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Summary
During the last five years scientists have utilised novel technologies and methods to explore new
locations and investigate both the fundamental processes of the ocean and the mounting
anthropogenic impacts on the marine environment.
Studies have highlighted the important functions that the high seas perform for the planet and have
often focused on the complexity and interconnected nature of these processes.
Connectivity
On initial observation, the ocean appears as a large, homogenous expanse of water that is connected,
however, we have known this is not true for decades. The ocean is in fact heterogeneous and new
studies have revealed with even greater resolution the distinct characteristics of different water
masses and even different branches of the same systems.
These physical boundaries, reported to ever higher resolution, are matched by the chemical and
biological differences also seen across oceanographic boundaries, making their identification
important for understanding ocean-level patterns of diversity.
The impacts of extreme events over large spatial scales and longer-term chronic exposures have
been investigated, and as a result the management and policies that are used for stewardship and
conservation of the ocean are changing.
Despite these important advances in understanding the high seas, and the processes and organisms
within them, they are still under-explored but we can now glimpse a sophisticated and highly
complex Earth level system at work, made up of countless interactions, connections and
dependencies.
Deep Sea
Very little is known about the distribution of organisms living on the seabed. A report on brittle and
basket stars showed for the first time that the pattern of the number of species in the deep sea is
consistent with predictions made according to ecological theory (i.e. in the temperate and polar
deep sea more species are found in high food areas (carbon input), and in shallower regions, higher
water temperature correlates with higher species richness).
Considering basic biochemical limitations, the first study to investigate why fish cannot inhabit the
deepest waters was successfully conducted in 2014.
Multiple new species and genera have been discovered at high temperature hydrothermal vents
together representing a new vent bioprovince.
The biological communities of the high seas have most commonly been described by species
composition, but there is now evidence that functional analysis should be used to better understand
how community composition can change. Functional analysis recognises that as the environmental
parameters at a site change (temperature, oxygen etc), the organisms living at the site a likely to
change. Previously this was recorded as different species regardless of their function in the
ecosystem, but recent studies have shown that there is a shift in functions delivered.
The deep refuge hypothesis for depth generalists is disproved for some species of coral.
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Harvesting
The exploitation and pressures on the ocean increase every year. Over 30% of fishing stocks are
fished unsustainably and distribution of some species has changed; part of the change is thought to
be due to fishing pressure.
The long-term implications of fishing methods are better understood, particularly the benthic
disturbance caused by bottom-trawling. Among other things, this has resulted in a call for the
definition of vulnerable marine ecosystems to be widened to include many different fragile
organisms that form habitats (biogenic habitats) for other species.
Biogenic habitats are increasingly understood to be important in the deep sea as they increase
heterogeneity of the seabed and this results in higher biodiversity.
Field experiments in the deep sea have demonstrated decades-long impacts of experimental mineral
extraction, highlighting the importance of thoroughly documenting a location prior to exploitation,
as well as careful management of the areas mined.
Pollution
Studies have increasingly reported on the patterns of many types of pollutants that have been
tracked in the ocean. This includes the ubiquity of microplastics in the deep sea, the increase of
antibiotics in coastal waters, the bioaccumulation in marine mammals and discovery at depth of
persistent organic pollutants, evidence that mammal and fish behaviour is impacted by noise and
the longer than expected residence time of mercury in the ocean than the atmosphere.
Cumulative impacts
The consequences of these pressures on the ocean are being evaluated and different scenarios
modelled; however, as all pressures interact, resulting in different thresholds, there is often much
uncertainty reported.
An example of interactions between different human stressors is the recent discovery of a
geochemical tipping point in the Bay of Bengal where further increases in runoff of agricultural
fertilisers or further environmental changes caused by climate change could create a new extreme
oxygen depleted zone. The consequences of this would be an impact on the global nitrogen cycle and
large-scale disturbance of ecosystems in the Bay of Bengal, a region with high dependency on fishing
for livelihoods and food security.
Climate change
Many of the studies undertaken in the period have focused on the impacts of climate change. The
most important effects of climate change on the ocean are the increases in acidification,
temperature, hypoxia and ice loss the last of which may be linked to freshening of surface waters.
Studies have modelled the proposed changes to the high-seas from climate change. This research is
now elucidating the range of regional variations across the planet in these and other processes. For
example, the change in the ability of the ocean to act as a carbon dioxide sink is now better
understood and the implication of this process, combined with changes in ocean usage such as
increased use of arctic shipping routes, are being pulled together to more accurately predict future
climate change impacts.
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However most of the current predictions on species responses to climate change are based on
changes in a single environmental parameter, which does not reflect the complexity of the ocean
system, and therefore cannot model accurately the changing thresholds in already stressed
ecosystems.
It is predicted that 60% of the ocean shows increased human impact mostly driven by climate
change.
In summary, even the most basic processes require further investigation and additional studies are
necessary to enable appropriate extrapolation of data. The vast majority of papers call for more
research, specifically looking at the additive effects of multiple anthropogenic stressors.
Despite these important advances in understanding the high seas, they are still under-explored.

Where Next?
The following section lists the six most important actions on which to focus:
1. Studies presented in this report have continued to show the importance of the ocean for a
wide range of functions that are important for the whole planet, though the ocean is vast and
distant from centres of population. While we, as academics and interested citizens, might
know this, the rest of the population needs to comprehend the enormity of the benefits that
the high seas provide, remote though they are.
2. In general, studies are moving away from exploring individual parameters and therefore
becoming better able to represent the natural environment. This multi-variant approach is
essential, particularly as the complexity of the ocean and the multiple impacts on it continue
to be revealed.
3. It is often expensive and logistically challenging to explore the ocean, and the best use should
be made of time at sea and data collected. Standardised and automated approaches can be
used to ensure efficient use of marine research resources, while archiving of data in open
access facilities will allow scientists working in different geographical areas and across
different times to compare results.
4. There is mounting evidence that some regions are almost at an ecological tipping point.
Research effort is required to explore these delicate balances and urgent action is necessary
to prevent these tipping points being reached
5. The high seas are by definition outside of national jurisdiction and are therefore outside many
mechanisms that could be used to enact conservation and management solutions. To enable
the most effective action to be taken, correct legal instruments should be put into place for the
high seas to protect marine biodiversity in the high seas and ensure human activities beyond
national jurisdiction are sustainable.
6. This report highlights the lack of knowledge and great uncertainty that still exists around
most predictions made about the high seas. However, this is not an excuse for inaction as
human impacts are clearly visible across the global ocean. Now is the time to take bold
decisions on ocean management and protection.
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Introduction
The high seas are heterogeneous and span biomes from the tropics to the poles, and from surface
waters to the deep sea. Our knowledge of the high seas is limited owing to its great size and
remoteness and the logistical and economic challenges associated with its exploration. Only an
estimated 5% of the oceans1 have been investigated thus far and most of our knowledge is
concentrated around coastal areas. However, despite the difficulties of exploring these far reaches of
the ocean, anthropogenic impacts are evident even in areas that are being explored for the first time,
e.g. plastic pollution2.
The high seas make up 58% of the oceans and lie outside any country’s jurisdiction, despite providing
very important, global ecosystem services. An ecosystem service is calculated as the cost incurred if
an ecosystem were destroyed and its services had to be replaced with man-made technology/labour3.
In other words, the term ecosystem service encompasses all benefits an ecosystem provides to human
society, which include but are not limited to provisioning, regulating, supportive and cultural aspects.
It was estimated that the open ocean as an ecosystem was worth USD21.9 billion per year in 20114.
However, it should be noted that many ecosystem services are difficult to quantify and hard to value.
Some are so important to supporting life on Earth (e.g. oxygen production) that economic value
becomes meaningless, while others have cultural values, in terms of the human experience, that are
impossible to recreate and replace (e.g. outstanding natural seascapes). The ecosystem services of the
high seas are being downgraded by the processes and events that are known to impact the ocean
(such as climate change, overfishing and pollution) and those that are emerging (e.g. mineral
extraction).
Over the last five years researchers across the globe have used new methods and technologies to
explore the ocean and undertaken studies aimed at better understanding the complexity of marine
processes, how those processes benefit the rest of the planet, and the consequences of human actions
on the Earth. This report highlights some of the most important new discoveries related to the
function of the high seas, as well as anthropogenic impacts on the oceans, including direct pressures
and climate change.

New Discoveries
Water Circulation
The atmosphere and ocean systems are strongly interconnected. Atmospheric processes determine
wind effects and ocean circulation at basin scales5, while the ocean system acts as a sponge to soak up
atmospheric carbon and regulates air-sea gas exchange. Surface water circulation is influenced by a
multitude of factors, whereas deep water is primarily determined by density gradients and
bathymetry6. The whole ocean system moves over very long timescales in comparison to atmospheric
turnover6, meaning that the changes in the ocean are felt over many hundreds of years rather than
decadal changes for the atmosphere. For example, the thermohaline circulation takes about 1,000
years to complete. It is a complex, density-driven current system that spans all major ocean basins
and transports both surface and deep waters across the globe7.
The Sea Surface Microlayer (SML) forms the boundary between the ocean and the atmosphere, and is
distinctly different from the underlying water. It is held intact over a wide range of environmental
conditions, and even when disrupted it quickly recoalesces 8. This layer is important as its large
numbers of biogenic molecules (e.g. carbohydrates and lipids) contribute to organic carbon cycling,
while its distinct microbial assemblages participate in the air-sea gas exchange8. Organisms within
the SML are threatened by the accumulation of anthropogenic pollutants, such as hydrocarbons,
organochlorine compounds and trace metals 8.
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The heterogeneity of the global water masses results in a highly complex current system. The Gulf
Stream, for example, is part of the thermohaline circulation, which in turn is part of the North Atlantic
Current system. The North Atlantic Current system is further divided into the northern, central and
southern branches, each branch being characterised by distinct salinity, pH and temperature
regimes9. The oceanographic characteristics of water masses is an important factor that drives the
patterns of distribution of biological organisms. Cold-water coral distributions, for example, have
been correlated with the Gulf Stream in the Atlantic10.
Near-inertial waves (mechanical waves that rotate water) are ubiquitous in the oceans and result
from interactions between wind and other wave types11. Waves with the longest vertical wavelengths
start hundreds of kilometres away from their source region compared to shorter vertical wavelengths
that are less energetic but lead to turbulent mixing 11. Mesoscale eddies, (closed circulating areas of
water) create an intermediate-scale flow that forms density fronts, topographic wakes and persistent
coherent vortices at the ocean surface12. All these types of water movement lead to transfer of energy,
causing vertical mixing of different water masses of different densities12. These heterogeneous and
turbulent flow patterns create different spatial-temporal patterns across the ocean13. Seafloor
bathymetry also acts to shape these patterns6. For example, the boundaries of ocean basins and
submarine ridges steer the path of overlying waters and restrict mixing with deeper waters 14.
However, there are counter processes that act to mix deeper water masses. For example, cyclonic
vortices can be exerted by bottom water flow in areas such as the northern and western deep sea of
the North Atlantic Gyre6.
Polar regions are important for driving water circulation. The Arctic is a key driver for the global
thermohaline circulation because deep-water convection primarily occurs there15. This means that as
ice is formed the surrounding seawater becomes more saline and, owing to its increased density,
starts to sink. The importance of Antarctica to global oceanographic processes is strikingly different
to that of the Arctic. Despite continental landmasses, oceanographic processes connect the Arctic to
the sub-Arctic, while oceanographic processes in Antarctica isolate its waters from water masses from
the North, by forming the Antarctic Circumpolar Current (ACC)16. The ACC, together with its
associated fronts, forms a dispersal barrier to biological organisms, creating an isolated habitat 16. It
transports the largest amount of water17 and both wind and bathymetry drive the distribution of this
water mass17.

Biochemical cycles
Over the past three billion years biogeochemical cycles have profoundly affected the Earth’s
geochemistry18. Sustained observations have provided invaluable information about the ocean’s
biology and biogeochemistry for more than 50 years and have given us the opportunity to resolve
temporal and/or spatial variability in ocean biogeochemistry. We now understand, for example, the
spatial distribution of ocean productivity and the magnitude of organic carbon reaching the deep
ocean19. In the following section new findings are presented related to biogeochemical cycles of
carbon, nitrogen and oxygen and their important contributions to the high seas.
Carbon
The ocean is the largest sink for carbon dioxide (CO 2) on the planet, having already absorbed about
40% since the beginning of the Industrial Revolution20. Carbon sequestration is linked to ocean
circulation21, and models indicate that a faster ocean circulation promotes CO 2 release, while a slower
circulation increases CO2 sequestration. A decrease in circulation since the 1990s, likely driven by the
northward-retreating water mass, the South Atlantic Central Water, and a general weakening of the
thermohaline circulation, has resulted in an unexpectedly fast carbon sequestration 20, 22. In contrast,
absorption rates below 1,000m followed predictions, with the highest carbon concentration seen in
the water mass, the upper North Atlantic Deep Water22.
While ocean circulation is part of the physical carbon pump, there is also a biological carbon pump,
which is driven by organisms in the oceans. It is estimated that around 100 million tonnes of CO2 are
fixed daily into organic material through phytoplankton 23, adding up to about 52 billion tonnes each
7

year24, nearly half of which is in the high seas 25. About one-fifth of this is transferred into the deep
ocean26 through direct and indirect pathways, such as sinking and grazing. The amount of CO2 fixed
varies significantly in a short space of time, as, in contrast to terrestrial vegetation, the average
turnover time of phytoplankton biomass is about one week and is highly sensitive to local
environmental conditions18. A global survey of seawater also confirmed the importance of
prokaryotes and viruses27 in carbon export, alongside previous studies of copepods 28, diatoms29 and
coccolithophores30.
Oxygen
More than half of the world’s oxygen is produced by ocean phytoplankton 31. Oxygen is essential to
most life on Earth, including that living in the ocean. The amount of oxygen in the water depends on
its temperature, so as water warms it can hold less oxygen and stratifies into layers, which decreases
the mixing between the surface and deeper, colder waters 32. The oxycline depth, which separates the
well-oxygenated surface water from less-well-oxygenated deeper water layers, has recently shown
vertical movement33, expanding the extent and presence of the Oxygen Minimum Zone (OMZ) across
large areas of the ocean, with significant impacts on marine biota (see below). Short-term processes
such as storms, dense water cascading and eddies can accelerate or reverse these oceanic changes for
a while34, but the reversal is not maintained. Increasing hypoxia may be a particular problem in
oxygen-depleted zones, which are parts of the ocean where high, surface, primary production and
poor water circulation lead to extremely low oxygen levels or even anoxia in the deep sea. The Bay of
Bengal is one such area where any further reduction in oxygen concentrations will lead to increases
in denitrification and a globally significant increase in the loss of nutrients from the ocean 35.
Nitrogen
Inorganic nitrogen gas (N2) makes up almost 80% of the Earth’s atmosphere; however, this form is
not biologically available to many organisms and has to be converted by specialised microbes into an
organic form, a process also referred to as nitrogen fixation 36. There is still little known about which
regions of the ocean support the highest rates of nitrogen fixation, however, a recent report did reveal
regional variations37. Nitrogen has various chemical forms apart from nitrogen gas, including nitrous
oxide, nitrate and ammonium, and these are organically active. Nitrate is the main limiting nutrient
of ocean primary production by phytoplankton, however, many nitrogen compounds can impact the
environment38, and concentrations of other chemicals also alter this cycle. For example, elevated
concentrations of nitrate and/or ammonium can depress nitrogen gas fixation rates, decreasing the
nitrogen levels available for organisms39. In addition, increased phosphorus availability increases the
abundance of nitrogen fixing prokaryotes, which compensates for lower per-cell rates of nitrogen
fixation that result from nitrate inhibition 39.
Nitrogen is a key element controlling the species composition, diversity, dynamics and function of
many ecosystems. Microbial activities are fundamental to the oceanic nutrient cycles and productivity
in the surface waters at low latitude tends to be limited by nitrogen availability because nutrients
contained in the surface waters are relatively low40. In contrast, where nitrate supplies are plentiful,
productivity may be limited by the micronutrient iron e.g. in the Southern Ocean40. The destruction
of fixed nitrogen and its conversion to inorganic nitrogen is a process that takes place in oxygendepleted zones. As previously noted, the biogeochemical tipping point of the Bay of Bengal may lead
to a globally significant increase in this process of denitrification.

Ocean Life
Patterns of Life
The ocean is a patchwork of ecosystems that each support unique combinations of organisms. These
ecosystems are created as a result of the local prevailing environmental conditions, historic processes
and events, and the life-history characteristics of species, including their colonisation potential. Some
general patterns of diversity are already known, for example, most groups of organisms decrease in
species diversity towards the poles, but there is less certainty about other potential important factors.
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Across the oceans, the drivers, distribution and origin of biodiversity are multifaceted and are often
unknown, e.g. in the deep sea41. However, some studies attempt to elucidate these for specific taxa.
The plankton sampling of the Tara Oceans team has revealed that the data-poor, heterotrophic, singlecelled protists have a very large diversity; the community composition of microbes is temperature
driven; and viruses are regionally most diverse and are transported by local currents 42. On the seabed,
a recent study on Ophuiroidea (brittle and basket stars) showed greatest species richness in the
shallower tropical waters correlating with warmer water temperature, while species richness in
deeper waters is associated with high carbon flux at mid- to high latitudes. Therefore patterns of
species diversity contrast between shallow and deep waters. These patterns are consistent with basic
ecological theory and are shaped by energy availability43. Great species diversity and ever-increasing
evidence that the oceans are vastly heterogeneous, together reveal the high seas to be even more
complex than previously thought.
While technological advances have allowed exploration of the very deepest part of the ocean, the
physiological barriers to species’ ranges are still being understood. For example, the limit of the
deepest-living fish species, a hadal snailfish, is consistent with the finding that beyond 8,200m depth
the muscular content of the osmolyte trimethylamine N-oxide (TMAO) is increased to the point where
cells become isosmotic with seawater44. TMAO concentrations in fish tissue are positively correlated
with increasing depth as more and more of the osmolyte is required for the proteins of deep-sea fish
to operate normally. This represents a significant threshold beyond which cell physiology is seriously
challenged and to which fish have not adapted. In addition, hadal microbes are distinct from those in
upper depths, with an enriched heterotrophic population, suggesting endogenous recycling of organic
matter at this depth45.
The concept of Vulnerable Marine Environments (VMEs) are those ecosystems particularly subject to
damage by disturbances46. Seamounts, cold-water coral gardens, sponge grounds and hydrothermal
vents are all VMEs. These ecosystems have received the most research attention recently, including a
number of studies that model deep-sea coral habitats 47 and document sponge diversity48. However,
recent evidence suggests that additional organisms (ascidians, bryozoans, crinoids, serpulid
polychaetes, tube-dwelling anemones, xenophyophores) that are associated with or form VMEs
should also be considered when modelling the extent of VMEs 49–51. Despite the acknowledged
importance of these ecosystems, they are still under-explored. For example, just 250–280 out of a
predicted 170,000 seamounts52 have been biologically sampled53 and sampling effort is not uniform
across the globe, with the Indian Ocean particularly sparse in data 54.
Our knowledge of the resilience of deep-sea ecosystems and VMEs is becoming more refined, with
increasing understanding of the life history of constituent species. The oldest sampled deep-sea
sponges from the East China Sea are estimated to be 11,000 years old and experimental studies
suggest Antarctic sponges may live twice as long55. Deep-sea corals have been found to live for more
than 4,000 years56. Extreme longevity in such organisms is coupled with extremely low growth rates,
which are related to low food supply in the deep ocean. This renders populations of such organisms
slow to recover from disturbances such as the impacts of deep-sea trawling.
Some important conservation suggestions have been postulated. A synopsis of recent research
concludes that seamounts should be managed as VMEs now, rather than waiting for VME indicator
species to be documented. This is due to their high megafaunal diversity and often high abundance
and biomass57; the many long-lived species inhabiting them; their vulnerability to damage or
destruction by fishing gear; and because many smaller species remain undiscovered50. The
improvement of policy and regulation is required for safeguarding the high seas. Both the amendment
of the legal instruments to include spatial planning and the expansion of regional agreements were
considered necessary58.
New Species
In order to assess an ecosystem, knowledge of the number of species living in it is required. This often
poses difficulties because of the lack of resources provided for taxonomic identifications and the huge
9

number of species yet to be described. For example, more than 825 new eukaryotic species were
described between 2012 and 2017 (see Table 1), and this is likely to be an underestimate as only
major peer-reviewed journals were consulted here. Describing a new species takes expertise and
often several years of work, but genetic tools can help with resolving the taxonomic relationship
between new species and those already known. These methods have revealed some surprising
discoveries; species that were considered to be distinct have been identified as juvenile forms or
closely related e.g. a recent revision of the taxonomy of manta rays now groups them within the devil
ray genus Mobula59.
Phylum
Annelida
Arthropoda
Bacillariophyta
Bryozoa
Chordata
Ciliophora
Cnidaria
Gastrotricha
Mollusca
Nematoda
Ochrophyta
Plathelminthes
Porifera
Rhodophyta
Rotifera
Tardigrada
Other

Phylum Description
Segmented worms
Arachnids, crustaceans, insects
Diatoms
Moss animals
Vertebrates
Ciliates
Corals, sea anemones, jellyfish, and relatives
Hairy-backs (microscopic, worm-like)
Molluscs
Roundworms
Yellow-green algae
Flat worm
Sponges
Red algae
Rotifers or wheel animals
Water bear
N/A

Number of new species
59
160
34
19
36
41
13
12
19
163
27
64
22
11
10
17
59

Table 1: A summary of new marine species described in major international peer-reviewed journals
between 2012 and 2017 given by phyla.
‘Other’ describes the 17 phyla with less than 10 new species described.

Minerals
Technological advances and an increasing demand for elements such as nickel (Ni), copper (Cu) and
manganese (Mn), as well as more recently for rare earth elements such as tellurium (Te) for computer
chips, etc60, have resulted in a resurging interest in mining the seafloor. It now appears that this could
soon become economically viable. The International Seabed Authority (ISA), which administers
seafloor-mining claims in international waters, recognises three types of resource (polymetallic
nodules, polymetallic sulphides and cobalt-rich ferromanganese crusts). In addition, phosphates 61
and deep-sea brine sediment have also been investigated for extraction 62. The interest in these
resources is reflected in the upturn in issuance of exploration contracts by the ISA over the last few
years63. The largest area to be considered is the Clarion Clipperton Fracture Zone in the Pacific Ocean
for polymetallic nodules mining.
Ferromanganese crusts are ubiquitous on seamounts, and recent studies on archaeal and microbial
biofilms show distinct faunal groups on these crusts in comparison with surrounding seawater and
sediment. The communities were dominated by ammonia-oxidizing Thaumarchaeota and
Betaproteobacteria, while some other Proteobacteria classes present were distinct from those in
surrounding habitats64. From a long-term and wide-ranging data set comparing invertebrates on
seamounts with and without crusts, distinct assemblages were seen, with a difference in the relative
abundance of species65, again suggesting special protection is required for these habitats.
Hydrothermal areas often contain massive sulphide deposits. Active hydrothermal vents host a fauna
that is typified by highly specialised animals not found elsewhere (a high level of endemism). Vent
exploration is ongoing, though with some regions of the global ocean poorly explored (e.g. the
Southern Ocean). It has been estimated there at least 11 different types of communities have been
found on them globally66, with new types of animal communities still being found66. The small physical
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extent of hydrothermal vent ecosystems, the patterns of connectivity of populations of vent species,
and the high endemism, have led to the suggestion that usual mitigation strategies employed in
terrestrial mining (no net loss of biodiversity) are not appropriate to seabed massive sulphides at
active hydrothermal vent fields and biodiversity loss in inevitable67.
Inactive vent sites are even more poorly studied, though we do know that their biological
communities mainly comprise slow-growing sessile suspension feeders. Mining of these sites is
expected to immediately remove all megafauna and substrate. It is unknown to what extent
community recolonization or habitat regeneration would occur, so studies to provide baselines must
be carried out68, 69. The faunal assemblages associated with inactive areas are distinct and therefore
require additional protection.
In the past few years, the potential to extract uranium from seawater has been explored. Novel
methodologies are being developed, and although there has been very little focus on biological
implications no toxicity has yet been found from the absorbent materials used to extract the uranium
nor from the reduction of uranium in seawater70. This resource exploitation is still in its early stages
but should be monitored. The extraction of other critical metals and elements (Li, Mo, Ni, Zn, V and
Au) from seawater or marine sediments is also now considered likely in future decades, however,
mostly due to logistical challenges, seawater extraction factories are likely to be located in national
waters71.

Energy
All extraction of gas and oil occurs within exclusive economic zones (EEZs), however, the impact of
emergencies (i.e. blow-outs) and even regular operations can be felt many miles away in deep-sea
ecosystems. These are explained later under Direct Human Pressures, however, as technology
advances and demand increases, research to determine the implications of fossil fuel removal from
the deep sea and high seas is required. Studies in the Gulf of Mexico have suggested that in conjunction
with the increasing depth of oil wells there has been a reported increase in reported incidents (blowouts, fires, injuries and pollution)72. As a result of the challenges of transporting electricity, as well as
complications in the United Nations Convention on the Law of the Sea (UNCLOS), renewable power
production has also been concentrated within EEZs. In addition to the wind and wave installations
that are seen in coastal waters, deep-sea sources such as hydrothermal power have been suggested73.
Although the development of these technologies is in its preliminary stages and the economics may
not make large-scale production feasible, the possibility of exploitation under UNCLOS has been
explored74.

Transportation
The regular use of new trans-Arctic shipping routes is becoming more likely with the decrease in ice
coverage. This was highlighted by the cruise ship Crystal Serenity becoming the largest cruise ship to
have gone through the Northwest Passage in August 2016. Recent observations along with prediction
models suggest that new routes linking the Atlantic and Pacific Oceans could open up by midcentury75. Diverting shipping from the Suez route to an Arctic transit could result in lower total
emissions, owing to shorter travel distance, but increased emissions in the Arctic. This change
increases the complexity of predictions of climate impacts, and studies suggest each constituent part
of the emission should be considered separately. Regarding shipping emissions alone, current
predictions suggest an initial net increase in warming for the first 150 years, which eventually
decreases and reverses to cooling as CO2 emissions reduce76.
Shipping is known to be a conduit for the translocation of species that can become established as
biological invaders, either from ballast water or from hull-fouling. High-risk invasion routes, hotspots
for bio-invasion and major source regions have been predicted by models and verified with field
observations. In current conditions, hotspots are characterised by a high frequency of shipping and
the similarity of port environmental conditions; Singapore, the Suez Canal and Hong Kong are rated
the top three. However, with changes in trading patterns, environmental conditions resulting from
climate change, and ballast water management, the study suggests these locations should be
11

monitored and reassessed77. Subsequent studies have improved prediction models78 by validating the
predictions with algae data, and predicted the highest risk of invasion to be between northern Europe
and East Asia, with the North Sea singled out as of particularly high risk.
To reduce the risk of vessels hitting whales in the Bay of Fundy (between Nova Scotia and Maine), the
Traffic Separation Scheme (TSS) was initiated, then re-positioned by the International Maritime
Organization (IMO) in 2003. Further schemes to reduce whale strikes in the approaches to San
Francisco, Santa Barbara and Los Angeles were approved in 2012. However, continual appraisal of
these sites is required as subsequent studies suggested that a further amendment of the Bay of Fundy
TSS could result in a large (62%) reduction in collisions 79. The US has implemented seasonal
management areas off its east coast to reduce lethal strikes, and geographic extensions to these areas
are also suggested to improve effectiveness 80.
Other mechanisms are in place for the protection of cetaceans from vessel strike, but when Specially
Protected Areas of Mediterranean Importance were compared with IMO restrictions, the IMO
approach was considered more effective81.

Human Health
Nutrition
In 2013, fish comprised almost 20% of the animal protein for more than 3.1 billion people. In 2014,
the total seafood catch was 81.5 million tonnes, of which 87.5% was used for human consumption 82.
It is predicted that by 2050, an additional 75 million tonnes of fish will be needed to feed a population
of more than 9 billion83. The percentage of fish stocks being harvested at unsustainable levels has
risen to over 30%. On top of this, concerns have been raised about the reliability of the reporting of
seafood catches. Figures reported by the UN Food and Agriculture Organization potentially
underestimate the true amount of seafood removed from the oceans 84. This, in part, is caused by the
under-reporting of recreational catches, which is an estimated USD40 billion industry and involves
55–60 million people globally84. This under-reporting could have serious conservation implications
and makes management more challenging.
The consumption of fish and seafood, particularly oily fish, is encouraged by health professionals for
its beneficial effects on health; this has increased the value of the global fish oil industry. In 2014, the
industry was valued at USD2.25 billion with a projected value of USD4.08 billion by 2022. In North
America alone more than 175,000 tonnes of fish oil were produced in 2014, with a predicted increase
to more than 320,000 tonnes by 202285. The best-studied compounds found in fish oil are n-3 long
chain polyunsaturated fatty acids (LC-PUFAs), which have been linked to healthy aging, healthy foetal
development, and a healthy cardiovascular function 86. In very mild forms of Alzheimer’s disease n-3
LC-PUFAs showed promising results in patient weight management, symptom minimisation and
cognitive function86. Also in clinical trials, a modest but consistent benefit of n-3 LC-PUFAs was
observed on joint swelling, stiffness, and pain perception 87. High levels of long chain
monounsaturated fatty acids (LC-MUFA) are also found in some fish oil, such as that from pollock and
herring88. Based on an animal model, a LC-MUFA-rich diet has been linked to the possible prevention
of lifestyle-related diseases, e.g. type II diabetes and some circulatory diseases. Although more
research is required, a few human studies have also suggested these links 88. The increased demand
for seafood, in particular oily fish, which are naturally high in n-3 LC-PUFAs, has led to their
overexploitation89. It is also driving the expansion of some fisheries, such as that of Antarctic krill
(Euphausia superba) in the Southern Ocean90. Therefore, in order to mitigate this, research is under
way to find alternative resources for n-3 LC-PUFA and LC-MUFA; early research shows some algae
that can also produce PUFAs89.
Marine Genetic Resources
The use of marine genetic resources has become increasingly recognised. Serious discussion on
discoveries made outside of areas of national jurisdiction has been on-going since 2005 when they
were considered in relation to UNCLOS. Over the past five years much research has been conducted
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into the potential uses of these resources. The journal Marine Drugs was first published in 2003 and
by 2006 more than 10,000 marine molecules had been identified as having a potential pharmaceutical
value91. In 2014 alone, 456 papers discussed a staggering 1,378 new molecules that were isolated
from marine organisms92; in 2011 six compounds were available on the market 93; and in 2014 a
further two were approved94 (
Table 2). The marine biosphere has proven a cornucopia for molecules that have the potential to be
harvested for the agricultural, medical/pharmaceutical, food production, biofuel, and cosmetic
industries95.
The agricultural yield of crop plants could be increased by improving their nitrogen-use efficiency
through transferring genes that encode nitrogen transporters from phytoplankton, which are adapted
to nitrogen-depleted environments96. If successful, this could also reduce the nitrogen pollution
caused by agricultural fertilisers. However, for research in this area to have a promising future,
lessons have to be learnt from the, sometimes strong, opposition to Genetically Modified Organisms
and potential public concerns should be addressed from the outset 97.
Among the most abundant marine molecules are polysaccharides and their most notable
characteristic is their ability to retain shape and size once processed, e.g. heated and moulded. Their
response dependence to external stimuli such as pH and temperature makes them useful delivery
mechanisms for pharmaceutical agents, e.g. capsules98. In addition, chemical substances found within
the carbon skeleton of sponges have the potential to interfere with human pathogens at different
locations within the human body99. Some molecules found in the marine environment can also be
found in terrestrial environments, although these can be physiologically different to their terrestrial
counterparts, making them useful in different ways 100. Research has shown that molecules derived
from marine algae might replace existing treatments for inflammatory diseases, as current treatments
have potential detrimental side effects after prolonged use101. Toxins used by invertebrates for
defence are currently being investigated for treating cancer102.
The 21st century has seen an increase in antibiotic resistance, which could have catastrophic impacts
on global healthcare and life expectancy103. The threat of the recent evolution of a drug-resistant
Mycobacterium tuberculosis strain has pushed multiple research centres to investigate compounds
produced by sponges, corals and other marine invertebrates 104. Antimicrobial peptides provide a
promising alternative strategy against a wide array of pathogenic microorganisms, as they are able to
act directly as antimicrobial agents105. They have been isolated from a range of organisms, from
tunicates to annelid worms and hagfish.
Despite the vast number of molecules that have been investigated for their potential pharmaceutical,
nutraceutical, anti-foulant, adhesive, biofuel, biocatalyst, and cosmetic uses, only a few have proved
successful and are now commercially available94. The time it takes from the discovery of a potentially
useful molecule to it becoming an available drug/molecule is one of the biggest hurdles. It is estimated
that it takes 12–15 years and costs more than USD1 billion for the development of a single drug106. So
far only eight molecules have been approved as drugs94, although several hundred novel therapeutic
peptides are in preclinical and clinical development 107. Aside from the importance of protecting the
hidden treasures of the high seas for long enough to be able to harvest their potential, new legal
instruments are required to keep up with increased exploitation and to ensure that benefits are
shared among the global community108.
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Marine Organism
Cyanobacteria

Molecules/Compounds
Alkynyl residue-containing
cyclic/acyclic peptides

Actinobacteria

Secondary metabolites

Marine algae

Polyphenolic compounds:
- Antimicrobial
- Anti-inflammatory
- Anti-diabetic
- Antioxidant

Potential Application
Tumour treatment
Treatment of bacterial infections
Malaria treatment
Antimicrobial, anti-cancer, antiviral,
insecticidal, enzyme-inhibitory
activities
Food, cosmetic, pharmaceutical
applications

Ref
109

110

111

101

Red algae, Eucheuma sp.

Iota-carrageenan*

Antiviral

94

Macroalgae

Compounds that:
- lower oxidative stress
- lower anti-inflammatory activity
- inhibit kinases
- increase neurite outgrowth
- lower dopaminergic
neurotoxicity
- are antibacterial
- are antifungal
- are antiviral
Marine Carotenoid Fucoxanthin

Treatment for Alzheimer’s,
Parkinson’s & Huntington’s

112

Brown algae
Tunicate
(Ecteinascidia turbinata)

Yondelis (ET-743)*

Sponges & tunicates

Nitrogen-containing products

Treatment for HIV, hemlinths,
tumours & allergies

Diabetes prevention by  insulin
resistance &  blood glucose levels
Treatment for soft tissue carcinoma

113

114
93,94,11
5

Lurbinectedin (PM01183) †

Treatment for Inflammatory
diseases, cancer, neurodegenerative
disorders & infectious diseases
Cancer

116

94

Sponges

Secondary metabolites:
- (+)-aeroplysinin-1

Halichondria okadai
Cryptotethya crypta

Eribulin mesylate*
Cytarabine*
Vidarabine (Vira-A)*

Antibacterial, antifungal, antimalaria, anti-tumor,
immunorepressive
Antibiotic against gram-+ve bacteria
Treatment for Breast cancer
Treatment for leukaemia
Antiviral

99

117
93,94,11
8
93,94,11
9
93,94,12
0

Fungi

Polyketides, alkaloids, peptides,
lactones, terpenoids, steroids

Molluscs

Marine shell bioactive
compounds:
- calcium, chitin, pigments and
proteins
Ziconotide
(ω-conotoxin MVIIA)*

Conus magnus
Dolabella auricularia

Brentuximab vendotin (SNG-35)*

Anticancer, antiviral, antiinflammatory, antioxidant, antibiotic
and cytotoxic
Health promotion

121

122

Chronic pain (analgesic)
93,94,12

Treatment for Hodgkin’s Lymphoma

3

93,94,12
4
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Marine calcifiers,
e.g. coral, molluscs &
coralline algae
Oily fish,
e.g. salmon, halibut

Skeletal organic matrix protein

Bone regeneration

125

Omega-3-acid ethyl esters*

Lowering triglyceride levels

86,87,93,
94

Table 2: A sample of some of the marine-derived pharmaceutical molecules currently considered for
medicinal purposes. For a more detailed list, please see reference94.
† denotes molecules currently undergoing clinical trial.
* denotes molecules already on the market.

Direct Human Pressures
Fishing
The efficiency of fishing has increased with improved technology, larger vessel sizes and human
population expansion. A meta-analysis of fish and invertebrate weight and their economic value
shows that stocks of 58% of species were below a biomass level that would maximise their yield,
while only 30% were above the accepted exploitation rate, and thus sustainably fished 126. The high
proportion of unsustainable fishing practice is reflected in shallow coastal waters and in the high seas.
For example, in coastal waters the vast majority (83%) of fished coral reefs are missing more than
half their expected biomass, which affects their key ecosystem functions 127. In another example,
grouper, a group of large predatory fish primarily found in shallow tropical waters, are particularly
vulnerable to overexploitation owing to their longevity and late sexual maturation and because they
aggregate during spawning. Of the 163 known species, 20 (12%) are at risk of extinction, while no
status assessment can be made for at least 49 species (30%) owing to limited data 128.
In the high seas, scombrids (i.e. tunas and mackerel), fast, open-ocean predators, are among the most
economically and socially important marine species, but their populations have been declining129. In
these species it is now apparent that life-history traits are more important in predicting a population’s
vulnerability to overfishing than previously used size-related traits130. Therefore, populations from
cooler latitudes with slower life histories decline faster130. The Atlantic herring (Clupea harengus), a
highly migratory species, is currently an extremely abundant and economically important fish.
Genetic analysis has revealed differentiation among populations that correlates with changes in
salinity and temperature, highlighting the discrete structuring and therefore the importance of
preserving functionally important intraspecific genetic diversity131. Charismatic megafauna also
suffer from decreasing populations and individual body sizes. An estimated one-quarter of all sharks,
rays and chimaeras are threatened according to IUCN Red List criteria as a result of overfishing
(targeted and incidental)132.
Consistently-collected historical data can be used to reveal long-term patterns in fished species.
Century-long fisheries data reveal that the distribution of cod in the North Sea has changed
significantly. There has been a northward shift in distribution, hypothesised to be caused by ocean
warming, and an eastward shift probably directly attributable to fishing pressure. This study suggests
that it is important to look at all factors when considering historic changes and making predictions
on future change133. New methods to detect stock collapses have been suggested recently. A study
that used historic data from the period of commercial whaling showed that the decrease in the body
size of whales was detectable up to 40 years before their collapse134. This method may provide an
earlier warning than the abundance measures currently used.
Deep-sea fishes have some of the least-resilient populations with lowest productivity and it is unlikely
that some can be fished sustainably135. Equipment, material and technological developments have
allowed bottom trawling to expand to greater depths, which is hypothesised to have caused a
decrease in “organic matter content (up to 52%), slower organic carbon turnover (ca. 37%), and
reduced meiofauna abundance (80%), biodiversity (50%), and nematode species richness (25%)” in
15

the Mediterranean136. Deep-sea bottom trawling also destroys and damages fragile, slow-growing,
cold-water coral and can have a large bycatch of non-target fishes (e.g. sharks). Mitigation measures
for such forms of ecosystem damage are limited in their effectiveness and spatial exclusion of trawling
from areas where vulnerable species or VMEs are present is often the only effective measure. In
addition, serial depletion has been identified in some deep-sea fisheries; this is where stocks are
removed from one area and then another area is targeted and the cycle repeated, making this strategy
unsustainable135. Meanwhile, the sparsity of knowledge about the life history of deep-sea species,
even those that are economically important (e.g. Patagonian toothfish Dissostichus eleginoides), makes
the management of deep-sea fishing ineffective137. Finally, trawling is also thought to increase nearbottom water turbidity, the effects of which last hours after the event, in fished and non-fished
areas138. Globally, this alteration in sedimentation is thought to cause ecological impacts to benthic
communities, particularly in canyons where re-suspended sediment can be transported towards
canyon axes139.
Long-line fisheries impact VMEs less than bottom trawling, by about an order of magnitude140. This is
just part of the picture, however, as this fishing method has increasingly been shown to be more
damaging than previously thought, especially to branching coral 141, 142 and glass sponges143; the latter
can be easily sliced by the lines. Long-line fishing can be used to exploit topography that cannot be
trawled, further increasing the footprint of deep-sea fishing and its potential damage. Furthermore,
when gear is lost, mechanical damage can be extensive and lines continue to entangle coral gardens
for extensive periods144–146. Pelagic and surface-dwelling organisms can also be impacted by lost
fishing gear. Despite regulation, the bycatch of seabirds, marine mammals and turtles is still thought
to be great i.e. global seabird bycatch 160,000–320,000147, and efforts to model locations of greatest
bycatch intensity show them to be fauna-specific148; extrapolation between taxa is therefore not
possible. Focusing on highly exploited species149 showed that the long-line fleet overlapped with the
spatial use of six tracked shark species by 80%, suggesting that catch limits using tracking data are
required for ocean-scale management solutions. In addition, further research into turtle and seabird
bycatch showed that bycatch from long-lining was evident in most fleets.
There are management options to reduce or mitigate the environmental impacts of some types of
fishing on some species and ecosystems. The most common form of mitigation for bottom fisheries
has been gear limitations, such as the banning of gill nets or the imposition of spatial/depth
limitations to fishing, for example, depth limits that have been imposed on fisheries to prevent further
damage to VMEs (e.g. toothfish in the Southern Ocean; recent depth limit to fisheries imposed by
Europe150, 151). Technical measures such as the modification of fishing practices or gears have been
highly effective at preventing bycatch of some species such as albatrosses and petrels by long-line
gear in the Antarctic90.
Modelling high seas total closure to determine the impact on highly migratory, high-value fish
revealed that total closure increased the catch for all fisheries in EEZs, but not for all countries. This
was because the gain or loss was dependent on where fleets currently fish most of the time. The
increase in EEZ productivity resulted from spillover of fish from the high seas152. Later studies have
shown that the disproportionate change in landed catch between different countries is large when all
stocks are included under a high seas protection model, but the net gain would be more equitable
between developed and developing nations, as well as being economically and environmentally
profitable153. Encouragingly, when ‘Game Theory’ (the science of logical decision making) was applied
to different types of marine reserves, this approach suggested that high seas closed areas could be
positive, and that a closure may not need active regulation 154. The high seas are vast and new
technologies such as live satellite monitoring systems and data from automatic ship identification
systems are considered interesting solutions as closed areas remain expensive to monitor and
police155.

Mineral Extraction
Although no sites are currently being exploited under an ISA licence, many studies have been
conducted on the exploration areas to provide baseline data. Simulated mining and test sites showed
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initial physical disturbance and some level of re-sedimentation. Most taxa decreased in the short term
with species diversity being more impacted than organism density. Some recovery was seen after one
year, but even after two decades very few faunal groups returned to baseline diversity and density 156.
However, a review concluded that the power of the meta-analysis was confounded by the variety of
sampling methods used and the lack of baseline studies. Therefore, a number of important
suggestions for future work were made, including recommendations for an integrated plan; data
collection at high spatial accuracy; and research focus on areas with different sedimentation regimes.

Oil and Gas Production
The function of the ocean for the storage, remediation and removal of chemicals is most clearly seen
when there is a catastrophic disaster, as research effort is focused on these events. A well-studied,
recent example is the Deepwater Horizon blow-out. Much of the oil remained in the deep sea from this
well-head leak, and much of the oil that did surface eventually returned to depth. The initial oil release
resulted in oil constituents getting into the food web; a noticeable reduction in planktonic grazers;
the death of fish larvae; and a decrease in cetaceans, which were either killed or actively avoided the
area157. Benthic habitats showed no recovery after one year, with soft and hard bottom impacts being
found up to 14km away. Impact on coral colonies varied greatly, with some not damaged at all, but
others suffering branch mortality and subsequent loss 158.
Communities inhabiting functioning oil and gas platforms have been found to be distinct compared
with those in surrounding waters (Gabon)159 and to have a very high secondary production
(California)160. These ecological changes are hypothesised to be a result of the large surface area of
these structures, which can be colonised by fauna. However, invasive species found on platforms in
Gabon suggest that the structures may be a conduit for another environmental problem: the potential
of platforms as community-enhancing structures. This has been recognised in the ‘Rigs to Reefs’
program (US Department of the Interior), an assessment of the benthic communities on standing
versus toppled platforms that showed a species-specific response. It was especially noted for coral
communities on the structures, but the study concludes that, overall, standing rigs may better serve
as fish habitat as coral is left undisturbed161.

Pollutants
Marine contaminants such as pesticides, and heavy metals that originate from industrial and
agricultural activities, are a concern because of their bioaccumulation potential and their impact
across trophic chains162. Mercury, for example, has a residence time of 20–30 years in marine water,
compared to 0.8 to 2 years in the atmosphere, and it also forms compounds with chlorine in the
marine environment163. Even in areas with relatively low levels of mercury, e.g. Arctic water
(compared to the North Atlantic)163, there are concerns because retreating ice impacts the trophic
interactions between species and the accessibility to prey, which alters organic pollutants and
mercury exposures. For example, a higher contaminant level in polar bears and ringed seals is linked
to changes in diet caused by sea ice reduction 164. Some anthropogenic contaminants found in the
oceans suppress the immune function of marine mammals, which are vulnerable because of their high
trophic level, leading to more infectious disease outbreaks amongst them 165.
Marine mammals are also increasingly affected by high levels of noise pollution, which interrupts
their feeding and vocalisation, leading to the abandonment of entire areas by populations166. It is now
known that different species of marine mammals are impacted differently by varying noises 166. The
most acute of these has been the mass strandings and mortality of deep-diving whales associated with
the use of military active sonar systems during exercises167, 168. These cause the whales to surface
rapidly leading to decompression sickness and death. The effect of noise on fish was also recently
shown during seismic surveys when they altered their behaviour. The study reported a reduction in
fish abundance during the survey169, but without data on the fish post-survey it is not possible to
determine long-term impacts alongside the short-term disruption seen.
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Persistent organic pollutants (POPs) such as flame retardants, solvants and pesticides, break down
slowly and are readily transported to, and within, the marine environment. They have been found in
the deepest parts of the ocean170 and are particularly likely to bioaccumulate as they are hydrophobic
and lipophlic molecules and thus they bind strongly to organic matter. Recently they have received
even more attention because they can be absorbed by microplastics in the water, then transported
into organisms when microplastics are ingested (see below)171, 172. They have been shown to impact
organisms of all trophic levels, including fish-eating birds and marine mammals, where toxic effects
have been seen173.
Pharmaceuticals are widespread in marine and coastal environments174. An investigation into the
pollution of 50 marine sites identified chemicals from 196 pharmaceuticals and 37 personal care
products175. Pharmaceuticals are particularly potent contaminants because they are biologically
active and target specific metabolic pathways at low doses, and although non-toxic in the short-term
they can be detrimental after chronic exposure174. Antibiotics, e.g. erythromycin, are one of the most
abundant molecules in ocean water and sediment, raising concern for the spread of antibioticresistant bacteria (ARB) in ocean waters175. The rise in antibiotic resistance has resulted in the spread
of superbugs176. Although the exact pathways of ARB spread are still unclear, ocean water seems to
be one pathway177. In England and Wales (UK) there were an estimated 6.3 million water sport
sessions in 2012, all of which could have resulted in potential exposure to at least one ARB 177.
Polycyclic aromatic hydrocarbons (PAH) enter the marine environment either through continuous,
chronic pollution, e.g. ship traffic and industrial run-offs, or after oil spills, e.g. Deepwater Horizon oil
spill178, 179. PAHs get incorporated into marine snow that is either consumed by marine organisms or
settles onto the seafloor, where it accumulates in the sediment, for example, about 14% of the
Deepwater Horizon oil reached the seafloor178, 179. A big concern is PAH contamination in economically
viable fish and benthic organisms owing to its bioaccumulation potential 178. Studies have shown that
microbes do have the capacity to detoxify and recover an environment and, together with the
biological pump, they control PAH fluxes into the marine environment179. However, the combined
effects of ultraviolet radiation and anthropogenic pollutants might also affect some microbes
negatively by modifying their mediated detoxification processes 180. Owing to the importance of
microbes in regulating biological function and mediating anthropogenic contaminants in the marine
biosphere, they are an excellent tool for assessing the health of the ocean and to determine the
anthropogenic pressures faced180.

Marine Plastics
An estimated 1.15–2.41 million tonnes of plastic enters the ocean through rivers every year, mainly
between May and October181. The exact amount of plastic in the oceans is unknown, but in 2010 alone
an estimated 4.8 to 12.7 million tonnes of plastic entered the ocean 182. Presently, the exact path of
plastic once it has entered the marine system cannot be traced, however, as a result of ocean currents,
floating plastic waste can eventually collect within the subtropical ocean gyres 183. It is currently
impossible to estimate the amount of plastic in the ocean as it can also be deposited on the most
remote beaches184, including those of Greenland and the Barents Sea185, sink to the seabed146, and be
ingested by organisms. It is very likely that the vast amounts of plastic in the ocean will have an impact
we are not yet aware of186, although we do know of a number of impacts that it has on marine life,
such as entanglement, internal blockages after ingestion, and acting as a pathway for invasive alien
species187. For example, all seven turtle species ingest plastic marine debris, and this can reduce
growth rate and fecundity, and even lead to death188.
Smaller plastic fragments (microplastics) are readily found in the marine environment and are also
considered detrimental to organisms189. There are two types of microplastics: i) primary
microplastics, which are created at a small size, such as raw nurdles (pre-production plastic pellets)
or plastics used in facial scrubs and cleaning products; ii) secondary microplastics, which are microdebris that is created through the weathering of larger plastic items190. Microplastics are found in
every part of the oceans, from surface waters to the sediment, and even in the remote waters of the
poles185, 191, 192. Plastic pollution also appears prevalent in the marine food web. Microplastics are
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found across the food chain and could pose a health hazard to humans as they end up in seafood193;
however, to date, the evidence for this is insufficient and contradictory, partially because of a lack of
standardised approaches to studies of plastic and its effects on marine species and ecosystems.

Climate Change
While some anthropogenic pressures, like those highlighted in the previous section, are regional, the
impacts of climate change are global. For the first 100 years following the start of the Industrial
Revolution, the Earth’s average surface temperature saw a 0.6°C temperature rise, however, over the
past 30 years a further 0.2°C increase was observed for every decade 194. The rise in temperature has
been correlated directly to the emission of CO 2 through the burning of oil, coal and gas195, changes in
agricultural practice, and increased deforestation rates. Climate change affects all aspects of the ocean
system, including temperature, circulation and nutrient input 196. Rising atmospheric CO2 reduces
ocean pH, which affects seawater chemistry and biogeochemical cycles196. Such impacts will be
enhanced through cascading factors, such as nitrification, acidic rain, algal blooms and increased
amounts of dissolved organic matter197. These interacting phenomena combine together to amplify
ocean acidification, reduce oxygen and increase thermal stress, and many other impacts197.
Atmospheric temperature increases are predicted to change oceanographic processes as a result of
up to 35% of anthropogenic heat198 being absorbed by the deep ocean195. Thus far, temperatures of
water masses between 700–1,500m depth have increased steadily since 2003, amounting to a sea
level rise of 0.2mm per year as a result of thermal expansion and salinity variations 199, though this is
not universal. Polar regions, for example, are affected by changes in the cryosphere (frozen water,
which includes sea ice at the poles)5 and model outputs suggest a rise in oxygenation and productivity
in these regions200. On the other hand, the naturally cooler waters in polar regions absorb more CO2,
and will thus see the largest shift in pH201. Mid-latitudinal system changes are driven by temperature
and acidity increases200, which impact upwelling systems, and – by proxy – by species distributions
and phenology (seasonal patterns of organisms’ life-cycle), which cause trophic mismatches5. Trophic
mismatches occur when the life cycle event of one species shifts away from that of their food source.
For example, in the North Sea, copepod egg production has decreased, reducing the survival chances
of the young sand eels that rely on this food source by limiting their food supply202.
While some of the predicted changes have been observed in geological time, the speed at which these
changes are now occurring is unprecedented, exposing the marine ecosystem to a completely
unknown future203. In a meta-analysis on the research into species’ responses to climate change it was
estimated that 81–83% of all researched species followed expected responses in distribution,
phenology, community composition, abundance, demography and calcification 204. Some fish species
are hypothesised to produce smaller body sizes in response to increased temperatures and decreased
oxygen205. Owing to the inability of some organisms to adapt quickly enough to their changing
environment, community structure changes across the oceans are expected 5, as well as physiological
changes, e.g. alterations in the ability of marine organisms to deposit calcium carbonate 196. The level
of phenotypic plasticity, which describes an individual’s capacity to adapt to a changing environment,
may become crucial in order to provide enough time for populations to adapt genetically to new
environmental stressors206.
In order to understand and predict the impact climate change will have on marine ecosystem services
and human welfare, research is being carried out in all aspects of marine sciences. However, these
research efforts are faced with many difficulties, such as the heterogeneity of the ocean system and
the fact that some areas of the ocean are already faced with pCO2 levels along the same lines as those
predicted for future scenarios by the IPCC. For example, the North Pacific krill Euphausia pacifica
currently lives in waters with a pCO2 ~900mu atm, a concentration much higher than the current
global atmospheric mean207.
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Physical Implications
It is estimated that 90% of the heat produced from anthropogenic greenhouse gas emissions has been
already taken up by the oceans208, 195. Although, in the absence of high quality, long-term data it is
difficult to establish a reliable pre-anthropogenic baseline208, a strong temperature increase has been
observed in the oceans, particularly the upper 700m 195, 198. This absorption rate varies both
temporally and spatially, e.g. years 2001 and 2002 were orders of magnitude greater than the average
uptake between 1993–2003198. Marine heatwaves (prolonged periods of hotter-than-normal
temperatures) have been observed globally, with the expectation that their intensity and frequency
will increase with further anthropogenic activities. Such extreme events cause species displacement,
local extinctions, and economic impacts on seafood industries 209. Rising ocean temperatures also
affect oceanographic processes, e.g. decreasing the mixed-layer depth (homogenised upper surface
layer up to 200m deep) and ocean circulation 210. Changes in ocean circulation have a further knockon effect on the dispersal and distribution patterns of marine organisms 211. The El Niño Southern
Oscillation (ENSO) dictates global ocean temperature and circulation. The impact of ENSO differs
across the globe and observing the organisms living where greatest variation is seen gives an
indication of possible adaptation capacities of organisms to climate change.
Polar Regions
Ice sheets at the North and South Poles have reduced in size and mass195 as a result of the combined
effects of atmospheric and oceanographic temperature changes 212. The polar regions are particularly
vulnerable to climate change because of the sensitivity of these ecosystems to sea-ice retreat and
increased species migration towards the poles5, 213.
Arctic
The Arctic is fundamental to the climate system and very sensitive to climate change 213, 214 as a result
of altered feedback loops. Declines in the extent and thickness of sea ice, for example, decreases the
global albedo (the capacity to reflect heat away from the surface), which promotes further thawing of
the permafrost regions14, 213. As the ice becomes thinner and less compact it also becomes more
vulnerable to wind stresses14, exacerbating its break up. The Greenland Ice Sheet, for example, has
retreated for the past 130 years, but the rate of retreat over the past 20 years has been unprecedented
and resulted in sea level rise14, 214.
Sea ice formation in the Arctic naturally occurs with significant multi-decadal variability, however,
the recent speed at which ice is lost has been exceptional 14. The resulting freshwater input into the
ocean impacts ocean circulation, water mass distribution and surface heat content 15 by reducing the
salinity of the ocean water. An increased freshwater input also increases the stratification of the ocean
water, which in turn constrains the nutrient flux to the surface, resulting in smaller phytoplankton
and increased vulnerability to ocean acidification14, 15. However, despite the nutrient flux decreasing
through increased stratification and acidification, overall the primary production in the Arctic is
predicted to increase200. Additionally, the temperature and salinity changes affect the formation of
dense water masses213. The latency of the ocean system6 means that effects of increased freshwater
inputs are seen about 10 years after the initial atmospheric signal213, and are likely to last after the
atmospheric environment stabilises. The continued ice loss and freshwater flux into the oceans 15
regularly exposes the shelf break, exposing basin waters previously covered by ice to sunlight and
wind effects. Increased sunlight and wind in the Arctic promote winds that drive shelf-break
upwelling, which draws nutrients from subsurface basin waters onto the shelf 14.
Antarctica
Sea ice melt also occurs in the Antarctica, particularly where ice streams flow into the ocean and begin
to float. These floating ice sheets form ice shelves that surround the continent. Unlike the ‘grounded’
Arctic ice, the melting of the ice in Antarctica does not contribute much to a sea level rise because ice
sheets in Antarctica are already floating215. The most significant loss of ice mass occurs from the
melting at the base, followed by large ice chunks breaking off icebergs 215. Climate-driven changes are
likely to alter the distribution and abundance of polar biota, specifically those dependent on sea ice16.
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Biochemical Implications
Climate-driven oceanographic changes impact biogeochemical cycles211 by altering oceanic primary
production, which is inexorably linked to these cycles18. The biochemical cycles of carbon, oxygen and
nitrogen are complex and generally poorly understood. The new key findings were highlighted earlier
in this document (see Biochemical Cycles), but predictions about the impact of climate change are
vital.
Biological implications of expanded OMZs are already being seen. Zooplankton are moving in
response to deoxygenation in the tropical Pacific, with a lower abundance seen in lower-oxygen
waters compared to oxygen-rich ones216. The expansion of OMZs also reduces the habitat for tropical
pelagic fishes, which together with continued fishing pressure is thought to further threaten the
sustainability of tropical pelagic fisheries34. Even the jumbo squid, a species thought to be tolerant of
low-oxygen water217, may suffer a decrease in its habitable range as a result of the expanding OMZs218.
Furthermore, there is some evidence that the largest migration on the planet (vertical migration from
the depths to the shallows at night) may be affected and exacerbate OMZ increases219. Low dissolved
oxygen and pH conditions often co-occur and while the effects are not fully understood yet, their
combined impact, e.g. hypoxia, seems worse than when alone220. This poses a serious threat to
fisheries. The observed deoxygenation and increased water mass stratification leads to a decrease in
particulate organic carbon export in mid to low latitudes, thus reducing the major food source for
sediment communities221 while causing an increase in upwelling regions of the northeast Pacific222.
The predicted expansion and shallowing of the oxygen-depleted zones could also cause an alteration
to the nitrogen cycle, as these zones are major sites of oceanic nitrogen loss 223. Nitrification rates, an
aerobic process where microbes oxidise ammonia or ammonium into nitrite and later nitrate, are
thought to decrease as a result of climate change, which will lead to a global decrease in nitrous oxide
(N2O) emissions224. Increased pCO2, ocean acidification, deoxygenation and anthropogenic nitrogen
deposition alter the oceanic nitrogen cycle225. Mechanisms that cause this loss are a focus of current
research. A study from the South Pacific suggests that the main processes are ammonium increase
into the water column because of higher organic matter levels226. However, the Bay of Bengal has
perplexed scientists as there was none of the expected nitrogen loss from these deoxygenated waters.
New technology recently allowed scientists to measure trace amounts of oxygen, and subsequent
tests revealed that in OMZs the trace oxygen plays an important part in mediating nitrogen loss. This
means that the very low oxygen concentrations in the Bay of Bengal are vital and its removal could
change the balance of these processes35, leading to significant changes in the ocean nitrogen cycle.

Biological Implications
The observed physical and biogeochemical changes in the oceans profoundly affect marine
ecosystems. Climate change affects organisms at the most basic physiological level as the types of
protein structures an organism possesses can make the difference between survival or extinction.
Population-level shifts will continue to occur because species move with environmental conditions
tolerable to them, resulting in invasions, extinctions, altered species interactions, and entirely new
communities5.
Climate change will result in assemblage and physical changes in the small life on the planet. Global
productivity and climate are facilitated by prokaryotes (bacteria and archaea). In order to understand
their effects on the biogeochemical cycle an increased understanding of their functional profiles are
essential227. Increased sea surface temperatures have also resulted in the rise of Vibrio bacteria. This
bacterial rise has been associated with a global increase in illnesses, such as cholera, gastroenteritis,
wound infections and septicaemia228.
Species large and small have already seen abundance decreases, resulting in ecological change and
possible change in ecosystem function229. Climate change threatens to increase the differences in
genetic structure driven by other environmental impacts. Mobility can lend some protection from
climate change, but the conservation impacts are only well predicted for a few species 230. A general
species range shift towards the poles is predicted in response to climate change195. The dispersal
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pathways and therefore the connectivity between suitable habitats will be altered, which will also
affect key habitat-forming organisms211. Climate-driven oceanographic changes will either strengthen
or weaken oceanic dispersal pathways, resulting in either stronger or weaker dispersal and
connectivity potential for various marine taxa. The impact will depend on the interaction between
local oceanographic, geographic and taxon-specific biological factors211.
Primary Producers
About half of the global primary production is produced by phytoplankton 23, 40. The primary
production in the ocean drives the entire marine food web, and primary production hotspots tend to
be areas of high biological productivity across the food web. The impact of climate change on primary
production is very complex, although the fast generation time of phytoplankton is believed to
facilitate quick adaptations to climate change231. Under favourable conditions phytoplankton
abundance can reach up to 100 million cells per litre, over many square kilometres232–234, and some
phytoplankton taxa change their feeding strategy based on environmental conditions (e.g. produce
their own food through sunlight or contain symbiotic organisms that provide energy)235.
In general, an increasing sea surface temperature reduces the average cell size in phytoplankton,
although nutrient supply and grazing pressure also play an indirect role 236. Rising temperatures also
increase upper ocean stratification, which further impacts the nutrient availability for
phytoplankton23. Phytoplankton communities are increasingly dominated by smaller algae, e.g.
Bolidomonas sp., because of increasing temperatures, which reduces nutrient availability and
increases copepod grazing236. These changes, and those in zooplankton community composition, can
often have implications for the whole marine ecosystem, including fish and seabirds 237. The future
phytoplankton abundance is predicted to reduce, impacting the whole food web, including fish stocks
and a reduced share of primary production that will be exported through sedimentation to the
benthos236.
The adaptation to ocean acidification will depend on previous environmental exposure to a lower pH.
Species that have historically experienced unpredictable pCO2 fluctuations have large population
sizes and fast turnover rates, and thus a greater capacity to adapt than those exposed to relatively
narrow environmental fluctuations231. It is anticipated, however, that populations at a genetic
disadvantage owing to small population sizes, lower genetic diversity, and higher levels of
degenerative or conditionally neutral variations, will be more common231. It is also unclear whether
calcifying algae will be able to adapt to the rapidly changing marine environment. Under elevated
pCO2 levels and high inorganic nutrients, calcifiers tend to be out-competed by non-calcifiers, and also
show a sensitivity to overgrowth238. Calcifying macroalgae that deposit high-magnesium (Mg) calcite
are particularly susceptible to high pCO2 (those species are commonly found at the poles), while
species that deposit dolomite (calcium magnesium carbonate) might be most adaptable to increasing
pCO2 levels, because dolomite is less soluble in seawater than high levels of Mg calcite238, 239.
Abiotic stressors, such as increased pCO2, nutrient limitations and higher temperatures, vary in
intensity across time and space. Although they may peak one after another, more commonly they
present additive stresses to the organisms, thus intensifying the pressure of each individual
stressor240. The capacity of phytoplankton to grow rapidly should allow them to respond to climate
change within weeks to decades, which is very fast in evolutionary terms 232. Nevertheless, empirical
studies indicate that there will be a selection on current genetic variation in natural populations, thus
reducing the genetic pool and the future capacity to adapt to further environmental changes 232.
In the Arctic primary production has increased because of sea-ice retreat and a prolonged growing
season241, however, a continued and increased freshwater input from meltwater might decrease
primary production in the long term, something already observed in the Chukchi Sea that borders
Russia and Alaska242, 243. Although an increased primary production is predicted for temperate, noncalcifying plankton under higher temperatures and CO2 conditions, tropical plankton is expected to
decrease under ocean acidification244 and increased stratification as a result of temperature increases.
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Despite some localised areas experiencing a primary production increase, on average, a global
decrease is expected for the open ocean, which accounts for 82% of the annual primary production 245.
Pelagic Marine Life
Zooplankton are most commonly exposed to multiple environmental stressors simultaneously, such
as pH, salinity and thermal pressures246. Although studies on the genetic adaptability of marine
zooplankton are limited, some show a capacity for genetic adaptation and phenotypic responses to a
range of environmental stresses247. For example, the foraminifera Marginopora rossi shows inhibited
growth under the combined pressures of nutrient saturation (e.g. caused by pollution) and ocean
acidification. M. rossi relies on its photosymbiotic algae for its nutrient supply and in the absence of
nutrient limitation (under eutrophication) this relationship is weakened, ultimately leading to
reduced calcification of M. rossi248. Calcifying planktonic larvae are the most vulnerable to
environmental change, although larvae of different species show varying levels of adaptability.
Larvae, from arthropods (crustaceans and relatives) and cnidarians (corals, sea anemones, jellyfish,
and relatives) appear to be better adapted to abiotic stresses, compared to molluscs (e.g. octopus,
snails, slugs) and echinoderm (e.g. seastars, sea cucumbers, sea lilies) larvae, which are particularly
vulnerable to abiotic stresses246. Across all latitudes larval growth is inhibited by ocean acidification,
which often decreases the carbonate mineral saturation 249. Independent of species and latitude, sea
urchin larval growth is suppressed by abnormally high CO 2 levels in the blood (hypercapnia)249.
Adult forms of zooplankton are also affected by ocean acidification. In fish, changes in behaviour, loss
of sight and olfactory and touch senses, and predatory avoidance have been observed250. In
invertebrates one the greatest impacts is on shelled molluscs where shell development is reduced at
the larval stage, resulting in weaker adult shells; additionally, poorer fertilisation rates and increased
metabolism are reported. There is no single, unifying principle that can be used to predict the
responses of marine organisms to climate change, as a broad range of responses has been reported
across the literature251. These findings will likely impact seafood sources for human consumption 250.
Benthic Marine Life
Benthic community structures are significantly impacted by ocean temperature increase and
acidification, although the level of impact differs across phyla 252. The marine benthos is covered in
complex, carbonate structures, e.g. corals and sponges, which are ecosystem engineers253. Ecosystem
services provided by coral reefs are estimated at Intl$352,249.00 per hectare per year; more than any
other biome254, and are one of the most vulnerable ecosystems to ocean acidification 203. Both warmand cold-water corals form important biodiversity hotspots255. Warm-water corals have a restricted
distribution, concentrated in the shallow waters of the tropical and subtropical regions256, but provide
vital coastal defences by dissipating wave energy257. Cold-water corals are distributed across all major
oceans and latitudes and occur below 50m depth down to 6000m, and are found across the globe 258.
Cold-water corals form reefs that enhance food supply in otherwise nutrient-limited environments.
Maximum water depth, rugosity, bathymetric characteristics and maximum current speed have all
been identified as important drivers for cold-water coral growth259.
An estimated 97% of shallow reef systems across the globe have already experience increased sea
surface temperatures, and 60% of these experienced significant temperature increases between 1985
and 2012260. In shallow-water corals, thermal-stress-induced mass bleaching increased three-fold260,
though the effects of thermal stress are not uniform across all reefs and species. Areas that previously
experienced bleaching are less affected by subsequent thermal stresses 261, and the survival chances
of coral larvae increases 10-fold if the parents are from naturally warmer, lower-latitude locations262
or locations with historically greater temperature variation 261. Therefore, investigating historical
environmental conditions enables us to identify reefs most resilient to increasing thermal stresses260.
Ocean acidification has caused a decrease in calcification rates and an increase in coral mortality since
pre-industrial times263, a trend that is predicted to significantly increase253. Based on the IPCC
business-as-usual emission scenario a further sharp increase in nocturnal decalcification is expected,
while daylight calcification rates will decrease263. Coral are dependent on a greater net production
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and deposition of calcium carbonate than its breakdown, export and dissolution processes253. The net
calcification of an ecosystem is the function of community composition, light, temperature, food and
nutrients, hydrographic regime, and seawater chemistry253. Although calcification rates naturally
vary over time and space, ocean acidification reduces the overall deposition rates and increases the
dissolution rates of these organisms, jeopardising their ecosystem services253.
Marine shelled molluscs colonise large latitudinal gradients, from intertidal to deep-sea habitats.
Molluscs depend on the carbonate chemistry of their surrounding environment to build their shells,
to protect them from predators264. The effects of climate change on molluscs are difficult to determine,
particularly in combination with increased temperatures and salinity, species interactions, and a
species’ ability to adapt to changes. Further difficulties arise because each species responds
differently to environmental change, and sometimes even the same species responds differently 264.
For example, in a range of experiments the mussel Mytilus edilus grew smaller under increased ocean
acidification, which if extrapolated would lead to a 50% reduction in biomass by 2100 265. However,
another experiment on M. edilus and Arctica islandica from the Baltic Sea showed no effect on either
growth or shell-breaking force after increased ocean acidification exposure for several months 266.
Reduced growth in the Baltic Sea populations was suggested to be caused by increased temperatures.
This growth reduction was amplified in M. edilus, but not A. islandica, with additional exposure to
ocean acidification266. Pteropods appear to be the only group of molluscs that are negatively affected
by ocean acidification in their entirety264. However the Olympia oyster (Ostrea lurida) seemed to be
immune to ocean acidification treatments, while another species from the same family (Pacific oyster
Crossostrea gigas), shows 10 times reduced calcification rates and 50 times reduced feeding speed 267.
Reduced calcification rates and slowed down feeding lead to stunted shell growth. It is possible that
slower shell growth, as observed in C. gigas, may reduce the energetic burden of ocean acidification 267,
or that large body size increases the chances of predator avoidance and therefore a slower growth
could impact the entire population, eventually causing shifts in entire community structures 266.
Furthermore, the size of a bivalve and its capacity to purify water are correlated and populations with
smaller organisms will result in lower water quality264.
Aside from fishing pressures, climate change is an additional threat to global fisheries. By combining
models of climate change impacts, fish production potential was predicted to increase at high
latitudes and decrease in mid to low latitudes. For most species, environmental changes by 2050 were
expected to result in a change of less than 10% of current yields 268. Areas prone to rapid climate
change, e.g. Alaskan waters, are particularly prone to the loss of livelihoods as a result of collapsing
fisheries269. Global warming combined with reduced oxygen availability in some areas will reduce the
body size in marine fishes by 14–24% globally by 2050, under IPCC high emission scenarios205. These
changes will in part be caused by physiological pressures, (and the increased difficulties of converting
food into body mass as result of higher temperatures) and in part by distributional changes, with
regions experiencing up to 20% reduction in fish stock205. In a study using climate prediction models
and three case studies from different geographical regions, the fish production requirements for 2050
were met270. However, this is only possible if stocks are managed sustainably and fishmeal production
is decreased. The increased global demand for wild fish as protein resource for humans could be met
in future, despite climate change, provided fish resources are managed effectively and a shift away
from its reliance on wild fish occurs in the animal feeds industry270. While the overall ratio of wild
fisheries to farmed fish output has decreased to 0.63, it still remains unsustainably high for species
such as the Atlantic salmon (5.0)271.
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