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1. Introduction
Increased carbon dioxide (CO2) from the burning of fossil fuels and other human
activities continues to affect our atmosphere, resulting in global warming and
climate change1. Less well known is that this carbon dioxide is altering the
chemistry of the surface oceans and causing them to become more acidic2. From
scientists and marine resource managers, to policy and decision-makers, there is
growing concern that the process called ocean acidification could have significant
consequences on marine organisms which may alter species composition, disrupt
marine food webs and ecosystems and potentially damage fishing, tourism and
other human activities connected to the seas3.
Ocean acidification, which affects the carbonate chemistry of the ocean, is directly
caused by greater atmospheric emissions of CO2 4. These emissions have increased
over the last 200 years, primarily due to intensified industrialisation and agriculture
resulting in greater burning of fossil fuels, cement manufacturing and land use
change4. Many organisms depend on the relatively stable balance of carbonate
chemistry which has endured for millions of years until the onset of the industrial
revolution. Since then there has been a 30% decrease in pH and a 16% decrease
in carbonate ion concentrations. Carbonate ions are used by organisms to make
shells and reef systems thus it may be more difficult for organisms to do this in
the future as carbonate ions decrease further. These organisms are a human food
source (e.g. molluscs), provide food for fish (e.g. pteropods are eaten by salmon)
and create ecosystems and refuges for fish (e.g. coral reefs). As CO2 emissions
continue to rise, ocean acidification is rapidly becoming a critical issue with the
potential, if unabated, to affect many species and their ecosystems, pertinently
including those associated with human food resources. Ocean acidification is
happening now, is measurable and will increase as more CO2 is emitted5; it is
likely that if CO2 emissions continue at the same rate ocean acidification will have
a considerable influence on marine-based diets for billions of people worldwide.

“Save Our Seas- Acid Ocean” - Awareness of the ocean acidification issue is increasing. Following
reports on the CO2 rich waters off Alaska in 200870, commercial fishermen and other stakeholders recognised
the potential impact of ocean acidification and aptly demonstrated their concern. In Homer, Alaska, commercial
fishermen and other mariners formed an SOS to raise awareness about ocean acidification caused by fossil
fuel emissions.
Photo: Lou Dematteis (2009) Associated Press.
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The pH scale is logarithmic and measures how acidic or alkaline a substance is; it ranges from
0 - strong acid to 14 - strong base while 7 on the scale indicates neutral. The oceans are naturally
alkaline, with a mean surface ocean pH of about 8.2 in 1750. Today surface ocean acidity has
increased by 30% (resulting in a drop in mean pH of 0.1 to about 8.1 on the logarithmic pH scale)
due to the vast amount of man-made CO2 absorbed by the oceans since pre-industrial times – an
estimated 500 Gigatonnes or 25% of that emitted to the atmosphere4. If we continue at this rate the
ocean pH will decline by a further 0.3 by the end of this century, an unprecedented 150% increase
in ocean acidity2, 3. This rate of change has not been experienced for around 65 million years, since
the dinosaurs became extinct.
Such a major change in basic ocean chemistry is likely to have substantial implications for
ocean life in the future, especially organisms that require calcium carbonate to build shells or
skeletons3, 9-11. Not all organisms will react at the same rate or in the same way to decreasing
carbonate ion concentration12,13. There are three naturally occurring forms of calcium carbonate
used by marine organisms to build shells, plates or skeletons: calcite, aragonite and highmagnesium calcite. For example, microscopic plants called coccolithophores surround themselves
with protective calcite plates; aragonite is used by pteropods to build their shells and corals use it to
make their skeletons that help to form reefs; while some echinoderms – starfish, sea urchins, brittle
stars - utilise magnesium calcite to form their exoskeletons3, 10. Magnesium calcite is more soluble
and sensitive to ocean acidification than aragonite; with calcite being the least soluble of the three.
A lowering of pH and reduction of carbonate ions will make it more difficult for organisms to sustain
their calcified shells, and in undersaturated conditions, waters become corrosive to these minerals.
Additionally, most multicellular marine organisms have evolved a regulatory system to maintain
the hydrogen ion balance of their internal fluids14 and spend energy doing this so an increase in
hydrogen ions in seawater means that they will have to divert more energy away from important
processes such as growth and reproduction to do this. However, studies of mussels, crab and sea
urchin species have shown they have only a partial or no, compensation mechanism15 potentially
making them more vulnerable than those organisms that possess a compensation mechanism.

2. CO2, climate change and ocean acidification

2

Seawater acidity varies across the oceans with temporal changes reflecting
seasonal changes in biological activity (Fig. 1) and geographical variations
depending on other factors such as seawater temperature and depth4, 5. However,
ocean observations at a station off Hawaii over the last 20 years show increases
in seawater CO2 and decreases in seawater pH clearly tracking increases
in atmospheric CO2 (Fig. 1). The global ocean average pH was 8.2 before
industrialisation but ocean acidity has risen as the oceans have absorbed increased
amounts of CO2 emissions. Consequently, there has been a decrease in pH of 0.1
which, significantly, represents a 30% increase in seawater’s acidity2-4.
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The basic chemistry of sea water is being altered on a scale unseen within fossil records over at
least twenty million years6, and it is happening at an unprecedented rate not experienced in the last
65 million years7. The chemistry is straightforward: when CO2 enters seawater it produces a weak
acid known as carbonic acid, which is unstable and leads to an increase in hydrogen ions. These
ions increase ocean acidity, measured as lower pH, and reduce carbonate ion saturation3, 8.

Figure 1: The Mauna Loa records of atmospheric CO2 over the last 50 years with
the surface ocean CO2 and pH recorded off Aloha Station during the
last two decades from the Hawaii Ocean Time-Series. Seawater CO2
concentration mirrors the increases in the atmosphere and as seawater
CO2 concentration increases pH drops.
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Source: Feely et al. (2009)5.

Estimates2 of future trends in ocean acidification can be made for different CO2
emission scenarios, such as those published by the IPCC1. Based on current rates
of CO2 emissions, projections show that by the end of the 21st century, global
ocean pH will decrease by a further 0.3 units, which represents a total increase
in acidity of 150%2 (Fig. 2). If ocean pH continues to decrease, this could lead to
the loss of some shell or skeleton forming organisms3, 9-11. Eventually, the sediments
in the oceans will buffer these chemical changes but chemical recovery from such
events may take tens of thousands of years16 while a return to the biological status
quo, even if possible, could take millions of years17.
However, organisms are already being subjected to higher levels of CO2 and
therefore lowered pH and increased acidity (Fig. 1)2-5. If these changes to
ocean chemistry continue into the future they may affect the abundance, health,
physiology, biochemical properties and behaviour of marine organisms, as adults
and/or in their juvenile form11, 18. The key question regarding future food security is
how ocean acidification will directly affect marine organisms consumed by humans
or indirectly via the ecosystems that support them.
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Figure 2: Model output showing the impact of ocean acidification on the ocean’s
carbonate saturation state (here showing aragonite saturation) in
1765, 2040, 2080, and 2100. The availability of calcium carbonate
is predicted to decrease over the next century. Areas that are deep
red are sufficiently acidic to dissolve unprotected calcium carbonatebased shells and skeletons. Most areas currently have enough calcium
carbonate to support corals and other organisms, but all areas are
predicted to decline by the year 2100 compared to pre-industrial
values. The Arctic Ocean is not included in this model but other models
focussing on the Arctic project that aragonite undersaturation will occur
within decades even before the Southern Ocean73.

CO2 vents – an insight into how biology may react in a future high CO2 ocean
In some areas of the world, volcanic vents are pouring almost pure CO2 into the marine
environment, so acting as ‘windows’ on how biology may react to a future ‘high CO2 ocean’ (Fig.
3). Recent studies of a Mediterranean vent in shallow waters revealed key ecosystem changes in
high CO2 areas compared to normal CO2 areas19. Certain algae and seagrasses were found to
grow more efficiently closer to the vents where there was also a large reduction in biodiversity,
notably a loss of calcifying organisms adjacent to the vents where the pH was lowest. Sea urchins
were found to be the most sensitive to these changes.

Figure 3. Natural CO2 vents from Ischia in the Mediterranean showing productive
seagrass beds (top) but shells of calcifying organisms are pitted and
corroded (below) due to the increased acidification of these waters.

http://www.nnvl.noaa.gov/images/high_resolution/287_.jpg

http://www.nnvl.noaa.gov/images/high_resolution/288_.jpg

http://www.nnvl.noaa.gov/images/high_resolution/290_.jpg

http://www.nnvl.noaa.gov/images/high_resolution/291_.jpg

Source: Model courtesy of NOAA Environment Visualization Laboratory. Amended from Orr et al. (2005) 9.
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Source: Hall-Spencer et al. (2008) Nature19.
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A significant combination of ocean stressors
Ocean acidification is occurring alongside other climate-related stressors, such
as ocean warming, sea-level rise, and, possibly, changes to precipitation and
increased storminess1. These are compounded by other non-climate related impacts,
including over-fishing and pollution, which add pressure to already strained marine
ecosystems that provide food for human consumption20. The combination of rising
temperature and increasing acidity on organisms is likely to be worse than either on
its own, for example, the range of temperature tolerance for the edible crab may be
reduced in more acidic waters21.

Figure 4: The world’s most productive fishing grounds are confined to major
hotspots, less than 10% of the World oceans. The map shows annual
catch (in tonnes per km2) for the World’s oceans. There is a strong
geographic concurrence of continental shelves, upwelling and primary
productivity and the amount of fish caught by fisheries. The map shows
global fisheries landing annual average for the period 2001 to 2006
(updated August 2010).
tonnes k-2
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3. Marine food resources and ocean acidification
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The significance of the marine environment as a food source
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The contribution of marine protein to global food security is substantial. Fish,
including shellfish, contribute 15% of animal protein for three billion people
worldwide22. A further one billion people rely on fisheries for their primary source
of protein. Fish are even more important in countries where other protein sources
decline seasonally23.
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Primary production forms the basis of the marine food web and is of great
importance to maintaining fish stocks. Production is highest in areas rich
in nutrients, such as upwelling zones and continental shelf areas. Globally
approximately 80% of fish catch are from such areas (Figure 4).
Productivity ‘hotspots’ such as upwelling regions where cold water is rich in both
nutrients and CO2, coastal seas, fronts, estuaries and sub-polar regions often supply
the main protein source for coastal communities. However, many of these areas
are also projected to be very vulnerable to ocean acidification this century24, 25. As
world populations rise alongside a predicted growth in coastal populations due to
internal migration, the demand for ocean protein products is also likely to rise23,
26
. Fish stocks, already declining in many areas due to over-fishing and habitat
destruction20, 22, 27, now face the new threats posed by ocean acidification28.

<4
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< 10
< 15
> 15

Data source: Sea Around Us project, (University of British Columbia, http://www.seaaroundus.org). Map
designed by Dr. Reg Watson (http://ecomarres.com). Used with permission.

It may therefore be no surprise that the aquaculture industry is the fastest growing
food producer worldwide, increasing at a rate of 7% per annum, and is widely
touted as the panacea for dwindling fisheries. The proportion of fish produced by
aquaculture and consumed by humans worldwide rose to 50% of total production
in 200929.
Food Security
“Food security is a condition when all people, at all times , have physical and economic access to
sufficient, safe and nutritious food to meet their dietary needs and food preferences for an active
healthy life”30.

In local communities, the smaller fish species are often exploited because they are
usually the most numerous and accessible22, 23, 27. Frequently eaten whole, they
also provide other dietary requirements, such as essential oils, minerals and trace
elements. Fish are not only the single most important source of protein for some
subsistence communities; they also may provide a small income stream that enables
the purchase of other staple foods like rice.
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However, as small fish occur in large numbers they are also targeted by industrial
fisheries to manufacture fish oil and meal for use as a food stock, for example
in aquaculture, where fish are used to feed fish29. Fish such as trout, tilapia and
salmon, and an increasing number of marine species rely on this fish meal, thus
placing local resources under an accumulation of pressures.
Invertebrates such as mussels, lobsters and shrimp may be regarded as niche
luxury foods but also provide significant income for many poor coastal peoples.
As shell growth and physiology are sensitive to increases in ocean acidity, the
production and quality of many of these invertebrate species is at risk; they are the
most vulnerable group in the aquaculture sector. Some cultured invertebrates also
rely on those same small fish used to feed cultured finfish, as well as local human
populations, so adding to the accumulation of pressures facing these limited but
important fish resources.

inhabiting these waters9, 73. Also changes in reproduction, larval development,
growth efficiency, behaviour and competition may affect the number and kinds of
species in existence, while all of these factors could potentially affect food chains.
a. Fishery threats
Finfish make up the majority of the global catch (over 80%) and are the most
significant source of marine protein for human consumption (Figure 5). Most finfish
are carnivorous and so depend on the healthy functioning of complex marine food
chains. Direct effects on swimming performance of adult finfish such as cod are
unlikely due to their inbuilt ability to regulate their internal pH75. However, in young
clownfish there may be orientation problems due to variable otolith growth rates31
and altered behaviour towards their predators through impacting their olfactory cues
which may increase mortality and impact replenishment of fish populations32, 74.

Wild fisheries, shellfisheries and aquaculture are therefore of great importance to
current and future food security27. However, these industries are now also at risk
from future ocean acidification both directly through the impact on the organisms
themselves and indirectly through the food webs and habitats they depend on.

The indirect effects of changes in their prey, and loss or damage to their habitats
are currently considered more significant than direct impacts. For example, shelled
pteropods produce aragonite shells, and observations and controlled experiments
show that they will be particularly sensitive to ocean acidification9, 37. Pteropods
often occur in high densities and form a major dietary component for higher
predators such as herring, salmon, whales and seabirds9.

Threats of ocean acidification

Figure 5: Average per capita fish supply 2003-2005 (in live weight equivalent)

Although studies about the effects of ocean acidification on marine resources
are comparatively new, early results indicate there is no room for complacency.
The effect of increased acidity on adult finfish seems minimal in the species
investigated14. However, their orientation and balance mechanisms as well as
behaviour may be sensitive to ocean acidification31, 32, 74. The effects on finfish larval
and egg stages are not yet understood. However, valuable breeding and feeding
habitats are at risk. For example, coral reefs, which underpin many marine fisheries
in the tropics, are already under pressure due to destructive fisheries practices, land
based pollution and sediment loading, heat stress and coral bleaching33. These
delicate ecosystems are especially prone to the effects of ocean acidification34, 35.
Certain habitats and species of sea grass might ‘benefit’ from increased seawater
CO2; however many animals that rely on these for food and shelter may be
negatively affected19. The impact of ocean acidification on ecosystems, with the
possible exception of coral reefs, is largely unknown. The ability of many planktonic
organisms to build skeletons decreases as seawater becomes more acidic but the
response is not uniform12, 36. Marine ecosystem responses are speculative due to
their complexity. However, polar and sub-polar marine ecosystems are projected
to become so low in carbonate ions within this century (Fig. 1) that waters may
become corrosive to unprotected shells and skeletons of organisms currently
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Source: The State of World Fisheries and Aquaculture, 2008, World Fisheries (FAO22).
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Ocean acidification has also been tentatively linked to increased jellyfish numbers38
and changes in fish abundance. Jellyfish are key predators in many of the world’s
pelagic systems; they can affect the abundance of zooplankton, fish larvae
and eggs, which affects the survival to the adult stage (or recruitment) of fish
populations39. As jellyfish are rarely the preferred food for other marine animals40,
any significant increase in their numbers could have major consequences for
pelagic ecosystems and fisheries.

Figure 6. Distribution of coldwater and tropical coral reefs. The coldwater reefs
are highly susceptible to ocean acidification, which has its greatest
impacts at high latitudes. Tropical reefs will become severely damaged
by rising sea temperatures.

Furthermore whilst echinoderms such as sea urchins, starfish, brittle-stars and sea
cucumbers are locally significant as a food source, globally they make up only a
small percentage of overall catch. However, these species are a critical link in fish
food chains; the majority of those studied show great vulnerability in adult, juvenile
and egg stages to future levels of ocean acidification41-45.
b. Coral reef threats
Corals form the most biologically diverse marine ecosystems and grow from the
tropics and mid-latitude to even high latitude cold waters (Fig 6). Tropical reefs
provide shelter and food for an estimated 25% of known marine fish species, and
account for between 9-12% of world fish landings. Consequently, these coral reefs
provide food and livelihood security for some 500 million people worldwide.
Significant reef loss would, therefore, impact marine biodiversity, threaten the
survival of coastal communities through reduced food sources and reduce the
capacity of nearby coastlines to buffer the impact of sea level rise, including
increased storm surges33.
It is anticipated that future ocean acidification will affect adult and juvenile coral
growth and recruitment46, coralline red algae growth47, reef structural integrity48
and potentially even the density of bio-eroding grazers and predators34.

Coral reefs
Warm water
Cold water

Data source: UNEP World Conservation Monitoring Centre, 2005. Map by Hugo Ahlenius, UNEP/GRIDArendal. http://maps.grida.no/go/graphic/distribution-of-coldwater-and-tropical-coral-reefs.

This challenge to coral reefs is in addition to the threat of increasing sea surface
temperatures, a major cause of coral bleaching34. The combined impact of ocean
warming and acidification as well as over-fishing and pollution increases the stress
on coral reef ecosystems. Researchers estimate that a CO2 stabilization scenario of
less than 450 ppm is essential for the survival of many coral reefs34, 35, and more
reefs will decline (Fig 7) if CO2 concentration exceeds this limit49.

6

Scleractinian corals and algal assemblage, including coralline algae. Growth and skeletal integrity of
scleractinian corals and coralline algae are likely to be compromised by ocean acidification.
Source: Audrey Ringler / UNEP
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Figure 7. Examples of reefs from Australia’s Great Barrier Reef which are used
as proxies to indicate what future coral reefs may look like in a high
CO2 world under different CO2 scenarios. The atmospheric CO2 and
temperature increases shown relate to the scenario, not the locations
photographed. (A) Reef slope communities at Heron Island; (B) Mixed
algal and coral communities associated with inshore reefs around
St. Bees Island near Mackay; (C) Inshore reef slope around the Low Isles
near Port Douglas.
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Figure 8: Some invertebrate food species that have shown sensitivity as adults or
in other parts of their life cycles to ocean acidification.

CRS-C

> 500 ppm
> +3˚C

Source: Hoegh-Guldberg et al. (2007) Science34.

Even cold water corals which generally live in deeper and colder waters (Fig. 6)
are important feeding and nursery grounds for finfish and like their tropical cousins
are vulnerable to ocean acidification50-52.
c. Threat to aquaculture
Marine invertebrates like molluscs and crustaceans (Fig 8), increasingly used in
aquaculture, show negative responses to acidification at various life stages. An
organism’s success depends on more than just the growth of its adult form. The
life cycle of invertebrates from egg fertilization and development, to growth and
timing of different juvenile larvae stages to their settlement, are critical to their own
survival as well as that of both their prey and predators11. As most shellfish eggs
and larvae are planktonic, these species are prone to the negative effects of ocean
acidification. One study on the early development of the oyster (Crassostrea gigas)
shows that shell calcification is reduced in juveniles; their body shape and size are
altered, which suggests serious consequences for their survival into adulthood53.
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Top left: Mussels beds (Rob Ellis/PML), Top right: Oyster tables (Steve Widdicombe/PML), Mid left: Lobster
(Kelly-Marie Davidson/PML), Mid right: Spiny lobster (Kelvin Boot/PML), Bottom left: Sea urchin (Kelvin Boot/
PML) and Bottom right: Edible crab (Kelvin Boot/PML).
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Molluscs account for 8% of the global marine catch, but are increasingly important
in the growing aquaculture industry. Clams, scallops, mussels, oysters, abalone and
conchs provide direct protein sources for various island and coastal communities
and are valuable commercial fisheries. As well as providing food some species play
an important role in forming and maintaining habitats for other species (e.g. mussel
beds, Fig 8). Many mollusc species at the adult and juvenile stages have shown
reduced growth and/or health under projected ocean acidification scenarios53-63.
Crustaceans such as prawns, lobsters and crabs currently comprise 7% of global
seafood consumption through both wild and aquaculture species. They are
significant locally for subsistence fishing and at larger commercial scales. Studies
on the effects of ocean acidification have only been conducted on a few crustacean
species13, 64-68. However, some of these studies show their vulnerability to elevated
seawater CO2 as adults and juveniles while another shows that the ability to tolerate
a range of temperatures is reduced66.

There are numerous reasons to be concerned about ocean acidification and its
future impact at the species and ecosystem level. If ocean acidification continues
disruptions to food chains and direct and indirect impacts on numerous species are
considered likely with consequent risk to food security.
Habitat destruction, overfishing, climate change and pollution are significantly
impacting fishery products and food security and national economies69-71 and
mitigation of these impacts requires coordinated action at the highest levels.
Ocean acidification acts in addition to these stressors28. All marine environment
stakeholders and the policy makers responsible for environmental or food security
issues need to become more aware of the potential effects and consequences of
ocean acidification72.

• Determine the vulnerability of fish-dependent human communities in terms of
exposure, sensitivity and the capacity to adapt to changes resulting from ocean
acidification.

There is a need to more fully understand the effects of ocean acidification on
various marine organisms at different stages of the lifecycle including the ecosystem
level impacts. Critical species within ecosystems or food chains that act as food
sources should be a priority for research. Impacts from ocean acidification must
be understood within the wider context of other real and potential threats such
as from climate change and pollution as well as global trends in world fisheries
and aquaculture69-71. The obvious solution to the potential threats posed by ocean

C O N S E Q U E N C E S

• Reduce other pressures on food fish stocks to provide the best chances of
success through, for example, marine spatial planning or re-evaluating available
resources and their usage.
• Assess the options for development of environmentally sustainable ‘aquaculture’
options using species that are resistant to lowered pH or can be kept in
conditions of controlled pH.
• Consider the positive and negative impacts of a chain of substitute habitats such
as artificial reefs to provide the diversity of niches that are found in existing
habitats.
• Embrace the science and ramifications of ocean acidification and climate
change into fisheries management tools.
• Alongside efforts to further investigate the effects and consequences of ocean
acidification, foster increased awareness of this issue through diverse media.

Emerging challenges and their implications

E N V I R O N M E N T A L

• Recognize the security, economic and cultural importance of those marine
species and habitats that are currently exploited.

• Identify species that are more flexible to change and which may encroach on
habitats and survive in altered conditions and assess how these may affect
ecosystems and food security.

4. Conclusion

8

acidification is to make rapid and substantial cuts to anthropogenic CO2 emissions
to the atmosphere and hence, oceanic CO2 concentrations. However, the likelihood
is that this will not occur in the immediate future. Ocean acidification is a rapidly
emerging issue with many nations starting to invest in research into the potential
future impacts on organisms, ecosystems and food providing products in earnest72.
So, based on existing information, which may change as new data emerges, the
following actions are judged necessary to mitigate the risk of effects of ocean
acidification:
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Further Reading
Ocean Acidification Reference User Group (2009). Ocean Acidification: The Facts.
A special introductory guide for policy advisers and decision makers. Laffoley,
D. d’A., and Baxter, J.M. (eds). European Project on Ocean Acidification (EPOCA).
12pp.

A C I D I F I C A T I O N :

A

T H R E A T

T O

F O O D

S E C U R I T Y

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

IPCC 2007 Climate Change 2007: The physical science basis. Summary for policymakers. Contribution of working group I to the
fourth assessment report. The Intergovernmental Panel on Climate Change, http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/
ar4-wg1-spm.pdf .
Caldeira K & Wickett ME 2003 Anthropogenic carbon and ocean pH. Nature, 425, 365.
Royal Society 2005 Ocean acidification due to increasing atmospheric carbon dioxide. Policy document 12/05 Royal Society,
London. The Clyvedon Press Ltd, Cardiff.
Sabine CL et al. 2004 The oceanic sink for anthropogenic CO2. Science 305, 367–371.
Feely, RA et al. 2009 Ocean acidification: Present conditions and future changes in a high-CO2 world. Oceanography, 22(4), 36–47
Turley CM et al. 2006 Reviewing the impact of increased atmospheric CO2 on oceanic pH and the marine ecosystem. In: Avoiding
Dangerous Climate Change, Schellnhuber, H J., Cramer,W., Nakicenovic, N., Wigley, T. and Yohe, G (Eds), Cambridge University
Press, 8, 65-70.
Ridgwell A & Schmidt D 2010 Past constraints on the vulnerability of marine calcifiers to massive CO2 release, Nature Geoscience,
14 February, DOI: 10.1038/NGEO755.
Zeebe RE & Wolf-Gladrow D 2001 CO2 in seawater: Equilibrium, kinetics, isotopes, Elsevier Oceanographic Series, Elsevier, New
York.
Orr JC et al. 2005 Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms. Nature
437, 681-686.
Kleypas JA et al. 2006 Impacts of ocean acidification on coral reefs and other marine calcifiers: a guide for future research. Report
of a workshop held 18–20 April 2005, St Petersburg, FL, sponsored by NSF, NOAA, and the US Geological Survey, 1-88.
Turley CM & Findlay HS 2009 Ocean Acidification as an Indicator of Global Change. In: Letcher T (Ed.) Climate Change: Observed
Impacts on Planet Earth, 21, 367-390, Elsevier.
Ridgwell A et al. 2009 From laboratory manipulations to earth system models: predicting pelagic calcification and its consequences.
Biogeosc. Discuss. 6, 3455-3480.
Ries J et al. 2009 Marine calcifiers exhibit mixed responses to CO2-induced ocean acidification. Geology, 37(12): 1131–1134.
Pörtner HO et al. 2005 Synergistic effects of temperature extremes, hypoxia, and increases in CO2 on marine animals: from Earth
history to global change. Journal Geophysical Research: Oceans, 110 C09S10, doi:10.1029/2004JC002561.
Turley C et al. 2010 Carbon Uptake, Transport and Storage by Oceans and the Consequences of Change In Carbon Capture and
Storage (CCS) Issues in Environmental Science and Technology (IEST), published by the Royal Society of Chemistry (RSC) eds Prof Roy
Harrison and Prof Ron Hester, volume 29, p. 240-284.
Archer D & Brovkin V 2008 The millennial atmospheric lifetime of anthropogenic CO2.. Climate Change, 90, 283–297.
Fuqua LM et al. 2008 Evolution of Calcareous Nannoplankton and the Recovery of Marine Food Webs After the CretaceousPaleocene Mass Extinction. Palaios, 23, 185-194.
Doney SC et al. 2009 Ocean Acidification: The Other CO2 Problem. Ann. Rev. Mar. Sci., 1: 169–192.
Hall-Spencer JM et al. 2008 Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature, doi:10.1038/
nature07051.
Worm, B et al.. (2006) Impacts of biodiversity loss on ocean ecosystem services. Science 314:787-790.
Metzger R et al. 2007a Influence of elevated CO2 concentrations on thermal tolerance of the edible crab Cancer pagurus. J. Therm.
Biol., 32, 144-151.
FAO 2008 The State of the World Fisheries and Aquaculture. FAO Fisheries and Aquaculture Department, FAO, Rome.
Millenium Ecosystem Assessment 2003 Ecosystems and Human Well-being: A Framework for Assessment. Chapter 2: Ecosystems
and Their Services. http://www.millenniumassessment.org/.
Turley C et al. 2010. The societal challenge of ocean acidification. Marine Pollution Bulletin 60, 787–792.
Feely RA et al. 2008 Evidence for Upwelling of Corrosive “Acidified” Water onto the Continental Shelf. Science, doi: 10.1126/
science.1155676.
Delgado CL et al. 2003 Fish to 2020: Supply and demand in changing global markets. Available at http://www.ifpri.org/sites/
default/files/publications/oc44.pdf .
Marine Resources Assessment Group/DFID: Fisheries Marine Science Programme Policy brief 3. Fisheries and Food Security.
Cooley RS & Doney SC 2009 Anticipating ocean acidification’s economic consequences for commercial fisheries. Environ. Res. Lett.
4, 024007.
Naylor RL et al. 2009 Feeding aquaculture in an era of finite resources PNAS 106, 15103-15110; doi:10.1073/
pnas.0905235106
FAO 1999 Historical Consumption and Future Demand for Fish and Fishery Products: Exploratory calculations for the Years
2015/2030. Fisheries Circular No. 946.
Checkley DM et al. 2009 Elevated CO2 enhances otolith growth in young fish. Science, 324, 1683.
Munday PL et al. 2009 Ocean acidification impairs olfactory discrimination and homing ability of a marine fish. Proc. Nat. Acad.
Sci. USA, 106, 1848-1852.
Carpenter KE et al. 2008 One-third of reef-building corals face elevated extinction risk from climate change and local impacts.
Science 321, 560 – 563.
Hoegh-Guldberg O et al. 2007 Coral reefs under rapid climate change and ocean acidification. Science, 318, 1737-1742.
Cao L & Caldeira K 2008 Atmospheric CO2 stabilization and ocean acidification. Geophys. Res. Lett. 35, L19609,
doi:10.1029/2008GL035072.
Langer G et al. 2006 Species-specific responses of calcifying algae to changing seawater carbonate chemistry, Geochemistry
Geophysics Geosystems, 7, Q09006, doi:10.1029/2005GC001227.
Comeau S et al. 2009 Limacina helicina threatened by ocean acidification. Biogeosci. Discuss., 6, 2523–2537.
Attrill MJ et al 2007 Climate-related increases in jellyfish frequency suggest a more gelatinous future for the North Sea. Limnol.
Oceanogr. 52, 480-485.

E N V I R O N M E N T A L

C O N S E Q U E N C E S

O F

O C E A N

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

Lynam CP et al. 2005 Evidence for impacts by jellyfish on North Sea herring recruitment. Mar. Ecol. Prog. Ser., 298, 157–167.
Moline MA et al. 2004 Alteration of the food web along the Antarctic Peninsula in response to a regional warming trend. Global
Change Biol. 10, 1973–1980.
Gooding RA et al. 2009 Elevated water temperature and carbon dioxide concentration increase the growth of a keystone
echinoderm. Proc. Nat. Acad. Sci. USA, doi:10.1073/pnas.0811143106.
Dashfield SL et al. 2008 Impacts of ocean acidification and burrowing urchins within-sediment pH profiles and subtidal nematode
communities. J. Exp. Mar. Biol. Ecol. 365, 46-52.
Dupont S et al. 2008 CO2- driven ocean acidification radically affects larval survival and development in the brittlestar Ophiothrix
fragilis. Mar. Ecol. Prog. Ser., 373, 285-294.
Havenhand JN et al. 2008 Near-future levels of ocean acidification reduce fertilization success in a sea urchin. Current Biology, 18,
R651-R652.
Miles H et al. 2007 Effects of anthropogenic seawater acidification on acid–base balance in the sea urchin Psammechinus miliaris.
Mar. Poll. Bull., 54, 89-96.
Albright R et al. 2008 Effect of aragonite saturation state on settlement and post-settlement growth of Porites astreoides larvae. Coral
Reefs DOI 10.1007/s00338-008-0392-5.
Martin S & Gattuso J-P 2009 Response of Mediterranean coralline algae to ocean acidification and elevated temperature. Global
Change Biol., 15, 2089-2100.
Manzello DP et al. 2008 Poorly cemented coral reefs of the eastern tropical Pacific: Possible insights into reef development in a highCO2 world. Proc. Nat. Acad. Sci. USA, 105: 10450-10455.
Silverman J et al. 2009 Coral reefs may start dissolving when atmospheric CO2 doubles. Geophys. Res. Lett. 36: L05606,
doi:10.1029/2008GL036282.
Guinotte JM et al. 2006 Will human induced changes in seawater chemistry alter the distribution of deep-sea scleractinian corals?
Frontiers in Ecology and Environment, 4, 141–146.
Turley CM et al. 2007 Corals in deep-water: Will the unseen hand of ocean acidification destroy cold-water ecosystems? Coral Reefs,
26, 445-448.
Maier C et al. 2009 Calcification of the cold-water coral Lophelia pertusa under ambient and reduced pH. Biogeosci. Discuss. 6,
1875-1901.
Kurihara H et al. 2007 Effects of increased seawater pCO2 on early development of the oyster Crassostrea gigas. Aquat. Biol., 1,
91–98.
Beesley A et al. 2008 Impact of CO2 induced seawater acidification on the health of Mytilus edulis. Clim. Res. 37: 215-225.
Bibby R et al. 2008 Effects of ocean acidification on the immune response of the blue mussel Mytilus edulis. Aquat. Biol., 2: 67-74.
Ellis RP et al. 2009 Subtle but significant effects of CO2 acidified seawater on embryos of the intertidal snail, Littorina obtusata.
Aquat. Biol., 5, 41-48.
Gazeau F et al. 2007 Impact of elevated CO2 on shellfish calcification. Geophysical Research Letters, 34, L07603
doi:10.1029/2006GL028554.
Berge JA et al. 2006 Effects of increased sea water concentrations of CO2 on growth of the bivalve Mytilus edulis L, Chemosphere,
62, 681– 687.
Michaelidis B et al. 2005 Effects of long-term moderate hypercapnia on acid–base balance and growth rate in marine mussels
Mytilus galloprovincialis. Mar. Ecol. Prog. Ser., 293, 109–118.
Marshall DJ et al. 2008 Correlations between gastropod shell dissolution and water chemical properties in a tropical estuary. Mar.
Environ. Res., 66, 422-429.
Metzger R et al. 2007 Effects of long-term moderate hypercapnia on acid–base balance and growth rate in marine mussels Mytilus
galloprovincialis. Mar. Ecol. Prog. Ser., 293, 109–118.
Parker LM et al. 2009 The effect of ocean acidification and temperature on the fertilization and embryonic development of the
Sydney rock oyster Saccostrea glomerata (Gould 1850). Global Change Biol., 15: 2123-2136.
Green MA et al. 2004 Dissolution mortality of juvenile bivalves in coastal marine deposits. Limnol. Oceanogr. 49, 727-734.
Arnold KE et al. 2009 Effects of hypercapnia-related acidification on the larval development of the European lobster, Homarus
gammarus (L.). Biogeosci., 6: 1747-1754.
Pane EF & Barry JP 2007 Extracellular acid–base regulation during short-term hypercapnia is effective in a shallow water crab, but
ineffective in a deep-sea crab. Mar. Ecol. Prog. Ser., 334, 1–9.
Walther K et al 2009 Impact of anthropogenic ocean acidification on thermal tolerance of the spider crab Hyas araneus. Biogeosci
6, 2207-2215.
Kurihara H et al. 2004 Effects of raised CO2 concentration on the egg production rate and early development of two marine
copepods (Acartia steueri and Acartia erythraea). Mar. Poll. Bull., 49, 721-727.
Spicer JI et al. 2007 Influence of CO2-related seawater acidification on extracellular acid–base balance in the velvet swimming crab
Necora puber. Mar. Biol., 227, 551-560.
Chung WWL et al. 2009 Large-scale redistribution of maximum fisheries catch potential in the global ocean under climate change.
Global Change Biology, October 2009.
Pauly D et al. 2002 Towards sustainability in world fisheries. Nature 418, 689-695.
Pauly D et al. 2005 Global trends in world fisheries: impacts on marine ecosystems and food security. Phil. Trans. R. Soc. B, 360,
5–12.
Ocean Acidification Reference User Group (2009). Ocean Acidification: The Facts. A special introductory guide for policy advisers
and decision makers. Laffoley, D. d’A., and Baxter, J.M. (eds). European Project on Ocean Acidification (EPOCA). 12pp.
Steinacher, M et al. (2009) Imminent ocean acidification in the Arctic projected with the NCAR global coupled carbon cycle-climate
model. Biogeosciences, 6, 515-533.
Munday, PL et al. (2010) Replenishment of fish populations is threatened by ocean acidification Proceedings of the National
Academy of Science, USA, published online before print July 6, 2010; doi: 10.1073/pnas.1004519107.
Melzner, F et al. (2009) Swimming performance in Atlantic Cod (Gadus morhua) following long-term (4–12 months) acclimation to
elevated seawater PCO2Aquatic Toxicology 92, 30–37.

A C I D I F I C A T I O N :

A

T H R E A T

T O

F O O D

S E C U R I T Y

9

For more information contact:
Division of Early Warning Assessment
United Nations Environment Programme
P.O. Box 30552, Nairobi 00100, Kenya
Tel: (+254) 20 7623450
Fax: (+254) 20 7623846
e-mail: dewainfo@unep.org
Web: www.unep.org

www.unep.org
United Nations Environment Programme
P.O. Box 30552 - 00100 Nairobi, Kenya
Tel.: +254 20 762 1234
Fax: +254 20 762 3927
e-mail: uneppub@unep.org
www.unep.org

