; Rykaczewski et al.,
2015).

Eastern boundary upwelling systems are oceanic in
their nature and discussions of future trends have most
often focused on offshore and wind-forced changes.
However, studies illustrating the effects of terrestrial
nitrogen inputs on the nitrogen budget (Howard et al.,
2014) and phytoplankton bloom formation (Beman et
al., 2005) in coastal upwelling systems, as well as the
effects of atmospheric iron deposition in enhancing
primary production that contribute to DO losses in OMZ
(to et al., 2016) suggests that projections of future
oxygen trends in EBUS will need to consider the role of
pollution from human activities across a variety of scales.
As the ocean warms, increasing stratification will inhibit
the resupply of oxygen into the ocean but this change
can also reduce primary production that fuels oxygen
loss, and suppress the upwelling of oxygen-poor waters
to the coast. In addition, increased upwelling may lead
to greater flushing of nearshore waters so that local
development of hypoxia may be moderated in intensity
and/or location. These are important factors that can
serve to offset deoxygenation trends faced by EBUS.
At the moment, their influence is poorly resolved and
contributes to real uncertainties in the projections of
future conditions in EBUS.

2.4.4 Ecosystem consequences
Oxygen availability is a major environmental gradient
that organizes the structure and functioning of marine

ecosystems. The effects of oxygen change also tends
to be highly non-linear with declines when DO is
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already low, soliciting disproportionately large biological
responses (Portner, 2010). As a result, the expression
of ocean deoxygenation in EBUS is expected to bring
about important changes in ecosystem dynamics.
The potential ecosystem consequences of future
ocean deoxygenation can be illustrated by how marine
ecological communities and biogeochemical cycles shift
in response to currently observed gradients in DO.

Oceanic microbes play a dominant role in elemental
cycles that govern the supply of nutrients, availability
of trace elements, DO levels, and seawater pH. The
metabolic processes of microbes can exhibit sharp
thresholds in activity as DO declines from hypoxic to
suboxic and anoxic conditions (Ulloa et al., 2012).
One particularly important suite of processes is the
cycling of nitrogen — a fundamental nutrient that limits
ocean productivity. The natural decay of organic
matter releases nitrogen compounds that are readily
used by phytoplankton to fuel their growth. In DO-
deficient waters, however, microbes that transform
biologically-available nitrogen compounds into inert N,
gas become active (Wright et al., 2012). This important
loss of nutrients only occurs when DO drops below
5 pmol kg™ (Babbin et al., 2014) or less (Bristow et
al.,, 2017) and the expansion of anoxic water in the
eastern tropical North Pacific OMZ has been linked to
increasing loss of nitrogen between 1972 and 2012
(Horak et al., 2016). The onset of suboxia can also have
global consequences for the climate system. Nitrous
oxide (N,O) is an important greenhouse gas with 298
times the heat trapping capacity of CO, and oxygen-
deficient waters are a major oceanic source of N,O to
the atmosphere. This greenhouse gas is produced by
microbes as a byproduct of nitrogen metabolism and
its production is accentuated as DO levels decline.
Because low DO and active nitrogen cycling converge
in productive EBUS, resulting in exceptional hotspots
for N,O emissions (Arevalo-Martinez et al., 2015), it
has been postulated that the ocean deoxygenation
and upwelling intensification will strengthen this positive
feedback in the climate system (Codispoti, 2010). For
EBUS, local feedbacks will also be important to consider.
The production of hydrogen sulphide by microbes
is an active process in oxygen-poor environments
particularly in sediments. In the HCS and the BCS,
transient water column accumulation of hydrogen
sulphide, a compound toxic to wide suites of marine
fish and invertebrates, have been observed (Schunck
et al., 2013) and enhancement of coastal upwelling
by climate change has been postulated to increase
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the likelihood of such events (Bakun, 2017). Concerns
for potential cascading ecosystem consequences of
expanding hypoxia also arise from the supply of iron
and phosphorus from sediments (Capone & Hutchins,
2013). The fluxes of these elements are tightly linked
to oxygen concentration and can be instrumental in
regulating productivity directly or indirectly through
controls on nitrogen fixation (Moore et al., 2013).

The sensitivity of microbial communities to DO declines
is mirrored by the sensitivities exhibited by the broader
suite of marine animals that also make up the water
column and seafloor ecological communities of EBUS.
Compilations of laboratory studies on marine life from
around the world highlight the potential for lethal and
sub-lethal effects of low DO to occur well above the
canonical threshold of 60 pmol kg™ (Vaquer-Sunyer &
Duarte, 2008). This holds particular concerns for EBUS
as DO levels readily range below 60 pmol kg™ in the
HCS, CCS, BCS (Helly & Levin, 2004). Considerable
details are lost of course when the DO sensitivities of
many species are aggregated into global mean values,
and myriad of life history adaptations that are known
from inhabitants of OMZ (Gibson & Atkinson, 2003)
might suggest the potential for reduced biological
vulnerability to future oxygen declines in systems where
exposure to low oxygen conditions is already common.
While some taxa that inhabit such systems can exhibit
dampened sensitivity to oxygen declines, this sensitivity
is by no means universal (Chu & Gale, 2017; Seibel et
al.,, 2016). Across oxygen-deficient water column and
seafloor habitats in EBUS, episodes of DO decline
are often accompanied by community changes. For
example, seasonal formation of hypoxia in Saanich
Inlet in British Columbia results in rapid reorganization
of fish and crustacean communities as more oxygen
sensitive species are displaced from zones of hypoxia
(Chu & Tunnicliffe, 2017). In the central CCS, ENSO-
driven changes in DO are propagated into estuaries
and can drive population level changes in fishes that
rely on estuarine nursery habitats (Hughes et al., 2015).
To the south, long-term observations that began in
1951 have revealed that abundance of deep-water
fishes is reduced by 63% as the system transitions
into periods of relatively low DO levels (Koslow et al.,
2011). The authors speculated that the decline reflects
the loss of refuge from visual predators as oxygen-loss
makes deeper habitats become in accessible to prey
fishes. This habitat compression effect has also been
proposed as a contributor to the opposing fluctuations
in the abundance of sardines and anchovies in the HCS
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where the avoidance of oxygen-poor waters by sardines
represent a loss of foraging habitat that can be utilized
by more hypoxia-tolerant anchovies (Bertrand et al.,
2011).

2.4.5 Societal consequences and implications
of continuing ocean deoxygenation

Eastern Boundary Upwelling Systems link oxygen
changes that are taking place in the global ocean
with impacts to some of the world’s most productive
coastal ecosystems. While this represents one of the
most direct connections between ocean deoxygenation
and society, considerable uncertainties remain. In
fact, one immediate societal consequence of ocean
deoxygenation may be increasing uncertainty in our
ability to rely on the productivity of coastal ecosystems
or in the efficacy of management approaches that have
been employed to date.

In the CCS, coast-wide fishery-independent surveys of
groundfish stocks used to inform stock assessments
have revealed a strong influence of DO on where fish
are distributed, their condition and catch per unit effort
—a key metric used to estimate abundance (Keller et
al., 2010, 2015). Expansion and intensification of low
oxygen zones can thus not only influence where fish will
be caught but also how managers estimate population
size and management targets. In the BCS, episodic
hypoxia events that drive mass strandings of the rock
lobsters (Jasus lalandlii) results in destabilization of catch
and mortality rates that challenges the management of
a commercially important fishery that is already under
pressure from over-exploitation (Branch & Clark, 2006;
Cockeroft, 2001). Continuing ocean deoxygenation
can also bring ecological surprises, whose occurrence
and consequence may be difficult to forecast. Recent
rapid poleward range expansion by the hypoxia-tolerant
jumbo (Humboldt) squid (Dosidicus gigas) (Figure 2.4.4)
in the California and Humboldt Current Systems have
been putatively linked to expansion of low oxygen
zones (Gilly et al., 2013; Stewart et al., 2014). While the
expansion appears to be have abated at the moment,
the sudden introduction of a large, highly active predator
presented considerable challenges to projections of
ecosystem changes in EBUS.

The uncertainty imposed by continued ocean
deoxygenation willamplify and be amplified by challenges
from future ocean warming and the progression of
ocean acidification (Breitburg et al., 2015). The former
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Figure 2.4.4 Jumbo (Humboldt) squid Dosidicus gigas in Sea of Cortez, Baja, California © Waterframe / Alamy stock photo.

reflects the effects of greenhouse gases on the earth’s
heat balance and the latter reflects the impacts of CO,
emissions and its storage in the ocean on seawater pH
and associated chemistry. Termed “hot, breathless, and
sour,” these multiple stressors can act synergistically to
impact marine life (Gruber, 2011). For example, ocean
warming accentuates the impacts of hypoxia in part
by increasing organismal demand for oxygen (Portner
& Knust, 2007; Vaquer-Sunyer & Duarte, 2011). The
effects of ocean acidification are similarly magnified
when organisms are also challenged by the stress of
hypoxia (Gobler & Baumann, 2016; Miller et al., 2016).

Although ocean acidification is a globally pervasive
problem, the interaction between ocean acidification
and ocean deoxygenation represent particularly acute
coupled stressors for EBUS. Low DO levels common
to EBUS ultimately reflect the cumulative breakdown of
organic matter which consumes oxygen and releases
CO,. As a result, some of the highest levels of pCO,
measured in surface ocean waters can be found in
EBUS (Emeis et al., 2017; Feely et al., 2016; Gonzélez-
Davila et al., 2017; Shen et al., 2017), reaching levels
not expected for the mean global ocean until the middle
of the 215t century. As a result, EBUS represent hotspots
for both ocean deoxygenation and ocean acidification
(Chan et al., 2017; Reum et al., 2015), where the
addition of CO, from society’s emissions to an already
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elevated background level of CO, puts systems close
to, and in many instances past, thresholds for biological
impacts (Bednarsek et al., 2017).

2.4.6 Conclusions / Recommendations

The impacts of ocean deoxygenation will not be
evenly felt across ecosystems. For EBUS where DO
values already centre near thresholds for biological
impacts, the confluence of future OMZ expansion
and climate modulation of coastal upwelling and local
productivity point to their risk as early impact systems
to global deoxygenation. The true scope of ocean
deoxygenation’s impacts, however, will be dependent
on the realized rate and scale of oxygen changes, and
the capacity of natural and human systems to mitigate
and adapt to a more hypoxia- or anoxia-prone ocean.
Thus, even as global greenhouse gas emissions lie at
the heart of ocean deoxygenation, recent assessments
have highlighted the importance of local to regional-scale
actions in fostering global-change readiness in EBUS
(Chavez et al., 2017). Actions include sustaining and
growing integrated ocean observing capacity to detect
and track the progression of hypoxia and covarying
ocean acidification and warming stressors. Integration
in observing reflects the need for not only physical
and biogeochemical measurements but also those for
physiological, population, and ecological metrics. Inturn,

Ocean deoxygenation: Everyone’s problem



2.4 Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

the ability to identify and provide early warning of which
species or parts of the system are most vulnerable can
guide priorities in protection. There is also a premium
need for research and partnerships that will grow new
local mitigation and adaptation solutions that decision-
makers can draw on to ostensibly buy time until the root
causes of ocean deoxygenation are addressed (Klinger
etal., 2017).

While the challenges are great, efforts are underway
to enhance monitoring and research to support ocean
deoxygenation actions. For example, because of the
strong covariation between carbonate and oxygen
chemistry and the utility of combined measurements
in assessing data accuracy, the growth of ocean
acidification observing networks regionally (e.g. OA-
Africa, California Current Acidification Network, etc.)
and globally (i.e. Global Ocean Acidification Observing
Network) is also leading to enhanced observing capacity,
intellectual exchanges and partnerships for ocean
oxygen monitoring. Recognition of coastal vulnerability
to ocean acidification and oxygen deoxygenation has
also stimulated new research into the use of green
infrastructure in the form of seagrass and kelp beds
to locally mitigate oxygen and pH declines (Duarte et
al.,, 2017). Equally important are efforts to identify and
promote sources of biological and ecological resilience
to ocean chemistry changes. Examples of local
adaptation to ocean acidification highlight the potential
for evolutionary rescue (Munday et al., 2013) in conferring
some level of resilience to ocean deoxygenation. The use
of available management tools such as marine protected
areas to support climate change adaptation is another
arena of active research (Roberts et al., 2017). In Baja
California, marine reserves supported larger and more
demographically-diverse populations of pink abalone
(Haliotis corrugate) that were better able to withstand
and recover from hypoxia events relative to unprotected
areas (Micheli et al., 2012). Ocean deoxygenation has
quickly emerged as a leading pathway for climate change
impacts. Monitoring and research efforts that identify
what’s most at risk and grows our portfolio of mitigation
and adaptation solutions will play a disproportionate role
in preparing coastal EBUS communities and nations for
the changes ahead.
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Summary

In the last 65 years, over-enrichment of waters with nutrients or organic matter (eutrophication), has emerged
as a problem that threatens and degrades coastal ecosystems, alters fisheries, and impacts human health in
many areas around the world. Hypoxia is one of the most acute symptoms of this eutrophication and harmful
algal blooms another.

The global extent of eutrophication-driven hypoxia and its threats to ecosystem services are well documented,
but much remains unknown relative to human health, social, and economic consequences.

The importance of maintaining adequate levels of oxygen in coastal systems is best summarized by the motto
of the American Lung Association: “if you can’t breathe nothing else matters”.

Over 900 areas around the world have been identified as experiencing the effects of eutrophication. Of these,
over 700 have problems with hypoxia, but through nutrient and organic loading management about 70 (10%)
of them can now be classified as recovering.

There is no other environmental variable of such ecological importance to coastal ecosystems that has changed
so drastically in such a short period of time as a result of human activities as dissolved oxygen.
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Coastal hypoxia effect

Potential consequences

Loss of biomass.

Direct mortality of fisheries species.
Direct mortality of prey species.
Reduced growth and production.
Reduced recruitment.

Loss of biodiversity.

Elimination of sensitive species.

Reduced diversity.

Increased susceptibility to disease and other
stressors.

Lower food web complexity.

Loss of habitat.

Crowding of organisms into suboptimal habitats.
Increased predation risks from both natural and
fishing pressure.

Forced departure from preferred habitat.

Altered or blocked migration routes.

Altered energy and biogeochemical cycling.

Increased energy flow through microbes.
Production of toxic hydrogen sulphide.

Release of phosphorus and other nutrients from
sediments that fuels algal blooms.

Loss of denitrification.

2.5.1 Introduction

The human population is rapidly expanding, recently
passing 7 billion and will likely exceed 10 to 12 billion
by the year 2100 (Gerland et al., 2014). This expansion
has led to extensive modification of landscapes at the
expense of ecosystem function and services, including
pervasive effects on coastal primary production from
excess nutrients to overfishing (Ripple et al., 2017).
Long-term records of nutrient discharges provide
compelling evidence of a rapid increase in the fertility
of many coastal ecosystems starting in the 1960s.
On a global basis, by 2050, coastal marine systems
are expected to experience at least a doubling in both
nitrogen and phosphorus loading compared to current
levels, with serious consequences to ecosystem
structure and function (Foley, 2017; Foley et al., 2005).

The question asked by Foley et al. (2005) is: ‘Are land
use activities degrading the global environment in ways
that undermine ecosystem services, which in turn
undermine human welfare?’ When it comes to dissolved
oxygen the answer is yes. In marine ecosystems,
oxygen depletion has become a major structuring force
for communities and energy flows at global scales.

Eutrophication can be defined as an increasing rate of
primary production and organic carbon accumulation in
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excess of what an ecosystem is normally adapted to
processing (Nixon, 1995). It is one part of a complex of
stressors that interact to shape and direct ecosystem
processes. The most obvious ecosystem response to
eutrophication is the excessive greening of the water
column and overgrowth of algae and vegetation in
coastal areas, a direct response to nutrient enrichment.
The unseen response to eutrophication is the decrease
in dissolved oxygen in bottom waters created by
decomposition of the excess organic matter delivered
to the sea bed, which can lead to hypoxia or dead
zones (i.e. areas where dissolved oxygen levels drop to
2.8 mg O, L or lower). In the past this eutrophication-
induced low oxygen or hypoxia was mostly associated
with rivers, estuaries, and bays. But dead zones now
develop in continental seas, such as the Baltic Sea,
Kattegat, Black Sea, Gulf of Mexico, and East China
Sea.

Much of the sensitivity of organisms to low oxygen is
related to the fact that oxygen is not very soluble in water
and that small changes in oxygen concentration lead to
large percentage differences. For fresh water at 20 °C,
9.1 mg of oxygen (O,) will dissolve in a litre of water. This
would be 100% saturation. A1 mg O, L™ drop is about
a 11% decline in saturation. In addition, oxygen solubility
is strongly dependent on temperature and the amount
of salt dissolved in the water. Saturation declines about
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1mg O, L from 20 to 26 °C and about 2 mg O, L' from
fresh water to sea water at similar temperatures (Benson
& Krausse, 1984). So, depending on temperature and
salinity, water contains 20-40 times less oxygen by
volume and diffuses about ten thousand times more

slowly through water than air (Graham, 1990).

Thus, what appear to be small changes in oxygen
can have major consequences for animals living

2.5 Hypoxiain estuaries and semi-enclosed seas

in an oxygen-limited milieu. Physiologically, higher
temperatures also increase metabolic requirements for
oxygen and increase rates of microbial respiration and,
therefore, oxygen consumption. For salmonid fishes,
oxygen can become limiting at higher temperatures when
oxygen solubility declines (Fry, 1971). Concentrations of
dissolved oxygen below 2 to 3 mg O, L™ are a general
threshold value for hypoxia for marine and estuarine
organisms, and 5 to 6 mg O, L' in fresh water. However,

Table 2.5.1 Planetary boundary processes (Rockstrom et al., 2009) and how exceeding them will affect dissolved oxygen.

Earth-System Parameters Proposed Current Pre-Industrial Consequences for
Process (units) Boundary Status Value oxygen
Climate change (i) Atmospheric carbon 350 387 280 More carbon dioxide in
dioxide concentration (parts water reduces oxygen
per million by volume) concentration
(i) Change in radiative forcing 1 1.5 0 Warmer water holds less
(watts per metre squared) oxygen
Rate of Extinction rate (number of 10 >100 0.1-1 Lower oxygen will stress
biodiversity loss species per million species more species
per year)
Nitrogen and (i) Amount of N, removed 35 121 0 More N and P entering
Phosphorus from the atmosphere for coastal systems will
Cycles human use (millions of increase primary
tonnes per year) production, which will
in turn decompose and
lower oxygen increasing
hypoxia
(i) Quantity of P flowing into 11 8.5-9.5 ~1
the ocean (millions of tonnes
per year)
Stratospheric Concentration of ozone 276 283 290 Unknown
ozone depletion (Dobson unit)
Ocean Global mean saturation state 2.75 2.9 3.44 More acidic waters
acidification of aragonite in surface sea contain less oxygen
water ()
Global freshwater | Consumption of freshwater 4,000 2,600 415 Reduced river flow would
use by humans (km?® per year) improve low oxygen
conditions
Change in land Percentage of global land 15 1.7 Low More cropland leads to
use cover converted to cropland more nutrient runoff, see
(%) Nitrogen and Phosphorus
Cycles
Atmospheric Overall particulate To be Unknown
aerosol loading concentration in the determined
atmosphere on a regional
basis
Chemical pollution | Amount emitted or To be Unknown
concentration of persistent determined
organic pollutants, plastics,
endocrine disrupters, heavy
metals and nuclear waste in
the global environment, or
the effects on ecosystem and
functioning of Earth systems

Ocean deoxygenation: Everyone’s problem
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species and life stages differ greatly in their basic oxygen
requirements and tolerances (Vaquer-Sonyer & Duarte,
2008).

The relatively low solubility of oxygen in water combined
with two principal factors lead to the development of
hypoxia and at times anoxia. These factors are water
column stratification that isolates the bottom water
from exchange with oxygen rich surface water and
decomposition of organic matter in the isolated bottom
water that reduces oxygen levels. Both factors must be
at work for hypoxia to develop and persist in bottom
waters.

2.5.2 Geographic definition

Hypoxia caused by human activities occurs on every
continent, including Antarctica (Conlan et al., 2004).
Over the last 60 to 70 years alarming global trends of
declining oxygen concentrations have emerged both
in coastal areas and in the open oceans (Gilbert et al.,
2009; Ito et al., 2017; Schmidtko et al., 2017). Similar
trends have been documented for lakes, starting over
100 years ago, some 70 years prior to the spread of
hypoxia in coastal regions (Jenny et al., 2016). Many
of these declining oxygen trends have been linked to
human activities directly or indirectly. Rockstrom et al.
(2009) proposed that there are boundaries which if
exceeded will negatively impact global ecosystems
including humanity. While oxygen was not one of the
nine boundaries discussed, it is influenced by many of
the processes discussed (Table 2.5.1). The expanding
size of the human population has led to three of the
boundaries being crossed, which are climate change,
rate of biodiversity loss, and the nitrogen cycle. Of
these, alterations to the nitrogen cycle have the most
direct consequences for dissolved oxygen, followed by
climate change. The more nutrients added to the sea the
more organic matter will be produced, which will create
a greater oxygen demand when it is decomposed,
potentially leading to more hypoxia.

Since the 1960s, the global number of hypoxic systems
has about doubled every ten years up to 2000 (Figure
2.5.1). Prior to 1960, there were about 45 systems with
reports of eutrophication-related hypoxia. During the
1960s, another 60 systems were added. The 1970s
saw estuarine and coastal ecosystems around the
world becoming over-enriched with organic matter from
expanding eutrophication and the number of oxygen-
depleted ecosystems jumped from about 100 to 180. In
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the 1980s many more systems reported hypoxia for the
first time bringing the total to about 330. More hypoxic
areas were reported in the 1990s than any other
decade and the total rose to about 500 systems. By
the end of the 20th century the total was about 500 and
hypoxia had become a major, worldwide environmental
problem. About 15% of these hypoxic systems (70)
are now showing signs of improvement (Conley et al.,
2011; Diaz et al., 2010). At the end of the first decade
of the 21st century another 140 sites reported hypoxia,
bringing the total to about 640. This total of 640 does
not include about 65 sites that Conley et al. (2011)
identified from the Baltic region. When these are added
the total number of dead zones jumps to about 700.
An additional 230 coastal sites were identified as areas
of concern that currently exhibit signs of eutrophication
and are at risk of developing hypoxia (Diaz et al., 2010).

2.5.3 Trends and impacts

The past 65 years have witnessed a ten-fold increase
in the number of eutrophication-driven hypoxic areas.
There are signs of a slowing in the growth of the number
of hypoxic systems, mostly because North America
and Europe are well studied and almost completely
reported. Altieri et al. (2017) examined latitudinal trends
in the number of known dead zones and research
effort and concluded that there are hundreds of tropical
dead zones yet to be identified, particularly in Asia, the
Indo-Pacific, and oceanic islands. It is highly likely that
globally there are over 1,000 dead zones based on
the very strong correlation between human population
centres and the presence of hypoxia, and the under-
reported ecosystems in those locations. The distribution
of coastal oxygen depletion is either centred on major
population concentrations, or closely associated with
developed watersheds that deliver large quantities of
nutrients. The distribution of dead zones closely matches
the deposition of nitrogen from human activities in North
America, Europe, and South America (Figure 2.5.2).
While some of the highest deposition rates are in India
and China, there is little information on water quality to
assess oxygen conditions.

Since the early 2000s many assessments of global
environmental and resource health identify hypoxia as
one of the factors threatening coastal and ocean life, for
example the Millennium Ecosystem Assessment (2005).
In addition, climate model predictions and observations
reveal regional declines in oceanic dissolved oxygen
linked to global warming (Deutsch et al., 2011; Ito et
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Figure 2.5.1 Global pattern in the cumulative development of coastal hypoxia through time. Each red dot represents a documented case related to human

activities. Green dots are sites that have improved. Based on Diaz & Rosenberg (2008)

and Conley et al. (2011).
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Figure 2.5.2 Global nitrogen deposition estimated from total N (NOy and NH ) emissions, 105 Tg N yr" (Galloway et al., 2008).

al, 2017). To understand hypoxia and its effects on
ecosystems requires several perspectives that start at
a local level, move to regional, and finally to a global
perspective. The most important scale is local for
stressors like coastal development, nutrients, pollution,
and eutrophication. At local scales (<1 to 1,000 km?)
impacts are most pronounced and where there is most
information. At regional scales (>1,000 to 1,000,000 km?)
it is a mix of influences from land and sea. This involves
local land-based impacts and processes bleeding into
regional seas, and large-scale open ocean processes at
the boundaries of regions, such as upwelling and water
column stratification depth. Much of the problem with
hypoxia at local and regional levels can be directly tied
to concentrations of human populations and agriculture,
both of which have significantly altered the global
nitrogen cycle (Gruber & Galloway, 2008; Seitzinger
et al., 2010), (Figure 2.5.3). Global scales factors that
influence oxygen and hypoxia are changes in circulation
patterns, climate, temperature, and pH.

Climate change, whether from global warming or
from microclimate variation, will have consequences
for eutrophication-related oxygen depletion that wil
progressively lead to an onset of hypoxia earlier in
the season and possibly extending it through time.
The influence of multiple climate drivers needs to be
considered to understand what future change to expect
(Table 2.5.2). Climate change may make systems more
susceptible to development of hypoxia through its direct

20

effects on water column stratification, precipitation
patterns, and temperature. These effects will likely occur
primarily through warming, which will lead to increased
water temperatures and subsequent decreases in
oxygen solubility. Warmer surface waters will extend and
enhance water column stratification, a key factor in the
development of hypoxia (Laurent et al., 2018). Warmer
water will increase organism metabolism, which is the
key process for lowering oxygen concentrations. In
addition to warming, future climate predictions include
large changes in precipitation patterns. If changes in
precipitation lead to increased runoff to estuarine and
coastal ecosystems, stratification and nutrient loads are
likely to increase and worsen oxygen depletion (Justic” et
al., 2007; Najjar et al., 2010). Conversely, if stratification
decreases due to lower runoff or is disrupted by
increased storm activity or intensity, the chances for
oxygen depletion should decrease (Table 2.5.2).

Much of how climate change will affect hypoxia in
the coastal zone will depend on coupled land-sea
interactions with climate drivers (Table 2.5.2). But the
future pervasiveness of hypoxia will also be linked
to land management practices and expansion of
agriculture to feed an ever-increasing human population.
Land management will affect the nutrient budgets and
concentrations of nutrients applied to land through
agriculture (Sinha et al., 2017). If in the next 50 years
humans continue to modify and degrade coastal
systems as in the previous 100 years (Halpern et al.,
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Figure 2.5.3 The global nitrogen cycle on land and in the ocean from Gruber & Galloway (2008). Major processes that transform molecular nitrogen into
reactive nitrogen are shown. There is also a tight coupling between the nitrogen cycles on land and in the ocean with those of carbon and phosphorous. Blue
fluxes denote ‘Natural’ (unperturbed) fluxes; orange fluxes denote anthropogenic perturbation. Numbers are in Tg N yr' and are for the 1990s.

2008), human population pressure will likely continue to
be the main driving factor in the persistence and spread
of coastal dead zones. Overall, climate drivers will tend
to magnify the effects of expanding human population.

Climate related changes in wind patterns are of
great concern for coastal systems as wind direction
and strength influence the strength of upwelling/
downwelling, which in turn affect stratification strength
and delivery of deepwater nutrients into shallow coastal
areas. Even relatively small changes in wind and current
circulations could lead to large changes in the area of
coastal sea bed exposed to hypoxia. Changes in the
pattern of upwelling on the Pacific coast off Oregon
and Washington due to shifts in winds that affected the
California Current systems appeared to be responsible
for the recent development of severe hypoxia over a
large area of the inner continental shelf (Chan et al.,
2008; Grantham et al., 2004).

Thus, the future status of hypoxia and its consequences
for the environment, society and economies will depend
on a combination of climate change (primarily from
warming, and altered patterns for wind, currents and
precipitation) and land-use change (primarily from an
increasing human population, agriculture and nutrient
loadings). Expanding energy demands associated
with population growth now drive climate change that
threatens all ecosystems at all scales from local to globall.

Ocean deoxygenation: Everyone’s problem

2.5.4 Ecosystem consequences

Relative to oxygen, we do not know where the
boundaries are for ecosystem catastrophe (Table
2.5.1). The amount, severity, and duration of hypoxia
and anoxia must all be factored in. While there are, at
times, spectacular events such as mass mortalities of
sessile organisms, less is known about population level
effects of hypoxia and anoxia. Exposure to hypoxia
can reduce reproduction over sufficiently large spatial
scales as to affect the dynamics of populations and
fisheries production (Bianucci et al., 2016; Breitburg,
2002; Rose et al., 2009), and can even trigger genetic
changes in future generations, even if these generations
themselves are not exposed to hypoxia (Wang et al.,
2016). We also know that when hypoxia develops
fish, crabs, shrimp, and other mobile marine life wil
swim away to areas of higher oxygen concentration,
often congregating in dense assemblages right along
the boundary of low oxygen zones (Craig & Crowder,
2005). This phenomenon is the origin of the term dead
zone, a place where fishermen cannot find anything to
catch due to the migration of mobile animals out of the
affected area. As a dead zone forms, suitable habitat is
compressed and the resulting “escape” by mobile fauna
comes at a cost. Individuals suffer lost growth potential
(due to a shift to less-suitable habitat and increased
competition for resources through crowding), increased
vulnerability to predation (as fauna are restricted to
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Table 2.5.2 Influence of climate drivers on the extent and severity of hypoxia (Modified from Boesch et al., 2007).

Climate Driver

Direct Effect

Secondary Effect

Influence on Hypoxia

potential

Increased temperature More evaporation Decreased stream flow +
Land-use & cover changes -/+

Less snow cover More nitrogen retention -

Warmer water Stronger stratification +

Higher metabolic rates +

More precipitation More stream flow Stronger stratification +
More nutrient loading +

More extreme rainfall Greater erosion of soil P +

Less precipitation Less stream flow Weaker stratification -
Less nutrient loading -

Higher sea level Greater depth Stronger stratification +
Greater bottom water volume -

Less hydraulic mixing +

Less tidal marsh Diminished nutrient trapping +

Summer winds and Weaker, less water . -~

T column mixing More persistent stratification +
Str%g?fr;r:nﬁq:ii%ater Less persistent stratification -
Shifting wind patterns Weaker/stronger upwelling I+

shallower, better-lighted waters), higher susceptibility
to fishing (by predictably aggregating individuals at the
edge of hypoxic zones), etc. (Table 2.5.3). As a result,

Figure 2.5.4 Mersey Estuary © Shutterstock.com.
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hypoxia indirectly influences harvest, both through
effects on processes underlying production such as
growth and mortality (including effects on juveniles
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Table 2.5.3 Generalized response of populations to hypoxia and potential economic effect.

Factor Result

Potential economic Effect

Mortality Loss of stock, may take years to recover

Lower landings
Increased time fishing

Reduced recruitment

Smaller populations, effect may be long lasting

Lower landings
Increased time fishing

Reduced growth

Smaller individuals

Lower individual value

Poor body condition

Weaker individuals

Lower value

Increased migration

Energy resources diverted to movement

Smaller individuals
Increased time fishing

Aggregation

Exposure to increased risks of predation and
exploitation

Less time fishing
Easier to catch

Altered behaviour

More/Less susceptible to fishing gear

Increased or decreased
catchability

Direct effects on fisheries stocks related to reduced growth, movement to avoid low oxygen, aggregation and predation pressure.
Direct effects on fishers related to increased time on fishing grounds, cost of searching for stocks, and market forces that control dock side prices.

before they are subject to fishing pressure), and on
processes influencing catchability (e.g. emigration,
avoidance behaviour).

Mechanistically hypoxia is linked to other stressors, e.g.
global warming, ocean acidification, and pollution, and
it is often the combined effects of these perturbations
that shapes marine ecosystems (Breitburg et al., 2015;
Farrell, 2016; Gobler et al., 2016). Because hypoxia limits
energy acquisition, it is likely to exacerbate the effects of
co-occurring stressors that increase energy demands.
Additionally, the development and persistence of ocean
dead zones can also create toxic hydrogen sulphide
(H,S) that negatively affects marine life separately from
the physiological limitations of a decrease in oxygen.

Figure 2.5.5 Bluefish Pomatomus saltatrix © Paolo Oliveira - Alamy stock
photo.
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All of these factors complicate efforts to identify direct
population level responses to hypoxia.

The earliest accounts of hypoxia-stressed systems are
from European fjords, such as the Drammensfjord and
rivers with population and industrial centres, such as the
Mersey Estuary (Figure 2.5.4), where a combination of
factors including hypoxia led to the elimination of salmon
by the 1850s (Alve, 1995; Jones, 2006). In the USA the
earliest account of ecological stress associated with
hypoxia come from Mobile Bay, Alabama, where in the
1850s, hypoxic bottom water pushed by tides and wind
into shallow water caused mobile organisms to migrate
and concentrate at the water’'s edge. These events
became known as “Jubilees” as it was easy for people
to pick up the hypoxia stressed fish and crabs that
had congregated along the shoreline (May, 1973). In all
cases, hypoxia caused the movement of mobile fauna,
which has energetic consequences, and reduced or
eliminated the trophic base for bottom- feeding species,
which has adverse consequences for a system’s higher
level energy flows (Baird et al., 2004).

If it is important for fish and shrimp to reach critical
nursery or feeding areas at certain times in their life
cycle, then hypoxia may affect population dynamics by
delaying arrival or shortening time spent on spawning
or feeding grounds. In such cases, the cost of delayed
migration in terms of population mortality and production
is not known. For example, in 1976 continental shelf
hypoxia in the New York-New Jersey Bight blocked the
northward migration of bluefish (Pomatomus saltatrix)
(Figure 2.5.5). Fish that encountered the hypoxic
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Figure 2.5.6 Hypoxia's impact on infauna behaviour. Sediment profile image
of the holothurian, Leptosynapta tenuis (L), extending out of the sediment
during near-anoxic conditiuons as it tries to reach water with more
dissolved oxygen. Scale around image is in cm units. Light artefacts from
reflections are visible on the edge of the image. Modified from Sturdivant
etal. (2012).

zone did not pass through or around it but stayed to
the south waiting for the hypoxia to dissipate and
then continued their migration which was delayed by
weeks. On the continental shelf of the northern Gulf of
Mexico, hypoxia interfered with the migration of brown
shrimp (Farfantepenaeus aztecus) from inshore wetland
nurseries to offshore feeding and spawning grounds.
Juvenile brown shrimp leaving nursery areas migrated
farther offshore when hypoxia was not present but
were compressed inshore when hypoxia was present.
In avoiding hypoxia, brown shrimp aggregated both
inshore and offshore of low oxygen areas losing about a
quarter of their shelf habitat for as much as six months
(Rabalais et al., 2010). The population consequences of
this are unknown.

There is a similarity of faunal response across systems
to varying types of hypoxia that range from beneficial
to mortality (Diaz & Rosenberg, 1995; Vaquer-Sunyer
& Duarte, 2008). Consequences of low oxygen are
often sublethal and negatively affect growth, immune
response, and reproduction (Rabalaisetal., 2014). While
mobile fauna has to contend with a loss of habitat as
they are forced to migrate, and must adjust to changes
in prey resources, they are able to at least escape the
affected area. Fauna that have limited mobility must
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develop physiological and behavioural adaptations
(e.g. extract, transport and store sufficient oxygen;
maintain aerobic metabolism; reduce energy demand;
tolerate H,S) if they are to survive a declining oxygen
environment (Wu, 2002). As hypoxia develops sessile
animals initiate a graded series of behaviours to survive
(Figure 2.5.6) but will eventually die as oxygen declines
or persists through time (Diaz & Rosenberg, 2008).
The result is a hypoxia-based habitat compression as
hypoxia tends to overlap with essential habitat such
as nursery areas, feeding grounds, or deeper, cooler
refuge waters during the summer (Craig & Bosman,
2013; Eby & Crowder, 2002).

The development and persistence of dead zones
does not have universally negative consequences
for ecosystems. Habitat compression from hypoxia
may also enhance trophic efficiency contributing to
increased fish productivity (Bertrand et al., 2011).
We also know that some fauna has adapted to take
advantage of oxygen-depleted habitats, utilizing these
areas for predator avoidance or feeding on hypoxia-
stressed prey. These mobile fauna hover at the edge
and migrate into and out of hypoxic zones, using the
time out of the dead zone to reoxygenate (Ekau et
al., 2010). However, despite documentation of some
positive ecosystem responses to deoxygenation,
hypoxic habitats are largely lost to the ecosystem for
varying lengths of time and have significantly diminished
productivity (Sturdivant et al., 2014).

Small and large systems exposed to long periods
of hypoxia and anoxia have lower annual secondary
production with productivity a function of how quickly
benthos can recruit and grow during periods when
oxygen is normal (Diaz & Rosenberg, 2008). The extreme
case would be the perennial hypoxic/anoxic areas of the
Baltic Sea that cover about 70,000 km? where benthic
invertebrate production is near zero (Figure 2.5.7). Under
normal oxygen conditions this area of the Baltic Sea
should be producing about 1.3 million metric tons (mt)
wet weight of potential benthic prey for bottom feeding
predators (Elmgren, 1984, 1989). In Chesapeake Bay,
which has about 3,500 km? of seasonal hypoxia that
lasts about three months, about 75,000 mt wet weight
of potential prey for fish and crustacean predators is lost
(Sturdivant et al., 2014). In the northern Gulf of Mexico
severe seasonal hypoxia covers about 20,000 km? and
leads to approximately a 210,000 mt wet weight loss
of prey from the fisheries forage base. The question
remains as to what happens to the “lost” production?
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Figure 2.5.7 Dead zone on sea bed in Baltic Sea © Peter Bondo Christensen.

Is it consumed by the microbial community, was it ever
produced (benthic production is regulated by growth
and recruitment which is stymied during hypoxia), or is it
displaced to other areas in the system? If the production
isn’t displaced but is truly lost, the unknown is whether
a system recovers from the secondary production
lost to hypoxia during periods of normal oxygen. The
Chesapeake Bay has about nine non-hypoxic months
to make-up for lost production and the northern Gulf of
Mexico six months.

The elimination of benthic prey and hypoxia-based
habitat compression can have profound effects
on ecosystem functions as organisms die and are
decomposed by microbes. Up food chain energy
transfer is inhibited in areas where hypoxia is severe
as benthic resources are killed directly and mobile
predators avoid the area (Figure 2.5.8). As mortality of
benthos occurs, microbial activities quickly dominate
energy flows (Baird et al., 2004). This energy diversion
tends to occur in ecologically important places and
at the most inopportune time for predator energy
demands (i.e. during the warmer months) and causes
an overall reduction in an ecosystem’s functional ability
to transfer energy to higher trophic levels and renders
the ecosystem potentially less resilient to other stressors
(Diaz & Rosenberg, 2008). Systems reporting mass
mortality provide primary examples of degradation in
trophic structure (Oliver et al., 2015).

Ocean deoxygenation: Everyone’s problem
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There is an inherent resiliency to perturbations in marine
ecosystems which can make resolving ecosystem level
consequences to disturbance difficult (Downing et al.,
2012). Hypoxia has clear mortality effects on sessile,
and at times mobile, organisms but its population
level effects in coastal environments remain uncertain.
Much of the evidence supporting negative effects from
hypoxia comes from laboratory experiments, localized
effects in nature, fish kills, and our intuition that a lack
of oxygen can lead to dire consequences (Rose et al.,
2009). Scaling to predict effects on food webs and
fisheries production is confounded by compensatory
mechanisms such as increased production of
planktonic prey, increased encounter rates between
predators and prey compressed into smaller
oxygenated habitat space, and co-occurring stressors
that have similar ecosystem responses (Breitburg et al.,
2009b; De Mutsert et al., 2016; Rose et al., 2009). As
a result, conclusive evidence of wide-spread population
level response to hypoxia is lacking. Quantifying the
effects of hypoxia on fish populations, whether large
or small, is critical for effective management of coastal
ecosystems and for cost-effective and efficient design
of remediation actions. The potential for interaction of
direct and indirect effects, and subtle changes in vital
rates (such as reproduction and recruitment) leading
to population responses complicates field studies and
management but does not excuse us from quantifying
the population losses due to hypoxia. As coastal
ecosystems continue to decline their capacity to deliver
ecosystem services will also decline providing a level
of urgency to resolving this question to better enhance
future conservation efforts.

2.5.5 Societal consequences

As climate and land-use continue to change, the future
forecastis that coastal hypoxia will worsen, withincreased
occurrence, frequency, intensity, and duration (Diaz &
Rosenberg, 2011). The ecological impacts of hypoxia
have been assessed (Diaz & Rosenberg, 2008; Levin
et al., 2009; Vaquer-Sunyer & Duarte, 2008), but how
these ecological effects translate into societal costs is
unknown. Human population distribution is increasingly
skewed, with the overwhelming bulk of humanity
concentrated along or near the coast on just 10% of the
earth’s land surface. Thus, it is logical that anthropogenic
disturbances to coastal ecology will feedback to socio-
economics. An economic valuation of hypoxia involves
multiple academic fields and the responses can be
subtle and difficult to quantify, even when mass mortality
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Figure 2.5.8 Range of behaviour and ecological impacts as dissolved
oxygen levels drop from saturation to anoxia.

events occur, making quantification difficult (Smith &
Crowder, 2011). However, from assessing ecological
effects of hypoxia it is known that populations can
experience a range of problems that at some point will
negatively affect economic interests (Table 2.5.3). Much
of the problem in assessing economic consequences
is related to the multiple stressors acting on targeted
commercial populations (habitat degradation, over-
exploitation, pollution) and also factors that stress
fisher’s economics (aquaculture, imports, economic
costs of fishing, fisheries regulations). Hypoxia is not
priced in the market, but fish are, and provide a useful
measure to quantify economic impact.

Because of their devastating effects on stocks and
fishermen, hypoxia-induced mass mortality events are
a logical place to begin any assessment. Losses from
hypoxia-related mortality of oysters in Mobile Bay, USA,
in the early 1970s was estimated at the time to be
US$500,000, but greater economic losses were
associated with the declining stocks and poor
recruitment of oysters (Crassostrea virginica) associated
with recurring severe hypoxia (May, 1973). Estimated
losses to marine related industries from the New York
Bight hypoxic event in the summer of 1976 were over
US$570 million (Figley et al., 1979). Much of this loss
was in surf clams that accounted for >US$430 million.
Factored by the area of hypoxia (987 km?) the 1976
event cost about US$580,000 km? for resources and
fisheries related activities and US$165,000 km for just
the resources lost.

96

Lack of identifiable economic effects in fisheries
landing data does not imply that declines would not
occur should conditions worsen. In the northern Guif of
Mexico brown shrimp landings appear to be inversely
related to the area of hypoxia (O’Connor & Whitall,
2007). Whether this relationship will remain linear or
transform into a catastrophe function (Jones & Walters,
1976) at some critical point is not known. Other
large systems have suffered serious ecological and
economic consequences from seasonal hypoxia; most
notable are the Kattegat with localized loss of catch
and recruitment failures of Norway lobsters (Nephrops
norvegicus) (Figure 2.5.9) in the late 1980s, and the
north-west continental shelf of the Black Sea which
suffered regional loss of bottom fishery species also
in the 1980s (Karlsen et al., 2002; Mee, 1992, 2006).

Economic valuation of losses from hypoxia seem small
relative to the total value of fisheries, but the key point is
that losses from hypoxia are measurable in economic
terms (Huang &Smith, 2011). Forexample, the valuation
of recreational fishing relative to hypoxia in the Patuxent
River, a tributary in Chesapeake Bay, showed that as
oxygen declined to mild hypoxic levels total losses
for striped bass (Morone saxatilis) fishing was about
US$10,000 for the annual hypoxic event with a net
present value of about US$200,000. If the same water
quality was allowed to occur in the entire Chesapeake
Bay, the net present value of the losses due to hypoxia
would be >US$145 million annually (Lipton & Hicks,
2003). A similar analysis of recreational fishing in north-
east and middle Atlantic regions found that overall as
oxygen declined capture rate of fish declined (Bricker
et al.,, 2006). The effects of hypoxia on recreational
fishing for one species suggests that similar effects are
likely being experienced by commercial fishers. This
has been documented for shrimp and crab fisheries in
North Carolina. Huang et al. (2010) found that hypoxia
may reduce annual shrimp harvest by about 13%,
valued at about US$1.2 million annually, and Smith and
Crowder (2011) documented that just a 30% reduction
in nutrient loading would abate hypoxia potentially
adding US$2.6 million annually to the crab harvest.

Experience with other hypoxic zones around the globe
shows that both ecological and fisheries effects become
progressively more severe as hypoxia worsens (Caddy,
1993; Diaz & Rosenberg, 1995), suggesting that at
some point economic loses will become more obvious
and costly. However, currently the direct connection of
hypoxia to fisheries landings at large regional scales
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Figure 2.5.9 Nephrops norvegicus © Bernard Picton.

is not always clear (Baustian et al., 2009); this is
complicated by the fact that many fisheries experience
heavy fishing pressure simultaneous with hypoxic
zone growth, making it difficult to identify the primary
cause of the decline in harvest rates (Breitburg et al.,
2009a). There are also a number of factors that include
confounding effects of eutrophication, overfishing,
and compensatory mechanisms that alter or mask
effects of hypoxia on landings. Breitburg et al. (2009b)
found a hint of a connection with a possible decline in
landings of benthic species in systems where >40%
of bottom area becomes hypoxic. Hypoxia has also
been documented to increase the landings of less
valuable pelagic fish relative to more valuable bottom-
dwelling fish and shellfish (Caddy, 1993; Rabotyagov
et al., 2014). Most recently Smith et al. (2017) found
the persistence of hypoxia in the Gulf of Mexico can
skew a population’s size distribution toward smaller
individuals reshaping seafood markets; as a result of
this population skew, hypoxia increased the relative
price of large shrimp compared with small shrimp.
These findings translate into tangible responses from
the fishing industry in terms of fishing behaviour and
effort and are further confounded by other economic
considerations (e.g. fuel).

Ocean deoxygenation: Everyone’s problem
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There is a counter-argument that a causality of hypoxia
(namely eutrophication) could have positive economic
opportunities. Bricker et al. (2014) determined that
the nutrient rich Chesapeake Bay could be utilized to
productively foster shellfish aquaculture. They suggest
that if ~40% of the estuary bottom is cultivated for
shellfish aquaculture it would promote growth of a now
depleted oyster stock, remove eutrophication impacts
directly from the estuary through harvest, and as a
consequence remediate hypoxia. Bricker et al. (2014)
suggest this approach could be applied to estuaries
around the USA, particularly river-dominated low-flow
systems with moderate to high levels of nutrient-related
degradation, as a means for nutrient remediation,
replenishment of diminished bivalve stocks, and
enhancement of economic output. The plausibility of
this approach would be largely dependent on the rate
of return on investment. Would harvest and sales of
oysters be sufficient to cover initial capital costs and
costs associated with aquaculture management?
These are big unknowns that would need to be
resolved to address the viability of this approach. As it
currently stands, eutrophication and hypoxia are only
documented to negatively impact aquaculture practices
resulting in large die-offs and economic hardship (San
Diego-McGlone et al., 2008).
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2.5.6 Implications of continuing ocean
deoxygenation

Within the last 60 years over-enrichment of our waters
primarily with nutrients from fertilizers has emerged as
one of the leading causes of water quality impairment.
These nutrients have led to a greening of our seas
and are an indirect consequence of agricultural and
municipal activities that support a rapidly expanding
human population. On a global basis, humans have
been adding more nitrogen to land or ocean than is
supplied by natural biological nitrogen fixation (Figure
2.5.3). It is estimated that as a result of human activities
the flux of nitrogen has more than doubled over natural
values while the flux of phosphorus has tripled (Foley et
al., 2005; Gruber & Galloway, 2008).

Virtually all the ocean’s food provisioning ecosystem
services for humans require oxygen to support organism
growth and production. Oxygen is just absolutely
necessary to sustain the life of all the fishes and
invertebrates we have come to depend upon for food
and recreation. By the early 1900s dissolved oxygen
was a topic of interest in research and management,
and by the 1920s it was recognized that a lack of
oxygen was a major hazard to fishes. But it was not
obvious that dissolved oxygen would become critical
in shallow coastal systems until the 1970s and 1980s
when large areas of low dissolved oxygen started to
appear with associated mass mortalities of invertebrate
and fishes. From the middle of the 20th century to
today, there have been drastic changes in dissolved
oxygen concentrations and dynamics in marine coastal
waters. Diaz and Rosenberg (1995) noted that no other
environmental variable of such ecological importance to
estuarine and coastal marine ecosystems as dissolved
oxygen has changed so drastically from human activities,
in such a short period of time.

Accounts of environmental problems related to low
dissolved oxygen pre-date our ability to measure
oxygen concentration in water. For example, the
Drammensfiord in Norway appears to have been
persistently hypoxic and anoxic since at least the
1700s based on foramaniferan proxies (Alve, 1995).
Even in this small fiord with extended residence time
of deep water, historical naturally occurring anoxia
has been made worse over the last two centuries by
eutrophication. Improvements were observed only after
reductions in organic loading. Another example would
be the Mersey Estuary, England, which had poor water
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quality and hypoxia since at least the 1850s but is now
recovered through concerted management efforts
(Jones, 2006).

2.5.7 Conclusions / Recommendations

Recognizing the negative consequences of coastal
eutrophication and related hypoxia, nations have to make
socio-economic commitments for reducing nutrient
loads to the adjacent estuaries, bays and seas, upon
which they depend. Worldwide there are currently over
700 coastal hypoxia systems, about 70 have responded
positively to remediation. All but one improved as a result
of management of point discharges. The north-west
continental shelf of the Black Sea is the only exception,
which responded positively to a reduction in nutrient
runoff after the collapse of the Soviet Union. Once the
second largest anthropogenic hypoxic area on earth, it is
now reduced through concerted efforts to reduce point
discharges and runoff from agricultural lands (Capet et
al., 2013; Langmead et al., 2008; Mee, 2006).

The management and reduction of hypoxia can only
be accomplished by reducing the general problem of
eutrophication from a combination of sewage/industrial
discharge and nutrient runoff. Nutrients generally
increase biological production, while hypoxia acts in
the opposite direction, reducing biomass and habitat
quality. Overall, the combination of stressors associated
with eutrophication has and continues to degrade our
coastal systems.

The impacts of hypoxia and nutrient enrichment on
food webs and fisheries will be strongly influenced
by the extent to which they co-occur. Unless the
leakage of nutrients from land-based sources to the
sea can be reduced, the future for our estuarine and
coastal resources looks bleak. Where applied, nutrient
management has reversed the effects of hypoxia. But
concerted effort in the future will be needed to allow
more systems to recover, particularly for those systems
affected primarily by land-runoff.

For hypoxia in Europe and North America much is
known about its occurrence in coastal areas, including
spatial and temporal patterns. Less is known from the
other continents, where most of the human population
lives, and oceanic islands. For all systems, less is
known about long-term trends, factors controlling
dissolved oxygen depletion and replenishment, impacts
on ecological processes, and economic losses. To
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formulate effective strategies for remediating coastal
hypoxia it is essential to have an understanding of
what the specific drivers are and what responses to
expect with various remediation approaches. Some of
these drivers are under state or national control, while
others lack defined ownership/responsibility. However,
management of hypoxia including the control of drivers
of eutrophication is often a transboundary issue.

At some point degraded habitat as a result of
eutrophication and hypoxia will lead to reduced fisheries
landings or possibly collapse of regional stocks. The
bad news is that the overall forecast is for all forms
of hypoxia to worsen in the future, with increased
occurrence, frequency, intensity and duration. The
good news is that the consequences of local and
regional eutrophication-induced hypoxia can and have
been reversed with long-term and persistent efforts to
manage and reduce nutrient loads, which in all cases
has led to the restoration of ecosystem services.
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Causes of ocean
deoxygenation

The loss of oxygen in the ocean can broadly be put down to two overlying causes — eutrophication

as a result of nutrient run-off from land and deposition of nitrogen from the burning of fossil fuels, and
the heating of ocean waters from climate change, primarily causing a change in ventilation with the
overlying atmosphere and a reduced ability to hold soluble oxygen. In this chapter these two main
drivers of oxygen deoxygenation are explored, along with the relationship between deoxygenation and
algal blooms.

Since the middle of the 20th century, the increased river export of nitrogen and phosphorus has
resulted in eutrophication in coastal areas world-wide. Climate warming is expected to exacerbate the
decrease of oxygen by reducing ventilation and extending the stratification period; in many places,
increasing the delivery of nutrients. A combination of eutrophication and low ventilation of ocean water
by oxygen, often due to vertical layering or stratification of the water column, can lead to oxygen
deficiencies near the sea bed and in the lower water column.

Saline or thermal stratification, or both, dictate the presence of a pycnocline across which dissolved
oxygen diffusion is hindered. Increased water residence time also enhances the probability of oxygen
depletion occurring in a coastal area. Physical barriers such as sills at depth and advection of offshore
waters can also affect the level of deoxygenation, positively or negatively. The enhanced nutrient inputs
from fertilizer and wastewater from the land, stimulate phytoplankton blooms which then die and sink
to the sea floor where they degrade and thereby remove oxygen.

Ocean deoxygenation strongly impacts the breakdown of organic matter dramatically changing the
sources, sinks and cycling of a range of important elements in the environment. This occurs especially
for the biologically important elements such as nitrogen, phosphorus and iron, but also for the
production of various greenhouse gases such as nitrous oxide and methane. Continued spreading

of deoxygenated areas in the world ocean is a most serious environmental problem with enormous
potential impacts on biodiversity and human societies.
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3.1 Ocean deoxygenation from climate change
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Summary

e According to the most recent observational estimate, the ocean lost 2% of its oxygen inventory between 1960
and 2010.

e About 15% (range 10-30%) of the oxygen loss is attributed to warming-induced decline in solubility (high
confidence).

e | essthan 15% of the oxygen decline can be attributed to warming-induced changes in respiration of particulate
and dissolved organic matter. Enhanced respiration will tend to generate oxygen deficits close to the sea
surface. The increased near-surface vertical oxygen gradient may even increase ocean uptake of oxygen from
the atmosphere (low confidence).

e The majority of oxygen loss has been caused by changes in ocean circulation and associated ventilation with
oxygen from the ocean surface (medium confidence).

e Current state-of-the-art models simulate deoxygenation rates more than 2 times smaller than the most recent
data-based global estimate.
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Processes

Likely impacts on deoxygenation

Increasing temperatures reduce the
solubility of oxygen (and other gases)
in water.

Explains about 50% of oxygen loss in the upper 1000 m, corresponding to a
solubility-driven oxygen loss of about 0.013 Pmol O, yr™).

Until now the solubility-driven contribution to oxygen loss below 1000 m
depth amounts to about 2% (about 0.001 Pmol O, yr).

According to the most recent estimate of global deoxygenation (0.096
+0.042 Pmol O, yr), solubility changes account for 15% (range 10-30%) of
the total oxygen loss during 1960-2010.

Warming-driven increase in
respiration rates of particulate organic
matter.

Metabolic rates increase with temperature, so will respiration rates.
Remineralization of sinking organic particles will therefore tend to occur at
shallower depths, generating oxygen deficits closer to the air-sea interface
and tending to increase the oxygen flux from the atmosphere into the ocean.
Overall effect computed from model simulations expected to be a small

(< 0.005 Pmol O, yr') oxygen gain.

Reduced burial in the sediments.

By enhancing respiration rates in the water column and in the sediment,
ocean warming is expected to reduce the amount of organic matter buried
in the sediments. Less burial means that more organic matter is respired,
generating additional respiratory oxygen loss in the water column.

An upper bound is a complete cessation of burial, which would correspond
to a pelagic oxygen sink of about 0.002 Pmol O, yr', i.e. 2% of the total
oxygen loss estimated for 1960-2010.

Warming-driven increase in the
respiration of dissolved organic
matter.

Respiration rates of dissolved organic matter (DOM) are expected to increase
with temperature. Estimates are difficult because of the poorly known
composition and biological accessibility of DOM. Incubation experiments
indicate some warming-induced acceleration of respiration, which might
explain up to 10% or 0.01 Pmol O, yr' of the observed oxygen loss. A
corresponding decline of the ocean’s DOM inventory has not yet been
observed.

Respiration of enhanced release of
methane from melting gas hydrates.

Warming of bottom waters may result in enhanced destabilization of methane
gas hydrates, leading to enhanced release of methane from sediments and
subsequent aerobic respiration of methane to CO,,.

There is little observational evidence for a warming-induced acceleration of
methane release taking place already.

Circulation changes in response to
global warming.

As the ocean warms from the surface, stratification is expected to increase,
with a tendency for a slowing down of the ocean circulation. A slowed-
down circulation is expected to account for up to 50% of the observed
deoxygenation in the upper 1000 m, and for up to 98% in the deep ocean
(> 1000 m). Spatial patterns and individual mechanisms are not yet well
understood.
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3.1.1 Introduction

Ocean deoxygenation is caused by an imbalance of
sources and sinks of oxygen dissolved in sea water. This
section addresses how individual oxygen sources and
sinks can vary in response to climate change. Based
on our still immature quantitative understanding of the
climate sensitivity of the various processes at play,
estimates will be provided, wherever possible, to what
extent past and likely future changes in marine dissolved
oxygen can be attributed to individual mechanisms and,
ultimately, to anthropogenic climate change.

Waters of the surface ocean are essentially in equilibrium
with the oxygen partial pressure of the atmosphere
that contains more than 99% of the molecular oxygen
available on Earth. Burning fossil fuels consumes oxygen,
but because of the large atmospheric oxygen inventory,
the associated relative decline of atmospheric oxygen
(0.001% per year) is about two orders of magnitude
smaller than the current rate of ocean deoxygenation.
Air-sea gas exchange typically equilibrates tens of
metres of surface waters within days (Kihm & Kdrtzinger,
2010), with warmer waters having a lower solubility and
therefore, at the same saturation levels, holding less
oxygen than colder waters. Oxygen concentrations in
the surface ocean are therefore highest in cold high-
latitude waters (Figure 3.1.1) where deep waters form
and thereby transport oxygen into the deep ocean
interior to depths well exceeding 1000 metres. Waters
above the deep waters of polar origin and below the
surface mixed layer belong to the stratified thermocline

40°N

OO

40°S

80°S

50°E 150°E

3.1 Oceandeoxygenation from climate change

that is ventilated via a mostly wind-driven circulation
that moves water equatorward and westward along
isopycnals in large anticyclonic gyres in the subtropical
and tropical oceans (Luyten et al., 1993).

Photosynthesis by marine phytoplankton is an oxygen
source within the ocean’s light-lit surface waters in close
contact with the atmosphere. On regional and seasonal
scales, photosynthesis typically makes up for a small
fraction of the total air-sea oxygen exchange (Garcia &
Keeling, 2001). There are no significant oxygen sources
in the dark ocean interior. Here, oxygen can be supplied
only via physical processes that transport oxygen-rich
waters from the surface to depth (Figure 3.1.2).

The main marine oxygen sink is the respiration of
organic matter by microbes and multicellular organisms.
The total amount of respiration is controlled by the
availability of organic matter, which ultimately depends
on primary production in the surface ocean, often
limited by nutrients, light or both (Arteaga et al., 2014).
Changes in surface-ocean environmental conditions
can thus cause changes in oxygen consumption in the
ocean interior. By forming particles that sink through the
water instead of moving with it, the marine biology can
lead to relatively fast changes in respiration in ocean-
interior water parcels that may have been supplied
with oxygen via direct contact with the atmosphere the
last time hundreds of years ago. Changes in particle
properties and in respiration rates may also affect
the amount of organic matter that is buried in the
sediments. Since photosynthetic production of organic
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Figure 3.1.1 Global distribution of annual-mean oxygen concentrations in the surface waters compiled from the World Ocean Atlas 2009 (Garcia et al., 2010).

Units are pmol kg
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Figure 3.1.2 Schematic representation of oxygen supply to the ocean interior via physical transport that occurs predominantly along isopcynal surfaces (o)
and oxygen consumption by respiration of organic matter exported downward out of the surface ocean.

matter generates oxygen, the subsequent burial and
the associated avoidance of respiration constitutes
a net oxygen source. Thus, a reduction in burial rates
or increase in remobilization from the sediments may
contribute to marine deoxygenation. The same holds for
a hypothetical reduction in anaerobic remineralization,
e.g. by denitrification, at the expense of more aerobic
remineralization. However, as denitrification occurs
in low-oxygen environments, it is currently estimated
to increase rather than decrease. Another biological
process that may reduce marine oxygen levels is the
microbial oxidation of methane released from gas
hydrates found in the sediments at water depths of a
few hundred metres and that may destabilize under
increasing bottom water temperatures in response to
global warming.

The ocean oxygen inventory can thus change via three
main pathways:

Changes in initial oxygen concentrations in surface
waters in immediate contact with the atmosphere.

i. ~Changes in respiratory oxygen consumption in the
ocean interior.

i. Changes in ventilation via mixing and circulation
that affect the time span, during which respiratory
oxygen losses can accumulate in ocean-interior
waters since their last contact with the atmosphere.

Since the oxygen content of sea water has been
measured accurately for over one hundred vyears,
changes can be derived from compilations of such
observations. Schmidtko et al. (2017) estimate a decline
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in the ocean’s oxygen inventory by about 2% between
1960 and 2010. Current climate-biogeochemistry
models, however, do not adequately reproduce
observed patterns of oxygen changes and, overall, tend
to underestimate oxygen variability and trends (Oschlies
et al., 2018). In particular, models simulate a decline in
the global ocean’s oxygen inventory by typically less
than 1% over the past 50 years (Table 3.1.1; Bopp
et al., 2013). On average, simulated deoxygenation
is more than two times slower than the most recent
observational estimate. This discrepancy indicates
that an accurate quantitative understanding of ocean
deoxygenation is still lacking, and that current estimates
of contributions from individual processes and even
causes must be regarded with some degree of caution.
The following presents observational and theoretical
evidence regarding climate-related mechanisms of
oxygen changes and discusses the extent to which
ocean deoxygenation can be linked to anthropogenic
climate change.

3.1.2 Temperature effects on solubility

The solubility of oxygen in sea water determines the
concentration of dissolved oxygen in the surface water
that is in equilibrium with the overlying atmosphere. It
thereby controls the supply of oxygen to the ocean —
point (i) above. Oxygen solubility is, like for any gas,
a function of temperature and salinity, and decreases
with increasing temperature and salinity. For example,
oxygen saturation decreases by about 5% for a 2 °C
warming from 4 °C to 6 °C. For current climate change,
effects of changes in salinity are generally many times
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Table 3.1.1 Global ocean oxygen inventory (Pmol), trend (Tmol/decade) and percentage change over the past 50 years as derived from observations
(Schmidtko et al., 2017), as simulated by the nine models of the 5th phase of the Climate Model Intercomparison Project (CMIP5) that contain oxygen as
tracer (more detailed information about the models is provided in Table 1 of Oschlies et al., 2017), and three simulations of the University of Victoria Earth
system climate model of intermediate complexity (UVic 2.9) also described in more detail in Oschlies et al. (2017). Standard deviations as given by Schmidtko
et al. (2017) for the observational estimate, and the variance among the 9 CMIP5 models, respectively.

Model Inventory Pmol Tmol/decade % change over 50 yr
CESM1 260,2 -420,6 -0,81
CMCC CESM 271,8 -893,6 -1,64
GFDL ESM2G 275,7 -215,5 -0,39
GFDL ESM2M 244.8 -356,1 -0,73
HadGEM2 ES 192,3 -229,4 -0,60
IPSL CM5A LR 199,3 -529,4 -1,33
MPI ESM LR 255,5 -214.,5 -0,42
MRI ESM1 320,4 -30,9 -0,05
NorESM1 ME 342,7 52,4 0,08
UVic 2.9 225,6 -463,2 -1,03
model average 258,8 -330,1 -0,64
Obs. estimate 2274 -960 -2,11

smaller than the temperature-induced changes (Weiss,
1970). By analysing temporal changes in temperature,
one can directly compute the solubility-driven
component of oxygen changes. This approach has
been used, among others, by Helm et al. (2011) and
Schmidtko et al. (2017), who inferred that about half of
the oxygen decline measured in the upper 1000m over
the past decades could be attributed to temperature-
driven changes in solubility (Table 3.1.2). This explains
part of the tight relationship between decreasing O,
inventories and increasing ocean heat content that has
been described by lto et al. (2017) for the upper ocean.
Integrated over the entire water column, Schmidtko et
al. (2017), however, attribute only 15% of their estimate
of oceanic oxygen loss to direct solubility effects. This
means that oxygen changes in the deep ocean are, until
now, almost independent of solubility changes. This is
consistent with the fact that solubility effects originate at
the sea surface and have to be transported physically
with the circulation into the ocean interior. Water ages in
the deep ocean are too old to be substantially affected
by anthropogenically driven solubility changes, yet.

3.1.3 Temperature effects on metabolic rates
Chemical rates generally increase with increasing

temperature (Arrhenius, 1889). This applies to both
primary production (Eppley, 1972) and respiration
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(Pomeroy & Wiebe, 2001). Primary production is, in most
regions of the world ocean, limited by resources (i.e.
nutrients or light) and not temperature (Maranon et al.,
2014). Similarly, the total amount of marine respiration
is primarily limited by the availability of substrate, i.e.
organic matter. In the current ocean, almost all organic
matter exported from the ocean’s surface layer is
respired, except for a very small portion that is buried
in the sediments that corresponds to a net oxygen
production of 0.002 Pmol O, yr' globally by avoided
aerobic respiration (Wallmann, 2010), a rate that is 50
times smaller than the total ocean oxygen loss of 0.096
Pmol O, yr' estimated by Schmidtko et al. (2017).

A likely impact of warming-induced acceleration
of metabolic rates is a systematic change in the
spatial patterns of respiration and associated oxygen
consumption in the water column. The decrease
of respiration with depth, z, was first described
empirically by an exponential function in the form of
R=Re** (Wyrtki, 1962) and later replaced by a power
law function R=R (z/z )" (Martin et al., 1987) that was
found more appropriate to describe measurements of
the downward flux of particulate organic matter over
the entire water column. As noted by Brewer and
Peltzer (2017), such temperature-independent empirical
descriptions, that are still used in a number of conceptual
and numerical models of marine biogeochemical
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Table 3.1.2 Approximate contribution of individual mechanisms to the observed ocean deoxygenation between 1960 and 2010, referenced to the
recent deoxygenation estimate by Schmidtko et al. (2017). Observational evidence is very strong for the solubility driven contribution (+++), positive for
ventilation changes (+), plausible for temperature effects on oxidation of dissolved organic matter and methane (0) and absent for temperature effects on

remineralization profiles and burial of organic matter (-).

Process % upper 1000m % below 1000m % total Observational
(0.026 Pmol O,yr") | (0.070 Pmol O,yr") | (0.096 Pmol O, yr") evidence

Solubility 50% 2% 15% +++

Temperature effects on

remineralization profile and air- up to -5% -

sea exchange of O,

Potent!al warmmg—mduoed < 6% <0.3% < 2% )

cessation of burial

Temperature effects on

remineralization of dissolved up to 10% 0

organic matter

Ternpe;rature effects on methane 0 0 0 0

oxidation

Circulation changes up to 50% up to 98% up to 85% +

cycles, lead to difficulties in accounting for impacts
of warming on respiration and associated effects on
tracer distributions. Differences in the consideration of
temperature effects can have substantial impacts on
projected changes in marine biogeochemical cycles
under global warming (Taucher & Oschlies, 2011). In
a model study, Segschneider and Bendtsen (2013)
applied a temperature perturbation, corresponding to
business-as-usual global warming at the end of the
21st century, to remineralization rates. They found that
accelerated remineralization of sinking organic matter
at higher temperatures made respiration happen at
shallower depths. In their model, oxygen concentrations
were reduced by a few mM in the upper few hundred
metres in the simulation using projected end-of-21st
century temperatures based on the RCP 8.5 emissions
scenario compared to pre-industrial temperatures.
Because organic matter was respired at shallower
depths under elevated temperatures, less substrate
was exported to greater depth where respiration was
reduced and oxygen concentrations were elevated.
Assuming that primary production is resource-limited
and not temperature-limited and therefore unaffected by
warming, Segschneider and Bendtsen (2013) showed
that metabolic effects of global warming lead to elevated
CO, and reduced O, concentrations in the near-surface
waters resulting from shallower respiration. This leads to
a net outgassing of about 0.2 Pg C yr', corresponding
to a net oceanic oxygen flux into the ocean of 0.02
Pmol O, yr" in their model study simulating end of 21st
century ocean warming. The direct effect of warming on
the cycling of freshly produced organic matter is thus
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expected to be a net oceanic oxygen gain rather than
a loss. Given that less than one quarter of the oceanic
heat uptake simulated by the year 2100 has happened
before the year 2010, this would compensate for only a
small fraction (less than ~0.005 Pmol O, yr, i.e. about
5%, Table 3.1.2) of the observed estimate of total ocean
deoxygenation over the past 50 years.

Since respiration will tend to be faster in a warmer ocean,
less organic matter is left over to reach deeper waters
and the sea floor. This might affect burial and thereby
have a small net effect on total oxygen consumption.
However, even if burial of organic matter would cease
completely and all organic matter would instead be
respired in the water column, this could account for only
2% of the deoxygenation observed over the past 50
years. As only about 10% of the burial occurs in deep
waters (Wallmann, 2010), cessation of burial might have
largest impact on upper ocean deoxygenation (Table
3.1.2).

Substrate limitation therefore rules out major effects of
temperature-driven enhancements of metabolic rates
on globally integrated decomposition, and associated
oxygen consumption, of freshly produced organic
matter. However, enhanced respiration of old and
more refractory dissolved organic carbon (DOC), that
constitutes a significant oceanic carbon pool of more
than 600 Pg C (Hansell et al., 2009), under increased
temperatures may lead to a net oxygen decline. While
the oceanic DOC pool is composed of a wide spectrum
of largely uncharacterized organic compounds, it is stil
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unclear what limits its consumption and to what extent
warming may accelerate the respiration of DOC. If the
deoxygenation signal observed between 1960 and 2010
were to be explained solely by respiration of DOC, about
10% of the oceanic DOC pool would have been lost
already, for which there is no observational evidence.

From incubation experiments, Bendtsen et al. (2015)
inferred that the respiration of the more recalcitrant
components of DOC (lifetime of months) increased about
twice as fast with increasing temperatures (Q,, > 5) than
respiration of the more labile DOC pool (e-folding lifetime
of days, Q,, ~ 2). Possible effects of a warming-induced
acceleration of DOC remineralization in the open ocean
are still uncertain. For coastal waters in the Baltic Sea -
North Sea transition zone, Bendtsen and Hansen (2015)
simulated a decline in oxygen concentrations by 30-40
UM for an assumed 3 °C temperature rise. Assuming
this as a globally representative value and relating to
the heat required to warm a litre of sea water by 3 °C
(11.550 J) yields a deoxygenation rate by enhanced
respiration of DOC of about 0.4-0.5 nmol O, J™', which
is an order of magnitude smaller than the observed
relationship between deoxygenation and oceanic heat
uptake (2-10 nmol O, J7) for an older deoxygenation
estimate (Keeling & Garcia, 2002) that approximately
doubles for the most recent deoxygenation estimate of
Schmidtko et al. (2017) and is consistent with model-
derived estimates of 3.7 + 0.8 nmol O, J' reported by
Resplandy et al. (2018)). If extrapolated to the global
ocean, current estimates of local enhancement of DOC
respiration by warming may thus explain as much as
10% of the observed ocean deoxygenation. More
studies are required to investigate this further.

3.1.4 Oxygen demand of methane oxidation

Oxidation of methane released from sediments at
depths of a few hundred metres presents another
oxygen sink that may increase when bottom waters
warm and thereby destabilize some of the methane
hydrates, leading to outgassing of methane from the
sea floor, of which most is expected to be oxidized in
the water column to CO, (Kessler et al., 2011; Mau et
al., 2017). Methane hydrate destabilization is expected
to begin this century (Biastoch et al., 2011), but there is
no observational evidence for warming having caused,
until now, enhanced outgassing of methane from the
sea floor (Mau et al., 2017). It is therefore unlikely that
enhanced methane release from the sea floor and
subsequent oxidation has significantly contributed
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to the ocean deoxygenation observed until now.
Assuming sustained future warming in 2 x CO, and
4 x CO, scenarios, however, model simulations predict
that warming-induced release of methane and its
subsequent oxidation in the water column may lead
to substantial oxygen losses, that can amount to 10-
30% of solubility driven oxygen losses (see above) on
millennial timescales (Yamamoto et al., 2014).

3.1.5 Effects of stratification and circulation
changes

As well as the direct effects of warming on marine
oxygen sources and sinks, there are indirect effects
of warming via changes in transport brought about by
changes in ocean stratification and circulation. Climate
model simulations show a close correlation between
declining oxygen levels and increasing water ages
on isopycnal surfaces in the thermocline (Long et al.,
2016). Because of the scarcity of abiotic transient tracer
observations required to derive water mass ages, this
inference is, until now, only based on model simulations.
[t does, however, suggest that reduced ventilation
— point (i) above — is a dominant driver of upper-
ocean deoxygenation. A quantitative and mechanistic
understanding of the individual processes is still lacking
and attribution to different forcing agents such as
anthropogenic warming, internal climate variability or a
combination of both (i.e. changing internal variability in
a warming world) remains challenging (Andrews et al.,
2013).

Ocean ventilation can change as a result of buoyancy
forcing in the form of changes in heat and water cycles,
and as a result of changes in wind patterns. Changes
occur on a multitude of space and time scales and
may be linked to anthropogenic climate change and/or
natural variability of the climate system, e.g. related to
the Pacific Decadal Oscillation (PDQO), El Niho-Southern
Oscillation (ENSO), North Atlantic Oscillation (NAO) or
Atlantic Multidecadal Oscillation (AMO). Up to now,
results of numerical models do not generally agree well
with observed patterns of oxygen change in the upper
ocean (Oschlies et al.,, 2017), suggesting systematic
deficiencies in current models and, presumably, our
understanding. The following is an attempt to review
what is known about the contribution of individual
ventilation mechanisms to ocean deoxygenation.

As the ocean warms from above, stratification tends to
increase. At high latitudes, particularly in the northern
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Figure 3.1.3 Warming induced glacial melt © Dan Laffoley.

hemisphere, stratification increases also as a result
of enhanced freshwater discharge due to warming-
induced glacial melting (Figure 3.1.3). Overall, a stronger
stratification  suppresses downward transport  of
oxygen-saturated surface waters and upward transport
of oxygen-deficient deeper waters to the sea surface.
This leads to a net reduction in the air-sea flux of oxygen
(Figure 3.1.4) and the transport of newly ventilated
oxygen-rich waters into the ocean interior. This is,
however, partly compensated by reduced upward
transport of nutrients and an associated decline in
biological production and the export of organic matter
from the productive surface zone to depth (Bopp et al.,
2013) and its subsequent remineralization in the ocean
interior. Because respiratory oxygen demand depends
on the stoichiometric composition of organic matter, as
yet uncertain effects of elevated CO, concentrations on
carbon-to-nutrient ratios in the exported organic matter
may have considerable effects on oxygen consumption
(Oschlies et al., 2008). As such stoichiometric effects
would be related to elevated CO, and not to climate
change per se, they will not be considered further here.

Besides increasing upper-ocean stratification, surface
warming has also been linked to a poleward migration
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of isopycnal outcrops (Durack & Wijffels, 2010), which
tends to increase the pathways and transit times of
waters in the ventilated thermocline. With buoyancy
fluxes setting the transformation of water masses in
the surface mixed layer, the circulation in the ocean’s
thermocline is predominantly wind-driven (Luyten et al.,
1983). Of prime importance for the ventilation of the
thermocline are changes in wind patterns. These are
often related to modes of natural climate variability (e.g.
PDO, ENSO, NAO, AMO) and the separation from wind
changes due to global warming is challenging against
the large internal variability of the climate system. A
warming-related strengthening has been reported for
the Pacific trade winds since the early 1990s (England et
al., 2014) and the Southern Ocean westerlies since the
1960s (Marshall, 2003; Thompson & Solomon, 2002).

Regarding the recent strengthening of the Pacific
trade winds, Ridder and England (2014) inferred
from a model study that the oceanic oxygen content
decreases with increasing tropical winds, as a result of
enhanced upwelling, enhanced biological production,
and enhanced respiration. This interpretation focuses
on wind-driven changes in oxygen consumption, in line
with a regional study of the subtropical North Pacific
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Figure 3.1.4 (A) Annual-mean air-sea oxygen fluxes averaged over the 50-year period 1960-2010 as simulated by the UVic model (reference simulation of
Oschlies et al. (2017) using climatological wind forcing). (B) The same air-sea oxygen flux shown in zonally averaged form (black) together with the zonally
averaged simulated linear trend in the air-sea oxygen flux integrated over the period 1960-2010 (red).

by Deutsch et al. (2014). Based on observations of
sedimentary nitrogen isotopes and a biogeochemical
ocean model forced with atmospheric reanalysis fields,
they concluded that the volume of low-oxygen waters
in the eastern subtropical North Pacific contracted
during much of the 20th century and only expanded
after about 1990 under strengthening trade winds
(with no net change over the past 150 years). In their
analysis, the volume of low-oxygen waters was inversely
correlated with the depth of the thermocline, with
greater depths and smaller low-oxygen volume during
warm phases under more sluggish trade winds, and
with shallower depths and larger low-oxygen volume
during colder phases under stronger trade winds.
This interpretation, based solely on changes in oxygen
demand, has been challenged by a model study of
Duteil et al. (2014) who stressed the importance of
changes in the oxygen supply. Besides intensifying
upwelling, biological production and respiratory oxygen
consumption, stronger trade winds also lead to an
intensified wind-driven shallow overturning circulation
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and enhanced supply of waters that are relatively rich
in oxygen to the tropical thermocline. Changes in wind-
driven tropical ocean oxygen supply and demand thus
tend to counteract. Yang et al. (2017) demonstrated in
their model analysis that impacts of changes in local
respiration and oxygen supply via mixing and ventilation
tend to have opposing effects on oxygen levels in the
eastern tropical Pacific thermocline and also on shorter
variations associated with EI Nino events.

Regarding the recent and possible future enhancement
of Southern Ocean westerlies, a model study by Getzlaff
et al. (2016) identified an enhanced ventilation of the
thermocline with oxygen-rich southern hemispheric
mode waters, leading to a small increase in the global
ocean’s oxygen content that counteracts up to 10%
of the overall warming-induced deoxygenation. The
same study also revealed that the observed poleward
displacement of the southern hemispheric wind system
leads to longer ventilation pathways and regionally lower
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oxygen concentrations in the waters arriving from higher
southern latitudes in the tropical ocean’s thermocline.

According to climate models, enhanced freshwater
discharge into the polar oceans results in reduction in
the deep ocean overturning circulation (Stouffer et al.,
2006). Recent observations indicate some decline of
the Atlantic meridional overturning circulation against
a background of large intra- and inter-annual variability
(Srokosz & Bryden, 2015). The meridional overturning
circulation associated with the formation of Antarctic
Bottom Water is globally of similar strength compared
to the overturning circulation of North Atlantic Deep
Water. During recent decades a general warming of
these bottom water masses spreading northward into
the Pacific, Atlantic and Indian Oceans together with
a general reduction in overturning strength has been
observed (Johnson et al., 2008; Purkey & Johnson,
2010). This is mirrored by an oxygen decrease by more
than 0.012 Pmol yr' in the Southern Ocean below
1200 m, i.e. more than 10% of the global ocean
oxygen loss (Schmidtko et al., 2017). As deduced
from a modelling study by Matear et al. (2000), oxygen
changes in the Southern Ocean are predominantly
caused by circulation changes, with changes in export
production and respiration playing only a minor role.
Interestingly, the deoxygenation signal is not apparent
in an analysis of oxygen concentrations of retreating
Antarctic Bottom Water (Andrie et al., 2003; van Wik &
Rintoul, 2014), limiting the decrease to the deep-water
masses above the newly formed bottom water. Both,
the replacement of well oxygenated bottom waters by
older water masses as well as the accumulating oxygen
consumption in these ageing water masses lead to
the oxygen decrease observed in the deep waters.
According to Schmidtko et al. (2017) almost three
quarters of the total oceanic oxygen loss occur in waters
deeper than 1200m. With negligible solubility effects at
these depths and little direct observational evidence for
biological effects, these deep-ocean oxygen changes
appear essentially driven by changes in the overturning
circulation (Table 3.1.2).

3.1.6 Conclusions

Recent observational estimates indicate that the marine
oxygen inventory has decreased by about 2% over
the past 50 years, with three quarters of the oxygen
loss appearing to be located at depths below 1200 m
(Schmidtko et al., 2017). Warming is considered to
be a major driver, although direct solubility effects
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explain only about 15% of the total changes (50% in
the upper 1000 m, Helm et al., 2011; Schmidtko et
al.,, 2017). The remaining part is thought to result from
indirect warming effects on stratification and circulation,
possibly respiration, changes in marine bioclogy and
biogeochemical feedbacks. It is noteworthy that current
state-of-the-art models simulate an ocean-wide oxygen
decline of only about one third of the observed rate
(Table 3.1.1). Agreement is better in the upper ocean
with models reaching, on average, 70% of the observed
oxygen decline at 300 m depth even though the
spatial patterns of oxygen change are not reproduced
well (Oschlies et al.,, 2017). Models also tend to
underestimate the interannual to decadal variability of
oxygen concentrations at subtropical time-series sites
in the Pacific and Atlantic (Long et al., 2016) and of air-
sea fluxes inferred from time-series observations in the
equatorial Pacific (Eddebbar et al., 2017).

The systematic underestimation of temporal variability
and trends in marine oxygen levels by current models is
a strong indication of gaps in our understanding of the
mechanisms of marine deoxygenation. There may be
systematic deficiencies in the models, e.g. too coarse
resolution and too diffusive physics, or unaccounted
variations in respiratory oxygen demand. Additionally,
amplifying feedback processes may not be properly
accounted for. These include biogeochemical feedbacks
via the release of nutrients, in particular phosphate and
iron, from sediments turning anoxic (Niemeyer et al.,
2017). Other, impacts not directly related to climate
change, such as eutrophication by atmospheric
pollutants (Ito et al., 2016), possible stoichiometric
effects of elevated CO,, or even impacts of industrial
fisheries (Getzlaff & Oschlies, 2017) may contribute to
ocean deoxygenation. According to current models, we
can, until now, attribute at least one third of the observed
oxygen loss of about 0.096 Pmol yr' to anthropogenic
climate change but cannot rule out that climate change
explains essentially all of the observed oxygen loss.
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Summary

e (Coastal deoxygenation is driven by excess human inputs of nitrogen and phosphorus that increase the
production of carbon and its accumulation in the ecosystem.

e Respiration of the excess carbon by bacteria results in oxygen deficient waters in stratified systems.

e Deoxygenation reduces suitable habitats for many bottom-associated marine organisms and disrupts
biogeochemical cycles.

e Climate-driven increases in water temperature and increases in watershed precipitation will likely aggravate
estuarine and coastal ocean deoxygenation.

e Mitigation measures require social and political will but can be effective.
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Eutrophication-driven low oxygen

Potential consequences

Post-industrial expansion in the 1850s,
human alterations to watersheds, and
increasing use of artificial fertilizers in
the 1950s to present have increased
the amount of reactive nitrogen (Nr-N) in
the ecosphere by three-fold.

Enhanced phytoplankton production in estuaries and coastal waters and
accumulation of organic matter in the lower water column and sea bed.
Excessive algal biomass, which may be noxious or harmful
(toxin-production).

Excess carbon reaches the lower water column and sea bed in the form of
senescent algal cells, zooplankton faecal pellets, or aggregates.

Physical features of the water column
confine the geographic extent of
oxygen deficiency in coastal waters;
increased nutrients support enriched
phytoplankton.

Haline or thermal stratification, or both, dictate the presence of a
pycnocline (strong density difference in the water column) across which
dissolved oxygen diffusion is hindered.

Increased water residence time enhances the probability of oxygen
depletion occurring in a coastal area.

There is an optimal depth at which oxygen deficiency may develop;
shallower waters are usually well-mixed and deeper waters do not receive
as much fluxed carbon.

Physical barriers such as sills at depth, and advection of offshore waters
affect the level of deoxygenation, positively or negatively.

Eutrophication-driven deoxygenation
affects living resources and coastal
ecosystems.

Low oxygen decreases suitable habitats for many bottom-dwelling marine
organisms.

Organisms that can swim away do, but the remaining immobile and
burrowing fauna will eventually perish in low oxygen conditions for
extended periods.

Low oxygen water masses alter migrations, reduce food resources for
resident fauna during and after low oxygen events, and affect growth and
reproduction.

Reduction of nutrient loads will require

Improvements in nutrient management have lessened the negative effects

social and political will and a reversal of
human consumptive habits.

of deoxygenation in multiple areas.

e Reduction in excess nitrogen requires less use of fossil fuels,
implementation of best management practices for agriculture, improved
wastewater treatment, and changes in food habits.

e Anticipated climate changes with warmer waters and increased
precipitation will likely aggravate deoxygenation.

3.2.1 Introduction

Human activities alter landscapes and air and water
quality in the process of providing food, fuel and fibre
to a burgeoning human population. Reactive forms of
nitrogen (Nr-N) generated by fossil fuel burning (post
1850s) and industrial production of fertilizers (post
1950s), as opposed to inert N, gas generated naturally
through lightning and biological nitrogen fixation, enter
the environment three times more now than historically
(Galloway et al., 2008, 2014; Gruber & Galloway, 2008;
Reed & Harrison, 2016; Seitzinger et al., 2010). Mining
for phosphorus, since the middle of the 17th century, for
use primarily as fertilizer, has resulted in an approximate
tripling of the quantities stored in terrestrial and aquatic
ecosystems, with a similar three-fold increase in the
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flux to the coastal ocean (Bennett et al., 2001). These
life-supporting, but in excess, nutrients find their way
to estuarine and coastal waters where they support
high and often massive production of phytoplankton
cascading at times to deoxygenation of the receiving
waters. The process of excessive production of carbon,
in this case phytoplankton, is known as eutrophication,
and usually results from high nutrients loads into aquatic
ecosystems. Symptoms of eutrophication in aquatic
ecosystems are noxious, and often toxic, harmful
algal blooms and the reduction of dissolved oxygen
concentrations, i.e. deoxygenation.

The post-industrial revolution increase in the use of

fossil fuels, beginning in the 1860s, rose gradually over
the next 100 years consistent with population growth

Ocean deoxygenation: Everyone’s problem
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Figure 3.2.1 Period in which the symptoms of eutrophication and hypoxia/anoxia began in developed countries and how the onset of symptoms has shifted
in more recent years to developing countries (Rabalais et al. (2014), modified from Galloway and Cowling (2002) and Boesch (2002)).

up to the 1950s (Galloway et al., 2014) (Figure 3.2.1).
From then to the 1980s, Nr-N increased linearly by 2.5-
fold as fossil fuel use continued to rise with population
growth but also as Haber-Boesch production of fertilizer
increased along with its increasingly inefficient use
in agriculture. Nr-N production has stabilized since
the 1980s to ~2010 from off-setting activities, such
as reduced NOx emissions coupled with increased
fertilizer use for corn production to support ethanol
production and animal production. Along with numerous
greenhouse gases that contribute to climate change,
nitrous oxides (NOx) from the burning of fossil fuels are
emitted to the atmosphere and return to the landscape
in wet and dry deposition. Planting of legumes, such
as alfalfa and soybeans, which naturally fix N, in root
nodules, also increased gradually since the 1860s, as
fodder for animals and rotation with other crops, and
contribute to excess Nr-N. However, these crops are
also fertilized at times. Nitrogen in fertilizers and animal
manure is easily turned into gaseous ammonium
and returns from the atmosphere to the watershed
via precipitation as another reactive N form. As more
and more people need food, agricultural expansion
continues, and agribusiness and high fertilizer use
become part of a global change in landscapes. Other
large-scale landscape changes marginalize the ability
of natural ecosystems to convert Nr to inert N, gas.
These include deforestation, loss of wetlands, drainage
of croplands via ditches and subsurface tile drains,
impervious surfaces, and changes in hydrology, such as

Ocean deoxygenation: Everyone’s problem

leveeing of rivers that would otherwise allow for natural
removal of nitrogen within a flood plain.

The symptoms of eutrophication, including harmful algal
blooms and oxygen-deficient bottom-waters, began
to occur in parallel with increasing nitrogen loads from
the 1950s to 1980s in heavily industrialized watersheds
and where artificial fertilizer use steadily increased.
These shifts and relationships are consistent in
sediment biological and geochemical palaeo-indicators
(see Chapter 5). The cohesive temporal patterns of
eutrophication and oxygen deficiency are clearer where
the number of proxies is higher (Gooday et al., 2009). In
regions around the globe where the increase in riverine
nutrients was not observed prior to the 1980s (e.g. the
lower Changjiang at Datong station; Li & Daler, 2004),
nitrate-N rose dramatically up to 2000, when records
stopped. Small areas of low oxygen bottom-water
(< 1000 km?) were mapped off the Changjiang in the East
China Sea in 1988 and 1998. Since then, the presence
of large areas of bottom-water oxygen depletion
(> 10,000 km?) was first documented in 1999 and again
in three additional years through to 2013 (compiled by
Zhu et al.,, 2017) The various areas of bottom-water
low oxygen surveyed in the East China Sea did not
have similar station grids, nor were the defined levels
of “low” dissolved oxygen concentrations the same.
Regardless, the timing of increasing river nitrogen levels
and occurrence of low oxygen conditions followed the
time pattern suggested in Figure 3.2.1 for “developing”
nations.
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Figure 3.2.2 Distribution of human-caused areas of coastal deoxygenation. A dot represents the first time an area was identified in the scientific literature (as
compiled by Diaz and Rosenberg (2008) with some updates). The size of the dot does not correspond to the area or volume of deoxygenated waters. Plotted
with data from the World Resources Institute in 2016 (http://www.wri.org/resource/interactive-map-eutrophication-hypoxia; accessed November 2017).

The number of human-caused coastal ocean areas
of deoxygenation has risen significantly since the
1960s (Diaz & Rosenberg, 2008) (Figure 3.2.2) with
an approximate doubling of the number of areas
every decade since the 1960s through 2007. Multiple
coastal areas in the Baltic Sea were identified more
recently from hydrographic data records (Conley et al.,
2011). The number of deoxygenated waters in coastal
areas is considered to be about 500 (Breitburg et al.,
2018; Diaz & Rosenberg, 2008) but reflects different
methodologies and approaches to “counting,” grouping
or not grouping closely related areas, quality of data,
and institutional capacities to conduct the necessary
research. For example, Altieri et al. (2017) compiled
data on deoxygenation from tropical regions, where the
number of low oxygen areas per capita of coastline was
much lower than in temperate regions where institutional
research capacity is much greater. Furthermore, they
concluded that coral reefs are associated with half of the
known coastal tropical deoxygenated waters with over
10% of all coral reefs at elevated risk for deoxygenation
based on local and global risk factors. There are,
however, areas that are no longer oxygen deficient due
to management scenarios to reduce excess nutrients
(see 3.2.7).
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3.2.2. Process of coastal deoxygenation

The physical, chemical and biological processes
that lead to deoxygenation differ in magnitude and
importance by water body, but there is one basic
response (Figure 3.2.3). Deoxygenation occurs when
the amount of dissolved oxygen in the water column
is decreased by the process of respiration at a faster
rate than resupply. Resupply could be through air-
sea exchange, photosynthetic production of oxygen,
advection of oxygenated waters, or by diffusion of
dissolved oxygen across a density barrier. The density
barrier, or pycnocline, forms horizontally between
two water masses that differ in temperature, salinity
or both. The density difference prevents the diffusion
of oxygen from a higher concentration layer to a
lower concentration layer. In some areas, upwelled
waters provide nutrients for the stimulation of primary
production, especially Eastern Boundary layers, or bring
oxygen-deficient waters from depth onto the continental
shelf. These are not features of the Gulf of Mexico shelf
adjacent to the Mississippi River, which forms the basis
of the Figure 3.2.4.

The carbon source that fuels the respiratory reduction of
oxygen most often originates from settled phytoplankton
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Figure 3.2.3 Biological, chemical and physical processes of eutrophication-driven coastal deoxygenation (modified from Downing et al., 1999).

production in the form of senescent phytoplankton
cells, zooplankton faecal pellets, or marine aggregates.
The organic matter sinks below the pycnocline to the
lower water column or to the sea bed. Aerobic bacteria
that utilize the carbon source consume oxygen in the
process and deplete the dissolved oxygen in the water
column below a strong density gradient. The byproduct,
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carbon dioxide, is generated and accumulates in the
lower water column, leading to acidification.

The responses of marine organisms range from mortality
to shifts in behavioural and reproductive ecology.
Organisms that are motile will try to emigrate from the
area; others living within the sediments move closer to
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Figure 3.2.5 Nomogram for dissolved oxygen in fresh water (FW) and sea water (SW) at 10 °C and 30 °C (Rabalais et al. (2010), modified from Diaz and
Breitburg (2009)). Concentration units are on the Y-axis, and partial pressure units are on the X-axis. Red line is the common definition of “hypoxia” at
2mg O, L" dissolved oxygen, or approximately 30% saturation. Green ling is 100% saturation in sea water (salinity of 35) at 30 °C.

the sediment-water interface but will eventually die if the
dissolved oxygen concentration remains low for long
enough. Migration is altered, suitable habitat is reduced,
and fish and shellfish landings may be reduced.

3.2.3 Dissolved oxygen levels

There is no agreed definition of what concentration
or saturation level equates to deoxygenation. It is the
process of loss of dissolved oxygen in a water body
over time, in this case through eutrophication-induced
oxygen deficiency (Cloern, 2001; Diaz & Rosenberg,
2008; Rabalais et al., 2010). The ability to document
change over time is difficult due to a lack of suitable
long-term data (Gilbert et al., 2010). Yet, Gilbert et al.
(2010) found considerable evidence of decreasing levels
in dissolved oxygen concentrations for many areas of
the coastal ocean and the open ocean, with the rate
of decline an order of magnitude greater in the coastal
ocean (within 30 km of the coast) versus the open ocean
(> 100 km from the coast).

The solubility of oxygen in coastal waters is determined
by a combination of salinity and temperature. Dissolved
oxygen saturation decreases with increasing salinity at
similar temperatures, and decreases with increasing
temperature at similar salinities (Figure 3.2.5). Warming
oceans and coastal waters with climate change are
expected.
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“Hypoxia” is a commonly used term for waters with
less than 2 mg O, L' of dissolved oxygen (equivalent
to 1.4 ml L', 63 pM, or approximately 30% oxygen
saturation). This is the dissolved oxygen concentration
where demonstrable behaviour by marine life, such as
escape of bottom-dwelling fish and mobile invertebrates
out of the area (Figure 3.2.6) or mortality of sedentary
crabs, molluscs and worms, occurs. Others, including
regulatory agencies, identify a range of physiological
or behavioural changes along a continuum of oxygen
concentrations (Vaquer-Sunyer & Duarte, 2008).

Figure 3.2.6 Brittlestars and gastropods, normally hidden in cryptic spaces
on a coral reef, attempting to flee low-oxygen conditions during a hypoxia
event that affected coral reefs on the Caribbean coast of Panama in 2017.
Hypoxia resulted in the mass mortality of brittlestars, gastropods, and other
motile invertebrates. © Dr Maggie D. Johnson.
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Figure 3.2.7 Wilson Inlet, Australia © dpa picture alliance / Alamy stock photo.

3.2.4 Geography

The main features of a coastal area that becomes
deoxygenated are: (1) high biological production from
over-enrichment by high nitrogen and phosphorus
loads; (2) a stratified water column from salinity,
temperature or both, mostly in water depths < 100 m;
and (8) long water residence time. Longer water
residence time allows for development of phytoplankton
blooms, containment of fluxed organic matter and the
development of stratification.

3.2.4.1 Estuaries

Estuaries vary in physiography, but those most conducive
to the formation of hypoxia are characterized by longer
water residence times that allow for accumulation
of carbon and respiratory depletion of oxygen.
Stratification is also a key factor for the development
and maintenance of deoxygenation, e.g. Chesapeake
Bay, USA (Kemp et al., 2005) and Wilson Inlet, Australia
(Brearley, 2005) (Figure 3.2.7).

Deoxygenation is mostly periodic (annually in summer)
or, to a lesser extent, episodic (tidal influence) (Rabalais
et al,, 1994). Seiching of the deoxygenated waters
of central Chesapeake Bay from winds forces the
water mass into shallow coastal waters for temporary
exposure to deoxygenated water (Breitburg, 1992)
(Figure 3.2.8). Similar wind-driven deoxygenated water
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mass movements occur in Mobile Bay, USA (Schroeder
& Wiseman, 1988). Data from two oxygen meters
deployed 1 m above the bottom in 20 m water depth
within the large area of deoxygenated waters 77 km
apart on the Louisiana shelf adjacent to the Mississippi
River illustrated: (1) a continuous bottom-water dissolved
oxygen concentration at the more western station that
was severely oxygen-deficient and often anoxic from
mid-June to mid-August, and (2) nearer the Mississippi
River delta (Figure 3.2.9), a diurnal signal of values often
less than 0.1 mg L"or as high as 3-4 mg L' (Rabalais
et al.,, 1994). In the case of the former, a temporary
increase in dissolved oxygen concentration was caused
by advection of deeper more oxygenated water into the
deoxygenated water mass (Rabalais et al., 1994).

Stratification, thermally-controlled in the case of
Jinhae Bay, South Korea where freshwater input is
insignificant (Lee et al., 2017), defines the period of initial
deoxygenation, the period of maximal deoxygenation
and the increase in bottom dissolved oxygen as it breaks
down. Salinity-driven stratificationis also involved in many
cases. Stretching for 75 km, the uppermost reaches
of the Pearl River are permanently deoxygenated (He
et al., 2014). Whereas the lower reaches of the Pearl
River estuary, while severely deoxygenated in summer,
may be re-oxygenated from mixing by typhoons (Su
et al.,, 2017). Similar processes disrupt stratification
and re-oxygenate the water column in the low oxygen
waters of the northern Gulf of Mexico (Rabalais et al.,
2007a). In both instances, re-stratification followed by
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(A)

(B)

Figure 3.2.8 Distribution of bottom-water dissolved oxygen concentrations in Chesapeake Bay, USA, (A) a near-record high hypoxic volume, and (B) a near-

record low hypoxic volume (from Testa et al., 2014).

rapid deoxygenation through respiration of organic
matter occurs. The Pearl River estuary organic load is
dominated by in situ marine phytoplankton biomass
(autochthonous) (Su et al., 2017) similar to predominantly
marine production in the northern Gulf of Mexico (Nelson
et al., 1994; Rabalais et al., 2014; Turner & Rabalais,
1994). The marine source of excess organic matter is
a feature of anthropogenic-driven deoxygenation forced
by excess nutrient loads from human activities.

3.2.4.2 River-dominated ecosystems

Many river-dominated coastal ecosystems have a large
freshwater discharge carrying high nutrient loads (Figure
3.2.10). Thermal warming in the summer strengthens
salinity-driven pycnoclines. Examples, not inclusive,
are: (1) the northern Gulf of Mexico continental shelf
adjacent to the outflow of the Mississippi River (Rabalais
et al., 2007a); (2) the northern Adriatic Sea that receives
the effluent of the Po River (Justi¢ et al., 1987); (3)
Chesapeake Bay where the Susquehanna River provides
most of the freshwater inflow (Murphy et al., 2011; Testa
et al., 2017); (4) the north-western shelf of the Black
Sea with inputs from the Danube, Dneiper and Dneister
rivers (Mee et al., 2005, 2006; Zaitsev, 1992); and (5)
the oxygen-deficient coastal area in the East China Sea
receiving the increasingly nitrogen-laden waters of the
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Changjiang (Yangtze River) and atmospheric deposition
of Nr-N from a heavily populated region (Yan et al.,
2010; Zhu et al., 2017). Deoxygenation is a recurring,
seasonal feature of these areas, except for the shelf
adjacent to the Danube River, which has seen a reversal
of deoxygenation. Earlier reports of deoxygenation
under the influence of the Changjiang (Chen et al., 2007)
have increased in frequency (Zhang et al., 2010; Zhu et
al., 2017).

Initial hydrographic data documenting deoxygenation
on the Louisiana continental shelf were few in the
1970s, but systematic surveys beginning in 1985 began
to document increasingly larger areas of bottom-water
oxygen deficiency (Rabalais et al., 2002) and severity
(Rabalais et al., 2007a). Deoxygenation developed
on this shelf ca. 1950s and accelerated in severity in
the 1970s (Rabalais et al., 2007b) consistent with the
increase in nitrogen export from the Mississippi River.
Palaeo-indicators (fossilized biological or geochemical
indicators of environmental change) also indicate that
low oxygen values similar to current conditions were
not a feature of this shelf prior to the 1900s (Rabalais
et al.,, 2007b, 2014). The palaeo-indicators are not
useful for size of area, but the deoxygenated area on
the Louisiana shelf is the second largest coastal region
caused by human eutrophication in the coastal ocean,
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Figure 3.2.9 Mississippi River Delta © Universal Images Group North America LLC / Alamy stock photo.

averaging 14,000 km? since 1985 and reaching 23,000
km?in 2017.

Much as in the north-western Black Sea, deoxygenation
conditions have shifted in the Po River-influenced
Adriatic Sea. Justi¢ et al. (1987) documented a decline
in the dissolved oxygen content in the northern Adriatic

Figure 3.2.10 Mississippi River plume as it enters the northern Gulf

of Mexico. Visible is the high suspended sediment load. Not visible are
the high loads of nitrogen and phosphorus that enhance phytoplankton
production on the adjacent continental shelf. © N.N. Rabalais.
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Sea since the early 1900s. Historical reconstruction of
assemblages of the hypoxia-tolerant bivalve Corbicula
gibba in the Gulf of Trieste (north-east corner of the
Adriatic Sea) showed periods of high abundance and
organic content versus rare occurrence with implications
for eutrophication and deoxygenation dating back 500
years (TomaSovych et al., 2017). Associated hypoxia-
sensitive foraminifera have declined in abundance
and low-oxygen tolerant forms increased since the
1900s indicating a more recent development of
deoxygenation similar to the record in Justic¢ et al. (1987).
Deoxygenation in the upper portion of the Northern
Adriatic Sea opposite Rovinj diminished in presence
and geographic extent in the period 1972-2012 with
reduced influence of the Istrian Coastal Counter Current
(Djakovac et al., 2015). The frequency of events in
the western area, which is under a direct influence of
the Po River discharges, did not change significantly,
although the intensity of deoxygenation events recently
were lower than during the 1970s through the early
1990s (Djakovac et al., 2015). Thus, different processes
of deoxygenation, geographic area, and methods of
determining deoxygenation complicates its occurrence
in this broad region.
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Figure 3.2.11 Seto Inland Sea from the summit of Mt Misen, Japan
© DGP_travel / Alamy stock photo.

3.2.4.3 Semi-enclosed seas

The semi-enclosed Baltic Sea is the largest
eutrophication-driven area of deoxygenation in the
world’s coastal ocean, reaching an area of 25,000 to
60,000 km? in the period 1969—2008 (Conley et al.,
2009). Deoxygenation has been a periodic feature
of the Baltic Sea for the last 8000 years (Zillén et al.,
2008) and is highly dependent on inflow events from the
North Sea (Mohrholz, 2018) and high freshwater inflow
leading to salinity stratification. Deoxygenation has been
aggravated since the 1960s (Conley et al., 2009) by
increased nutrient loads from the watershed (Savchuk
et al., 2008). The Baltic Sea is composed of connected
basins with different depths, but the general situation
is for the formation of hypoxic and mostly anoxic
conditions on a permanent basis other than during
major inflow events. The water column from about 90 m
to 130 m in the Eastern Gotland Basin is hypoxic and
below 130 m to 250 m is anoxic (Conley et al., 2009).

The Seto Inland Sea (Figure 3.2.11) of Japan has a long
history of harmful algal blooms, deoxygenation, and
reversal of symptoms of eutrophication resulting from
nutrient management (Honjo, 1993). Many of its sub-
basins are deoxygenated in summer. There are some
regions, including Osaka Bay, Harima-Nada, Hiuchi-
Nada, Hiroshima Bay, Suo-Nada and Beppu Bay,
where hypoxia occurs every summer (Kasai, 2014). In
some sub-areas, e.g. Hiuchi-Nada, deoxygenation is
governed more by hydrographic processes than oxygen
consumption (Kasai et al., 2007). There remain areas
exposed to higher loads of nutrients, especially near
population centres.

The Bohai Sea is a semi-enclosed shallow coastal
ecosystem on the Chinese mainland with a narrow
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connection to the northern East China Sea. The area
receives the effluent of the Huanghe and other rivers in
an area of rapidly expanding economic developments
and associated increases in population. During the past
20 years, increasing eutrophication has led to a high
frequency of red tides in the Bohai Sea (Lin et al., 2008),
but deoxygenation was not associated with the algal
blooms (zhai et al., 2012). An investigation of scallop
aquaculture failure resulted in the documentation of
localized deoxygenation in areas of stronger stratification
(Zhai et al., 2012). A more recent study in the Bohai
Sea (Zhao et al., 2017) clarified Bohai bathymetry and
associated features of stratification; deoxygenation
was restricted to bathymetrically depressed areas. This
differs from the areas studied by Zhai et al. (2012) that
were shallower and near sources of fresh water.

3.2.4.4 Fjords and deep waters
Fjords such as Saanich Inlet, British Columbia (Figure
3.2.12), are naturally susceptible to deoxygenation

because water residence time is long, sills may prevent
exchange with oceanic waters, and thermal stratification

Figure 3.2.12 Saanich Inlet looking towards Mt Baker, Washington State.
© Danita Delimont / Alamy stock photo.
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Figure 3.2.13 Extremely low oxygen levels (< 0.5 mg L) near the bottom
of a coral reef in Bahia Aimirante, Panama killed (A) corals and crabs and
(B) affected sponges where low oxygen conditions killed the bottom half of
the sponges (Altieri et al., 2017). © Andrew Altieri.

may establish in warmer months (Matabos et al., 2012;
Richards, 1965; Tunnicliffe, 1981). Fjords, however,
may also be subject to excess nutrients and carbon
from human sources, inducing hypoxia, for example
Hood Canal in Puget Sound and Puget Sound proper
(Brandenberger et al., 2011; Matabos et al., 2012;
Parker-Stetter & Horne, 2008) and Himmerfjarden,
Sweden (Bonaglia et al., 2014; Savage et al., 2002). The
Himmerfjarden, on the other hand, has a long history of
deoxygenation. Water sources to the fijord come from
land run-off, outflow from Lake Mélaren from the north-
west, and discharge from a sewage treatment plant
(Bonaglia et al., 2014). The upper part of the estuary
experiences regular summer deoxygenation, while the
lower part is occasionally oxygen-deficient.

Many areas of Puget Sound experience regular mixing
through tidal exchange processes that may reduce
the effects of anthropogenic DIN loading, but some
are less well mixed and are therefore vulnerable to
eutrophication and deoxygenation (Puget Sound
Institute, 2012-2015). There is some evidence that DO
levels were generally higher in the mid-20th century than
they are today (Puget Sound Science Review, 2016)
with the latter correlated with increased anthropogenic
activity. This conclusion was based on a comparison
of historical water quality data to contemporary data
(through 2009) (Puget Sound Institute, 2012-2015).
The deep waters in the Lower St. Lawrence estuary are
presently deoxygenated over a 1,300 km? area owing
to a decreasing proportion of oxygen-rich Labrador
Current Water in the water mass entering the Gulf of
St. Lawrence (Claret et al., 2018; Gilbert et al., 2005).
Additionally, the organic carbon content and the

Ocean deoxygenation: Everyone’s problem

accumulation rates of dinoflagellate cysts and benthic
foraminifera have increased from the 1960s to 2000,
and a shift in the stable carbon isotope signature of the
organic carbon suggests enhanced accumulation of
marine organic carbon (Thibodeau et al., 2006).

3.2.4.5 Tropical seas

Deoxygenation events in tropical seas are few compared
to higher latitudes but are also less studied or reported
(Altieri et al., 2017). Deoxygenation recorded in tropical
regions often reflects mostly untreated sewageinputsand
agricultural runoff (areas identified in Diaz & Rosenberg,
2008). Seasonal deoxygenation has been observed in
the past decade in the Chetumal Bay between northern
Belize and eastern Mexico and has affected the health
of coral reefs in the area (Herrera et al., 2004). Several
estuaries in tropical Brazil are without sufficient oxygen
because of untreated sewage from large population
centres and pose health hazards (Kozlowsky-Suzuki
& Bozelli, 2002; Marques et al., 2004; Somerfield et
al., 2003; Valentin et al., 1999). Similar areas exist
around the globe (République de Cote d’Ivoire, Ukwe et
al., 2006; Manila Bay, Philippines, Jacinto et al., 2011;
Sotto et al., 2014).

In the Morrocoy National Park, Caribbean coast of
Venezuela, changing climate patterns and nutrient
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Figure 3.2.14 (A) Fish kill Grande Isle, LA, USA; (B) stressed cerianthid anemone; (C) dead spider crab; (D) stressed polychaete worm; (E) dead polychaete
worm; (F) stressed brittlestar, otherwise usually burrowed; (G) anoxic sediments and sulphur oxidizing bacteria. © (A) Kery M. St. Pé; (B), (C), (E), (F), (G)

Franklin Viola; (D) Donald E. Harper Jr.

overload has led to algal blooms. Eutrophication led
to deoxygenation and contributed to the decline in
coral cover, which has fallen from 43% to 5% (Isaza
et al.,, 2006). A massive coral-mortality event caused
by deoxygenation affected corals and other reef-
associated organisms in Bahia Almirante in the Bocas
del Toro region of Panama (Altieri et al., 2017) (Figure
3.2.13). In a well-oxygenated area only 3 + 2% of
corals were bleached, whereas 76 + 11% of the corals
were bleached in the severely deoxygenated area. The
likelihood of coral reefs being exposed to deoxygenation
in the future is high given the trends in resource use by
developing countries, many in the tropics, which are
copying those of the developed world (Figure 3.2.1).

3.2.5 Ecosystem consequences

Deoxygenation affects coastal ecosystems through a
decrease in suitable habitats for many bottom-dwelling
marine organisms (many examples in Rabalais & Turner,
2001), and, when severely low in dissolved oxygen,
disrupts natural biogeochemical processes, leading in
some cases to the generation of greenhouse gases.

The negative effects of coastal deoxygenation include
loss of suitable essential habitat for many bottom-dwelling
fish and benthic fauna, habitat compression for pelagic
fish, direct mortality, increased predation, decreased
food resources, altered trophic energy transfer, altered
bioenergetics  (physiological, development, growth,
and reproductive abnormalities), and altered migration
(Baird et al., 2004; Eby & Crowder, 2002; Levin et al.,
2009; Rabalais & Turner, 2001; Wu, 2002; Wu et al.,
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2003) (Figure 3.2.14). There are systematic exclusions
of pelagic fish from low oxygen areas depending on their
metabolic status and sensitivity to decreasing dissolved
oxygen concentration.

Sedentary benthic organisms will try to escape, but are
seldom capable of moving very far, and infauna will start
to die off as the oxygen continues to decline (Rabalais
et al., 2001a). Some benthic infauna are more tolerant
to extremely low oxygen and will survive, but in low
abundances and low biomass (Rabalais et al., 2001b).
Sediment samples are seldom axenic in coastal waters,
because some infaunal invertebrates have adaptations
to low oxygen, and hydrogen sulphide exposure. The
food availability for returning mobile species to previously
defaunated sediments is negligible. Loss of biodiversity,
abundance and biomass and shifts in benthic community
composition are often the harbingers of eutrophication
and deoxygenation in many coastal systems (Karlson
et al.,, 2002), and likewise benthic communities are
indicators of recovery (Karlsson et al., 2010). Many
physiological responses result in altered behaviour or
negative impacts (Vaquer-Sonnier & Duarte, 2008),
such as reduced growth, loss of reproductive capacity,
mortality, and loss of secondary production, including
fisheries.

The nitrogen and phosphorus compounds delivered
by rivers and streams are of multiple forms and
different quantities. During increases in nitrogen
and phosphorus from human activities, the ratios of
nitrogen-to-phosphorus-to-silica shift and alter the
composition of phytoplankton communities, the food
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webs they support, and can shift trophic interactions
(Turner et al., 1998). Silica is important for the growth
of diatoms that are a primary phytoplankton at the base
of aquatic food webs. The increased nutrient loads
causing deoxygenation may also result in more noxious
or harmful phytoplankton blooms, and shift trophic
interactions (Davidson et al., 2014; Turner et al., 1998).

The respiration of increased organic matter gives rise
to increased pCO, levels and lower pH in the bottom
waters. The bottom water pH decreases, as dissolved
oxygen decreases, and may be aggravated further
due to the interaction between open ocean source
water acidification and coastal waters (Cai et al., 2011).
Lowered pH in coastal waters, in conjunction with
weakening sea water buffering capacity and sea water
saturation state with respect to aragonite (Cai et al.,
2011), remains a serious concern for living resources,
especially with regard to shellfish production.

3.2.6 Climate change

Rising air temperatures, as a consequence of
human-caused increases in greenhouse gases, is
directly correlated with warming ocean waters and
deoxygenation in oceanic waters, owing to lower
solubility of dissolved oxygen in warmer waters
(Breitourg et al., 2018; Keeling et al., 2010). Similar
declines in water solubility in warmer waters and other
physical factors also apply to coastal areas along with
other climate changes that may aggravate symptoms
of eutrophication and subsequent deoxygenation
in coastal waters (Altieri & Gedan, 2014; Meier et al.,
2013; Rabalais et al., 2010, 2014) (Figure 3.2.15).
Warming alone will also strengthen the pycnocline and
diminish diffusion of surface water dissolved oxygen.
Warming waters may change circulation patterns so
that advection of deeper oxygen-poor waters move on
to continental shelves (Chan et al., 2008; Grantham et
al., 2004) or force more wind mixing and reoxygenation
(Rabalais et al., 2007a).

Increased precipitation with higher air temperature
will result in more water, sediments and nutrients
reaching the coastal zone where they are likely to
enhance eutrophication through nutrient-enhanced
primary production, increased stratification, or both
(Baron et al., 2013; Cloern, 2001; Rabalais, 2004;
Sinha et al., 2017). Sinha et al. (2017) predicted that
eutrophication will worsen in the north-eastern United
States and in its mid-west ‘Corn Belt,” along with areas
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of India, China and south-eastern Asia. There will be, of
course, other geographic areas with less precipitation.
Excessive reactive nitrogen entering watersheds can
be expected to rise with accelerating human population
levels, continued reliance on fossil fuels, expanded
agriculture and animal husbandry, and increasingly
higher application of fertilizers (Reed & Harrison, 2016;
Seitzinger et al., 2010) (Figure 3.2.1).

3.2.7 Management of human-caused
deoxygenation

The forms of nitrogen and phosphorus, their loads,
and their ratios in nutrient-laden waters reaching the
coast affect phytoplankton productivity. If a nutrient
is limiting to the growth of phytoplankton, increased
loads will support increased phytoplankton growth.
Most marine waters are considered nitrogen-limited
for growth of phytoplankton, and fresh waters are
considered to be phosphorus limited. There are multiple
examples, however, of this not being the case (Paerl,
2009; Ren et al., 2009; Turner & Rabalais, 2013). For
example, Turner and Rabalais (2013) performed a
series of nutrient limitation bioassays over a range of
distances from the Mississippi and Atchafalaya rivers,
and measured light conditions, salinity and water depth
for a 30-year period in the area of deoxygenation on
the Louisiana shelf. They found that the number of
N-limited bioassays was five times greater than the
P-limited bioassays. NP synergism occurred where
salinity was > 20 and represented 59% of all samples
that were not light-limited. The interaction of N and P
co-limitation was frequently synergistically additive.
The dissolved inorganic nitrogen:phosphate ratio and
various concentrations of DIN and inorganic phosphate
(Pi) did not offer reliable chemical boundaries describing
likely areas of exclusive N or P limitation in these
bioassays. Because of these more recent studies, dual
control of nitrogen and phosphorus is recommended for
eutrophied coastal waters experiencing deoxygenation
(EPA Science Advisory Board, 2008; Paerl et al., 2004,
2016).

The ability to develop nutrient management scenarios
for nitrogen and phosphorus depends on a knowledge
of the sources and amount of nitrogen and phosphorus
coming from the watershed. For example, Alexander
et al. (2008) used the SPARROW water-quality model
that indicated that agricultural sources in the Mississippi
River watershed contribute more than 70% of the
delivered N and P. Corn and soybean cultivation is the
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Figure 3.2.15 Conceptual diagram of the impacts of human and climate interactions on nutrient-enhanced productivity, harmful and noxious algal blooms,
and hypoxia formation (Rabalais et al. (2014), modified from Rabalais et al. (2010)). Positive (+) interactions designate a worsening of conditions related to
algal blooms and hypoxia, and negative (-) interactions designate fewer algal blooms and lessening of hypoxia symptoms. Dashed lines indicate negative
feedback processes to nutrient-enhanced production and subsequent hypoxia. The dotted line between “Anthropogenic activities” and “Climate variability/
climate change” indicates that humans largely drive current climate change, but that climate change can certainly affect human activities.

largest contributor of N (52%), followed by atmospheric
deposition sources (16%). P originates primarily from
animal manure on pasture and rangelands (37%),
followed by comn and soybeans (25%), other crops
(18%), and urban sources (12%). Other watersheds
may have different proportions of sources. For instance,
the Chesapeake Bay's watershed generates similar
proportions of non-point source runoff  (primarily
agriculture), wastewater (urban areas), and atmospheric
deposition (burning of fossil fuels); management options
may differ from those proposed for the Mississippi River
basin.

Solutions do exist. These include modification of
agricultural practices, construction and restoration
of riparian zones and wetlands as buffers between
agricultural lands and waterways, control of urban and
suburban non-point sources, use of environmental
technologies such as tertiary treatment at point sources,
and deployment of controls on atmospheric sources
(Mitsch et al., 2001). Many smaller efforts are focusing
on sustainable agriculture practices, such as longer-
rooted plants, perennial crops, crop rotations, growing
of multiple crops in alternating areas, and generating
biofuels other than corn-based ethanol.
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All the above sounds simple. But, there are multiple
obstacles preventing success—Ilack of regulatory
authority, competing interests, political and social
impediments, multiple jurisdictions, lobbying interests,
environmental organizations, non-supportive farm and
energy policies, lack of adequate logistical and financial
support, and concern for breaking from traditional
practices.

Directed mitigation and management of nutrient
sources, however, has led to recovery of eutrophication-
driven deoxygenation around the globe. Besides the
red dots in Figure 3.2.2, there are areas listed in Diaz
and Rosenberg (2008) where there are improvements
in dissolved oxygen levels due to management of
nutrients. The OSPAR Commission (2017) provides
an assessment of environmental health for north-west
European maritime areas highlighting where progress
in reducing eutrophication under the European Water
Framework Directive is being made. The OSPAR
Commission (2017) reported, overall, fewer problem
areas than the previous report for 2001-2005 and
attributed the decline in atmospheric and riverine inputs
since 1995 for the improvement.
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Benthos and sediment studies of the inner Stockholm
archipelago in 2008 indicated a shift from defaunated,
reduced laminated sediments, indicative of severely
low dissolved oxygen concentrations in the 1990s,
to reoxygenated sediments and a healthy benthic
community dominated by an invasive polychaete
following improved water quality (Karlsson et al., 2010).
A comprehensive synthesis of benthic community
recovery in Danish waters followed significant reduction
of nutrients through directed mitigation measures to
reduce non-point and point loads of both nitrogen
and phosphorus (Riemann et al., 2016). Several other
‘success’ stories show that management of nutrient
loads can remedy coastal eutrophication, and in many
cases (not in the Danish waters example), also reverse
deoxygenation. In Danish waters (Riemann et al., 2016),
increased stratification occurred over the same years
as nutrient load reductions, when there were shifts in
vegetated benthic ecosystems and water clarity did not
improve much.

3.2.8 Conclusions

There is no doubt that nutrient-driven eutrophication in
coastal ecosystems that leads to deoxygenation has
increased, especially since the 1950s, accelerated in
the 1970s to 1980s, and expanded globally since the
1990s. The worsening of deoxygenation follows an
increase in human population, expansion of agriculture
and animal husbandry including increased fertilizer use,
and increased burning of fossil fuels. These trends will
continue unless concerted efforts are taken to slow, or
drastically reduce, inputs of nitrogen and phosphorus
to watersheds from consumptive human activities. This
will require a social and political will that is emerging in
some societies and countries but not at the level needed
globally to stem and reverse the flow of excess nitrogen
and phosphorus to coastal waters.

There are many solutions, including consumer-driven
shifts in diet that will result in reduced fertilizer use
(Howarth et al., 2002). Personal choices towards a
less consumptive life style will not only reduce the
carbon footprint but also the nitrogen and phosphorus
footprints. Eat less or no meat. Strive for a wheat-based
carbohydrate and vegetarian diet and avoid products
dependent on corn. Use a non-ethanol gasoline. Drive a
fuel-efficient or other energy source vehicle. Be mindful
of reversing consumptive habits.

Ocean deoxygenation: Everyone’s problem

Finally, Levin and Breitourg (2015) called for, and
rightfully so, the coupling of currently decoupled realms
of research, observations and management for open
ocean and coastal deoxygenation. The causes are similar,
interactions occur between them, biogeochemical shifts
in both affect global processes, management options
are similar, and both need an integrated education and
awareness emphasis. This integration lags behind where
ocean acidification knowledge and awareness has been
integrated, but can be addressed and improved.
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Summary

e The development of hypoxic or anoxic waters is regularly listed as one of the consequences of harmful algal

blooms (HABS).

e FEvents of low oxygen associated with HABs are characterized by high initial oxygen concentrations, exceptional

rates of respiration following bloom senescence, and short timescales.

e Coastal environments subject to high biomass HABs and associated events of low oxygen are typified by

elevated inorganic nutrients as a consequence of either natural or cultural eutrophication.

e Eastern boundary upwelling systems are highly productive, nutrient-rich environments, prone to high-biomass

HABs, and provide some of the earliest accounts of events of anoxia linked to red tides.

e The expansion of HABs is more readily apparent in Asia than in any other part of the world’s ocean and it is
here that relationships between the increasing prevalence of HABs and aquaculture operations are increasingly

reported.

e Several model predictions show the likelihood for increased nutrient pollution and, correspondingly, for

continued regional and global expansion of coastal hypoxia and anoxia linked to HABs.
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3.3 Ocean deoxygenation links to harmful algal blooms

3.3.1Introduction

Harmful Algal Blooms (HABs) are usually described
as proliferations of algae that can cause massive fish
kills, can contaminate seafood with toxins, and alter
ecosystems in ways that humans perceive as harmful
(GEOHAB, 2001). A broad classification of HAB species
distinguishes the toxin producers which can contaminate
seafood or kil fish, and the high-biomass producers
which can cause indiscriminate mortalities of marine life
through various means. The development of hypoxic
or anoxic waters is regularly listed as one such means
and typically follows bloom degradation which fuels
microbial respiration and the consumption of oxygen.
These blooms are usually ascribed to flagellated species
of phytoplankton, notably dinoflagellates, capable
of regulating their depth and accumulating near the
surface in high densities. In such cases the ocean may
become discoloured leading to phenomena referred to
as red tides.

Although red tides are often deemed the cause of
hypoxia or anoxia with consequent mortalities of
marine life, these events are poorly described in the
scientific literature. Low oxygen concentrations in the
ocean result from an imbalance between air-sea-fluxes,
the transport of oxygen by physical means, and the
biological production and consumption of oxygen.
Events of oxygen deficiency linked to red tides are
characterized by the exceptional biomass generated by
these blooms, by the inherently high cellular respiration
rates of dinoflagellates and by the often abrupt mortality
of blooms and consequent elevated consumption of
oxygen through aerobic respiration of organic matter
by microbes. Events of low oxygen associated with red
tides are therefore typically episodic in character and
their local and transient properties have contributed to
our poor understanding of these events and inadequate
assessment of their impacts (Pitcher & Probyn, 2016).
Specifically the causes and timing of bloom death
leading to the rapid shift from net autotrophy to net
heterotrophy are poorly established. In contrast to the
efforts to determine the conditions, i.e. mechanisms
and strategies that control phytoplankton cell growth
and bloom development, considerably less effort
has focused explicitly on phytoplankton death. Until
recently phytoplankton were considered somewhat
immortal unless eaten by predators, but it is now known
that phytoplankton die spontaneously under various
adverse environmental conditions and various forms of
autocatalytic cellular self-destruction have been identified
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(Bidle, 2014). Until such mechanisms controlling abrupt
termination of blooms in natural systems are better
understood events of anoxia and subsequent mortality
of marine life will remain unpredictable.

The hydrodynamic properties of coastal systems
conducive to bloom development and the formation of
red tides are typically inseparable from those physical
conditions required for the development of hypoxia or
anoxia. While stratification is usually a key requirement
in the development of low oxygen in bottom waters,
as it provides a barrier to the diffusion of oxygen
from surface waters toward the lower regions of the
water column, it also promotes the succession of
phytoplankton communities to the flagellate taxa so
often the cause of red tides (Figueiras et al., 2006).
Similarly, areas of the coastal environment that are
subject to retentive circulation and are therefore more
susceptible to low oxygen, owing to reduced advective
exchange, are also subject to a higher incidence of
red tides as bloom dispersal by lateral advection is
minimized. Once formed, the dynamics of oxygen
depletion in red tides may be driven by: (1) the high
cellular respiration rates of dinoflagellates which may
lead to severe night-time depletion of oxygen, and /
or (2) the microbial consumption of oxygen following
bloom senescence.

Coastal environments subject to high biomass HABs
and associated events of low oxygen are generally
typified by an elevated supply of inorganic nutrients
as a consequence of either natural or cultural
eutrophication. Examples of HABs and consequent
anoxia in systems subjected to each of these forms of
eutrophication are presented in the following sections.
HABs and anoxia in eastern boundary upwelling
systems which are considered naturally eutrophic
are examined in subsection 3.3.2. This subsection
specifically details bloom development, mechanisms
of oxygen depletion and the impact on resources in
the southern Benguela as a case study. An increasing
majority of coastal environments subject to cultural
eutrophication, particularly those common to the
coasts of USA, Europe and Asia, are characterized by
high biomass HABs (Glibert et al., 2018a). Subsection
3.3.3 examines HAB proliferation and oxygen depletion
in Asia in response to cultural eutrophication. Unique to
Asia is the large scale of aquaculture that characterizes
the region and is considered an important source of
nutrient pollution, key to HAB development (GEOHAB,
2010). Subsection 3.3.4 takes a look at future trends
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in HABs and anoxia and subsection 3.3.5 concludes in
outlining the way forward.

3.3.2 HABs, red tides and anoxia in Eastern
Boundary Upwelling Systems

Eastern Boundary Upwelling Systems are highly
productive, nutrient-rich environments, prone to high-
biomass HABs, and provide some of the earliest
accounts of events of anoxia linked to red tides. Within
these systems episodic events of anoxia are well known
in the Humboldt Current system encompassing much of
the west coast of South America where they have been
linked to red tides since the 1800s. On the Peruvian
coast red tides are known locally as “aguajes”, and have
for a long time been considered the principal cause of
anoxic events and the production of hydrogen sulphide
leading to fish mortalities (Rojas de Mendiola, 1979). In
the port of Callao, the blackening effects of hydrogen
sulphide on the paintwork of ships led it to be known
colloquially as “The Callac Painter” (Figure 3.3.1). The
dinoflagellate  Gymnodinium splendens (known now
as Akashiwo sanguinea) was considered for many
years the most common cause of these events (Rojas
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de Mendiola, 1979), however, Prorocentrum micans,
Prorocentrum gracile, Tripos fusus (formerly Ceratium
fusus) and Tripos furca (formerly Ceratium furca) are
now also listed as bloom-forming dinoflagellates in this
region (Trainer et al., 2010; Figure 3.3.2).

By way of example, in April 2004 a particularly destructive
bloom of A. sanguinea occurred in Paracas Bay off the
central coast of Peru (Kahru et al., 2005). In late March
waters of the bay were a brownish-red colour and
concentrations of 3.2x10° cells L' were recorded prior to
mass fish mortalities. Severely hypoxic conditions were
reported following bloom senescence on 12 April at
which time fish mortalities were greatest. The local share
in the Peruvian anchovy landings decreased from 8.4%
in 2003 to 1.7% in 2004. The port was closed for 22
days to reduce effluent discharge into the bay resulting
in an estimated loss in revenue of US$27.5x10°. The
local aquaculture sector also reported losses estimated
at US$1x10° (Kahru et al., 2004).

Of the other major EBUS, the California Current system,
encompassing much of the Pacific coast of North
America, and the Canary Current system, including the

Figure 3.3.1 Water discolorations in the Humboldt Current area known as ‘aguajes’ have been reported to cause anoxia with the subsequent production of
hydrogen sulphide since the late 19th century. The blackening effects of hydrogen sulphide on the paintwork of ships led it to be known colloquially as ‘The

Callao Painter’. © Wilder Vargas / Shutterstock.com.
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Figure 3.3.2 Aguajes were originally attributed to blooms of the dinoflagellate (A) Akashiwo sanguinea (formerly Gymnodinium splendens, Rojas de Mendiola,
1979), however, between 1980 and 1995 the dinoflagellates (B) Prorocentrum micans, (C) Prorocentrum gracile, (D) Tripos fusus (formerly Ceratium fusus)
and (E) Tripos furca (formerly Ceratium furca) were also reported as the cause of these blooms (Sanchez & Delgado, 1996) © G.C. Pitcher and L.M. Mansfield.

Iberian Peninsula and the north-west African coast, are
subject to far fewer events of red tide related anoxia
(Trainer et al., 2010). However, the Benguela Current
system off the west coast of southern Africa is similar
to the Humboldt Current in that events of anoxia linked
to red tides are common with reports dating back to the
1800s. Our present knowledge and understanding of
these events following scientific investigation over the
past 20 years is presented below as a case study of
HABs and anoxia in the southern Benguela detailing
bloom development, mechanisms of oxygen depletion
and the impact on resources.

3.3.2.1 HABs and anoxia in the southern
Benguela: A case study

The southern Benguela upwelling system located off the
coast of southern Africa has a long history of marine
mortalities attributed to red tides and subsequent
anoxia (Pitcher & Calder, 2000; Trainer et al., 2010). Here
blooms are most often observed in the embayments
of St Helena Bay, Saldanha Bay, Table Bay, False Bay
and Walker Bay (Figure 3.3.3). Blooms are usually
attributed to one or another species of dinoflagellate,
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Figure 3.3.3 HAB hotspots in the southern Benguela associated with
coastline features ranging from headlands, capes, peninsulas and bays.
These mesoscale features interrupt typical upwelling circulation patterns
and are more vulnerable to HABs owing to their influence on wind stress
and water stratification, and through their retentive circulation that
minimizes dispersal by lateral advection. These physical features along
with the exceptional productivity of high biomass HABs increase the
susceptibility of these areas to oxygen depletion.
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Figure 3.3.4 Example red tides in the southern Benguela of (A) the dinoflagellate Alexandrium catenella off Elands Bay on 11 April 2012 (© John Foord), (B) a
green flagellate of the genus Tetraselmis in Saldanha Bay on 15 January 2003 (© Grant Pitcher), (C) Noctiluca scintillans on the shoreline of Dassen Island off
the west coast of South Africa on 6 October 2006 (© Tony van Dalsen), (D) Gonyaulax polygramma in False Bay off the Steenbras River mouth on 25 February
2007 (© Brent Johnson), (E) Alexandrium minutum in Cape Town harbour on 26 November 2003 (© Andre du Randt), and (F) the photosynthetic ciliate

Mesodinium rubrum off Yzerfontein on 10 October 2016 (© Meredith Thornton).

although the photosynthetic ciliate Mesodinium rubrum,
the raphidophyte Heterosigma akashiwo, various
coccolithophorids and other flagellates have also been
the cause of large blooms and spectacular discoloration
of the ocean (Figure 3.3.4, Pitcher et al., 2010).
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Some of the earliest accounts of low oxygen events in
the southern Benguela that have been attributed to red
tides date back to the 1800s (Gilchrist, 1914). In 1869
an incident in Stompneus Bay, a small recess in the
south-western corner of St Helena Bay, was described
in which fish known locally as geelbek (Atractoscion
aequidens) were picked up in dark red water, having
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Figure 3.3.5 West coast rock lobster (Jasus lalandil) © Sabena Jane
Blackbird / Alamy stock photo.

been fou