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FOREWORD

Over the past decade, the Conference of the Parties (COP) to the
CBD has consistently raised its concerns about the threats of climate
change on biodiversity and provided relevant policy guidance. As a
result, significant efforts have been made to raise awareness of the
adverse impacts of climate change on biodiversity and the significant
role of biodiversity in climate change adaptation and mitigation.

At its fourth meeting, in 1998, the COP expressed its deep concern
over the extensive and severe coral bleaching occurring at that time
and noted that this event was a possible consequence of global warm-
ing. At its fifth meeting, in 2000, the COP urged the UN Framework
Convention on Climate Change (UNFCCC) to take all possible ac-
tions to reduce the effect of climate change on water temperatures and

to address the socio-economic impacts on the countries and commu-
nities most affected by coral bleaching.

Recently, in its ninth meeting, the COP raised its concerns about the potential impacts of ocean acidi-
fication, a direct consequence of increasing atmospheric CO2 concentrations, occurring independently
of climate change. This publication was prepared as a direct response to a request made by COP 9 to
compile and synthesize available scientific information on ocean acidification and its impacts on ma-
rine biodiversity and habitats, which is identified as a potentially serious threat to cold-water corals and
other marine biodiversity.

Among others findings, this study shows that increasing ocean acidification reduces the availability of
carbonate minerals in seawater, important building blocks for marine plants and animals, and that by
2100, 70% of cold-water corals, key refuges and feeding grounds for commercial fish species, will be
exposed to corrosive waters. Furthermore, given current emission rates, it is predicted that the surface
waters of the highly productive Arctic Ocean will become under-saturated with respect to essential
carbonate minerals by the year 2032, and the Southern Ocean by 2050, with disruptions to large com-
ponents of the marine food web.

This initial effort, produced jointly with the UNEP World Conservation Monitoring Centre (UNEP-
WCMC), confirms that there is an urgent need to establish a joint expert process within the CBD, in
collaboration with other relevant UN/international organizations, to monitor and assess the impacts
of ocean acidification on marine and coastal biodiversity, and to raise the awareness of policy-makers
on its possible ecological and socio-economic implications, with a view of promoting a joint work pro-
gramme between the two sister Rio Conventions, UNFCCC and CBD.

Dr. Ahmed Djoghlaf
Executive Secretary
Convention on Biological Diversity
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PREFACE

In 1980, I wrote in the foreword for Conservation Biology, by Michael
Soulé and Bruce Wilcox, that “hundreds of thousands of species will
perish, and this reduction of 10 to 20 percent of the earth’s biota will
occur in about half a human life span.... This reduction of the biological
diversity of the planet is the most basic issue of our time.” That thought
was not echoed by the global community and policy-makers until
the Convention on Biological Diversity (CBD) entered into force in
1993.

After 16 years of implementation of the Convention and with less
than a month to achieve the 2010 biodiversity targets, the basic is-
sue of our time, biodiversity, has nonetheless yet to reach the heart of

every global citizen. Moreover, it is now eclipsed by global debates on
climate change that largely ignore that the planet works as a biophysi-
cal system. As a consequence, far too many policy-makers at the 2009 UN Climate Change Conference
in Copenhagen seem unaware that biological diversity not only underpins and is at the heart of global
sustainable development, it is also being threatened gravely by climate change. Understanding the role
of biodiversity in attaining our common goal of sustainability is therefore not only critical, but urgent.

In this regard, this publication by the CBD on the impacts of ocean acidification on marine biodiversity
is very timely and germane, as it confirms again how great the stakes of sustainability are in the climate
change negotiations. It is sadly still true, and ever more evident, that we are in deep trouble biologi-
cally and heading into a spasm of extinction of our own making unequalled since the one which took
the dinosaurs. It is not an exaggeration to highlight again that the rate at which species disappear is
about 1,000 to 10,000 times normal, and a quarter or more of all species could vanish within a couple
of decades. Biological diversity must be at the centre of any discussion on sustainability and efforts for
climate change mitigation and adaptation.

Therefore, this scientific synthesis by the CBD Secretariat and the UNEP-World Conservation Monitoring
Centre (WCMC) is especially valuable. It is expected that a continuing effort be made within CBD, in
collaboration with relevant international organizations and scientific communities, to build upon this
publication, further enhancing scientific research on ocean acidification, particularly its biological and
biogeochemical consequences, including the accurate determination of sub-critical levels of impacts or
tipping points for global marine species, ecosystems and the services and functions they provide.

Dr. Thomas E. Lovejoy

Biodiversity Chair

Heinz Center for Science, Economics and the Environment
Washington, D.C. USA
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EXECUTIVE SUMMARY

The surface ocean plays a critical role in the global carbon cycle, absorbing approximately one quarter
of the carbon dioxide emitted to the atmosphere from the burning of fossil fuels, deforestation, and
other human activities. As more and more anthropogenic CO; has been emitted into the atmosphere,
the ocean has absorbed greater amounts at increasingly rapid rates. In the absence of this service by the
oceans, atmospheric CO2 levels would be significantly higher than at present and the effects of global
climate change more marked.

The absorption of atmospheric CO2 has, however, resulted in changes to the chemical balance of the
oceans (which are naturally slightly alkaline), causing them to become more acidic. Ocean acidity has
increased significantly, by 30%, since the beginning of the Industrial Revolution 250 years ago.

Atmospheric CO2 concentrations are predicted to increase by 0.5%-1.0% per year throughout the 21*
century. Ocean acidification directly follows the accelerating trend in world CO> emissions, and the
magnitude of ocean acidification can be ascertained with a high level of certainty based on the predict-
able marine carbonate chemistry reactions and cycles within the ocean. It is predicted that by 2050
ocean acidity could increase by 150%. This significant increase is 100 times faster than any change in
acidity experienced in the marine environment over the last 20 million years, giving little time for evo-
lutionary adaptation within biological systems.

Increasing ocean acidification reduces the availability of carbonate minerals in seawater, important
building blocks for marine plants and animals. Carbonate ion concentrations are now lower than at
any other time during the last 800,000 years. Furthermore, given current emission rates, it is predicted
that the surface waters of the highly productive Arctic Ocean will become under-saturated with respect
to essential carbonate minerals by the year 2032, and the Southern Ocean by 2050 with disruptions to
large components of the marine food web. Seasonal fluctuations in carbonate mineral saturation in the
Southern Ocean could mean that detrimental conditions for the continuing function of marine ecosys-
tems, especially calcifying organisms, develop on much shorter timeframes.

It has been predicted that by 2100, 70% of cold-water corals, key refuges and feeding grounds for com-
mercial fish species, will be exposed to corrosive waters. Tropical waters, such as those around the Great
Barrier Reef, will also experience rapid declines in carbonate ions, reducing rates of net warm water
coral reef accretion and leaving biologically diverse reefs outpaced by bioerosion and sea-level rise.

An emerging body of research suggests that many of the effects of ocean acidification on marine organ-
isms and ecosystems will be variable and complex, impacting developmental and adult phases differ-
ently across species depending on genetics, pre-adaptive mechanisms, and synergistic environmental
factors. Evidence from naturally acidified locations confirms, however, that although some species may
benefit, biological communities under acidified seawater conditions are less diverse and calcifying spe-
cies absent.

Many questions remain regarding the biological and biogeochemical consequences of ocean acidifica-
tion for marine biodiversity and ecosystems, and the impacts of these changes on oceanic ecosystems
and the services they provide, for example, in fisheries, coastal protection, tourism, carbon sequestra-
tion and climate regulation. In order to accurately predict the consequences, the ecological effects must
be considered alongside other environmental changes associated with global climate change.

Ocean acidification is irreversible on timescales of at least tens of thousands of years, and substantial
damage to ocean ecosystems can only be avoided by urgent and rapid reductions in global emissions of
CO2, and the recognition and integration of this critical issue in the global climate change debate.
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I. BACKGROUND AND INTRODUCTION

Rising atmospheric carbon dioxide (CO2) concentrations, driven by fossil fuel combustion, cement
manufacturing and deforestation, among other activities, have led to greater CO2 uptake by oceanic
surface waters. The inorganic carbon system is an important chemical equilibrium in the ocean and is
largely responsible for controlling the pH of seawater'. Consequently, the oceanic uptake of CO», which
accounts for approximately one-quarter to one-third of the CO; released from all human activities into
the atmosphere since 1800, has resulted in changes to the chemical balance of seawater and a reduction
in pH, termed “ocean acidification”?

Ocean acidification is an observable and predictable consequence of increasing atmospheric CO2 con-
centrations* now and in the future, given the well-known physio-chemical pathways and reactions of
CO; as it dissolves in seawater. However, given the nascent recognition of ocean acidification as a global
threat, the resulting impacts on marine species and ecosystem processes are still poorly understood”.
The predicted consequences for marine plants and animals, food security and human health are pro-
found, including disruption to fundamental biogeochemical processes, regulatory ocean cycles, marine
food chains and production, and ecosystem structure and function®”.

In 2008, 155 scientists from 26 countries gathered for the second International Symposium on the
Ocean in a High CO; World, signed a declaration (The Monaco Declaration) as a message to global
leaders urging action to mitigate the already detectable effects of ocean acidification, and cautioning
against the rapid and widespread predicted costs of inaction for the continued provision of ocean goods
and services®. In 2009, the Inter-Academy Panel on International Issues (IAP) released a statement
on ocean acidification, endorsed by 70 of the world’s leading scientific academies, calling for ocean
acidification to be considered in the international climate change debate, and recommending the urgent
reduction of global emissions of CO2 by at least 50% by 2050 to stabilise temperature increases and
acidification at sub-critical levels’. Ocean acidification has also been the subject of other institutional
reviews and syntheses worldwide'.

Ocean acidification research is still in its infancy, and many questions remain about its biological and
biogeochemical consequences, and the accurate determination of sub critical levels, or “tipping points”
for global marine species, ecosystems and services. In particular, most understanding of biological im-
pacts due to ocean acidification is derived from studies of individual organism responses. There is a crit-
ical need for information on impacts at the ecosystem level (e.g. changes in species composition, com-
munity-level production and calcification). In its decision IX/20 (marine and coastal biodiversity), the

1 Fabry, V. ], Seibel, B. A, Feely, R. A., Orr, J. C. (2008). Impacts of ocean acidification on marine fauna and ecosystem processes.
ICES Journal of Marine Science, 65:414-432.

2 Doney, S. C., Fabry, V. ], Feely, R. A., Kleypas, J. A. (2009). Ocean Acidification: The Other CO2 problem. Annu. Rev. Mar. Sci.
1:169-192.

3 Canadell et al., 2007: Contributions to accelerating atmospheric CO2 growth from economic activity, carbon intensity, and
efficiency of natural sinks, in Proceedings of the National Academy of Science 104:47:18866-18870, doi: 10.1073/pnas.0702737104

4 Doney, S. C., Fabry, V. ], Feely, R. A., Kleypas, J. A. (2009). Ocean Acidification: The Other CO; problem. Annu. Rev. Mar. Sci.
1:169-192

5  Kleypas, J. A., Buddemeier, R. W, Archer, D., Gattuso, J. P, Langdon, C., Opdyke, B. N. (1999). Geochemical Consequences of
Increased Atmospheric Carbon Dioxide on Coral Reefs. Science, Vol 284:118-120.

6  EUR-OCEANS. (2007). Fact Sheet 7: Ocean Acidification - the other half of the CO; problem. www.eur-oceans.eu/KTU

7 GC(52)/INF/3 (2008). Nuclear Technology Review 2008.

8  Monaco Declaration. Second International Symposium on the Ocean in a High-CO2 World, Monaco, October 2008.
http://ioc3.unesco.org/oanet/Symposium2008/MonacoDeclaration.pdf)

9  Inter-Academy Panel on International Issues (IAP). 2009. Statement on Ocean Acidification. Endorsed, June 2009.
www.interacademies.net/CMS/9075.aspx

10 Hobart Communiqué on Ocean Acidification: Australian Impacts in the Global Context, Antarctic Climate & Ecosystems
Cooperative Research Centre, Hobart, Tasmania, Workshop Report 2-4 June 2008; Royal Society of New Zealand, (2009), Ocean
Acidification: Emerging Issues, 4 pp, Wellington, New Zealand, www.royalsociety.org.nz/includes/download.aspx?ID=102240
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Conference of the Parties to the Convention on Biological Diversity “.. requests the Executive Secretary,
in collaboration with Parties, other Governments, and relevant organizations, to compile and synthesize
available scientific information on ocean acidification and its impacts on marine biodiversity and habitats,
which is identified as a potentially serious threat to cold-water corals and other marine biodiversity, and to
make such information available for consideration at a future meeting of the Subsidiary Body on Scientific,
Technical and Technological Advice (SBSTTA) prior to the tenth meeting of the Conference of Parties.”"!

A. OBIJECTIVES OF THE REPORT

This report presents a review and synthesis of existing literature and other scientific information on the
potential impacts of ocean acidification on marine biodiversity pursuant to decision IX/20. The report
takes into consideration comments and feedbacks submitted by Parties, other Governments and orga-
nizations as well as experts who kindly peer-reviewed the report.

In accordance with the requirements set out in decision IX/20, the outputs of this work shall be submit-
ted for consideration as an information document to SBSTTA 14, scheduled for May 2010.

The research for this report was conducted in collaboration with the UNEP World Conservation
Monitoring Centre (UNEP-WCMC), with the kind financial support of the Government of Spain.

CARBON AND CO2 UNIT CONVERSION TABLE

Climate change mitigation measures often refer to the natural uptake or engineered capture and storage of carbon
(C), while in the context of greenhouse gas emissions it is referred to the gaseous form of carbon, carbon dioxide
(CO3). The relation between the two is as follows:

1 tonne of carbon corresponds to 3.67 tonnes of carbon dioxide

In this report, tonnes are metric tonnes (i.e. 10° grams), and total carbon stores are provided in gigatonnes of
carbon (Gt C) and stores per area in tonnes of carbon per m? (t C m?). Carbon fluxes are presented in tonnes of
carbon per year (t C per yr) or tonnes of carbon per m? per year (t C m? per yr).

1 Gt C of carbon corresponds to 10° t C.

B. DEFINITION(S) OF OCEAN ACIDIFICATION

The measure used to define the acidity of a solution is pH units. On this logarithmic scale, a decrease
of 1 unit corresponds to a 10-fold increase in the concentration of Hydrogen (H*) ions and represents
significant acidification. Currently, the surface waters of the oceans are slightly alkaline, with an overall
mean pH of ~8.1 on the seawater scale, approximately 0.1 pH units less than the estimated preindustrial
values'.

The dissolution of CO; into the oceans increases the concentration of H* ions, which reduces pH, mak-
ing the oceans more acidic. It is important to note that the pH of the oceans is currently greater than
pH=7 (neutral pH), and thus the term “ocean acidification” refers to the oceans becoming progressively
less basic along the pH scale (see Fig 1).

11 see http://www.cbd.int/decision/cop/?id=11663, accessed 10 May 2009

12 Feely, R. A., Doney, S. C., and S.R. Cooley (2009), Ocean Acidification: Present conditions and future changes in a high-CO2 world,
Oceanography, submitted for publication.

11
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Examples of solutions st this pH
Bamary acid, stong
hydrofloric acid

Hydrochioric acid secerted
by stomach lining

Lemon juice, gastric acid,
vinegar

In 2007, the Intergovernmental Panel on Climate Change (IPCC) defined
ocean acidification as “A decrease in the pH of sea water due to the uptake of

anthropogenic carbon dioxide”"

Grapefruit, orange juice, soda

. L. . Pl @ | Tomato juice, acid rain
There are numerous more detailed definitions and descriptions (see also section

C below) of the term ocean acidification in the scientific literature, including:

So drinking water,
black coffee

Urine, saliva

ey . . . . . “Pure” water
“.. The addition of carbon dioxide in seawater that causes a reduction

in ocean pH and shifts in carbonate speciation”, with pH defined
as “a measure of ocean acidity and hydrogen ion H+ concentration;
pH = —logl0[H+]” **

Seawater

Baking soda

“...Oceanic uptake of CO2 drives the carbonate system to lower pH and
lower saturation states of the carbonate minerals calcite, aragonite, and

high-magnesium calcite, the materials used to form supporting skeletal

structures in many major groups of marine organisms. .7

PLIEREN Liquid drain cloaner

FIGURE 1: The pH scale. Source: US
Environmental Protection Agency

C. SCIENTIFIC DESCRIPTION OF OCEAN ACIDIFICATION

The ocean is one of the largest natural reservoirs of carbon, with an estimated daily uptake of 22 million
metric tons of CO2'. Gases are readily exchanged across the air-sea interface due to differences in the
partial pressure of CO2 (pCO2) between the ocean and the atmosphere, making the oceans of consider-
able importance in the global carbon cycle'. There are important interactions and feedbacks between
changes in the state of the oceans and changes in the global climate and atmospheric chemistry, which
can influence the ability of the oceans to absorb additional CO; from the atmosphere, affecting the rate
and scale of global climate change'.

Solubility and Distribution of CO: in the Oceans

The solubility and distribution of CO; in the oceans depends on climatic conditions and a number of
physical (e.g. water column mixing, temperature), chemical (e.g. carbonate chemistry) and biological
(e.g. biological productivity) factors. For example, the uptake of CO2 by marine algae during photo-
synthesis creates a deficit of COz in surface ocean waters, driving the dissolution of CO; from the
atmosphere into the surface ocean to restore the equilibrium®. Figure 2 shows the calculated mean
annual sea-air CO; flux, with yellow-red colours indicating a net release of C0: to the atmosphere, and
blue-purple colours indicating a net up-take of CO; from the atmosphere.

13 IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press: Cambridge, UK and New York, NY, USA

14 Doney, S. C., Fabry, V.., Feely, R. A., Kleypas, J. A. (2009). Ocean Acidification: The Other CO; problem. Annu. Rev. Mar. Sci.
1:169-192.

15 Kleypas, J. A, Feely, R. A., Fabry, V. J., Langdon, C., Sabine, C. L., Robbins, L. L. (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 NSE, NOAA and the U.S Geological Survey, 88 pp.

16  Feely, R. A,, Sabine, C. L., Hernandez-Ayon, J. M., Lanson, D., Hales, B. (2008). Evidence for Upwelling of Corrosive “Acidified”
Water onto the Continental Shelf. Science, Vol320:1490 -1492.

17 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy Document 12/05.
http://royalsociety.org/document.asp?id=3249

18 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy Document 12/05.
http://royalsociety.org/document.asp?id=3249

19  Chisholm, S. W. (2000). Stirring times in the Southern Ocean. Nature. Vol 407. 12 October 2000.
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FIGURE 2: Mean Annual Air-Sea CO; Flux for 2000 (Revised June 2009). Source: http://www.ldeo.columbia.edu/
res/pi/CO2/carbondioxide/pages/air_sea_flux_2000.html based on Takahashi, et al. 2009%°.

A climatic mean distribution for the surface water pCO; over the global oceans in non-El Niflo conditions are
presented with spatial resolution of 4° (latitude) x 5° (longitude) for a reference year 2000 based upon 3.0 mil-
lion measurements of surface water pCO; obtained from 1970 to 2007. Wind speed data from the 1979-2005
NCEP-DOE AMIP-Il Reanalysis and the gas transfer coefficient with a scaling factor of 0.26. The annual mean
for the contemporary net CO; uptake flux over the global oceans is estimated to be -1.4 + 0.7 Pg-C/yr. Taking
the pre-industrial steady state ocean source of 0.4 + 0.2 Pg-C/yr into account, the total ocean uptake flux
including the anthropogenic CO is estimated to be -2.0 + 0.7 Pg-C/yr in 2000.

Once CO; has been absorbed into surface waters, it is transported horizontally and vertically to the
deep ocean by a suite of biologically and physically mediated processes. In addition to advection and
mixing the ocean can alter atmospheric CO2 concentration through three basic mechanisms: the “solu-
bility pump”, the “organic carbon pump” and the “CaCOs3 counter pump”—the latter two are often sum-
marized as the “biological pump” (Figure 3)?'.

Biological Pump: The “organic carbon pump” (biological pump) is driven by the primary production of
marine phytoplankton, which converts dissolved inorganic carbon (DIC) (the sum of bicarbonate ions,
undissociated CO2 (aq) and carbonate ions)*, and nutrients into organic matter through photosynthe-
sis®. This process is limited by the availability of light and nutrients, for example, phosphate, nitrate and
silicic acid, and micronutrients, such as iron. The uptake of CO through photosynthesis prompts the
“drawdown” of additional CO; from the atmosphere, fuels the flux of sinking particulate organic carbon
into the deep ocean as organisms die or are consumed, and drives global marine food webs. This cycle
maintains a vertical gradient in the concentration of DIC, with higher values at depth and lower values
at the surface™.

20 Takahashi, T, S. C. Sutherland, R. Wanninkhof, C. Sweeney, R. A. Feely, D. W. Chipman, B. Hales, G. Friederich, F. Chavez, A.
Watson, D. C. E. Bakker, U. Schuster, N. Metzl, H. Yoshikawa-Inoue, M. Ishii, T. Midorikawa, Y. Nojiri, C. Sabine, J. Olafsson, Th. S.
Arnarson, B. Tilbrook, T. Johannessen, A. Olsen, Richard Bellerby, A. Kortzinger, T. Steinhoff, M. Hoppema, H. J. W. de Baar, C. S.
Wong, Bruno Delille and N. R. Bates (2009). Climatological mean and decadal changes in surface ocean pCO, and net sea-air CO2
flux over the global oceans. Deep-Sea Res. II, 56, 554-577
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SR FIGURE 3: Three main ocean carbon pumps
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Although most of the CO; taken up by phytoplankton is recycled near the surface, a substantial frac-
tion, perhaps 30%, sinks into the deeper waters before being converted back (remineralized) into CO2
by marine bacteria. Only about 0.1% reaches the seafloor to be buried in the sediments®. Of note, the
removal of CO2 via primary production increases surface water pH, whereas adding CO; via respiration
decreases pH, leading to an observed diurnal variation in pH within highly productive systems*.

Solubility Pump: In addition to the absorption or release of CO2 due to biological processes, changes
in the solubility of gaseous CO> can alter CO2 concentrations in the oceans and the overlying atmos-
phere. The solubility pump reflects the temperature dependence of the solubility of CO> (i.e. solubility
is greater in colder water) and the thermal stratification of the ocean?. The solubility pump is another
important mechanism for controlling the inventory of carbon in the ocean. Large-scale thermohaline
circulation is driven by the formation of deep water at high latitudes, where cold, dense waters sink and
flow into the deep ocean basins. Since these deep water masses are formed under the same surface con-
ditions that promote carbon dioxide solubility, they contain a high concentration of DIC, accumulated
at the surface, which is transported to the deeper parts of the oceans as the water mass sinks.

Large-scale ocean circulation processes slowly transport COa-rich bottom waters over long distances
from the Atlantic to the Indian and Pacific oceans, which accumulate further DIC as they travel. As
such, concentrations of DIC are approximately 10-15% higher in deep waters than at the surface, and
lower in the Atlantic than the Indian Ocean, with the highest concentrations found in the older deep
waters of the North Pacific Ocean. Figure 4 shows the mean pre-industrial distribution of dissolved
inorganic carbon along north-south transects in the Atlantic, Indian and Pacific oceans. Figure 5 shows
the estimated mean distributions of anthropogenic CO> concentrations along the same transects.

Data-based estimates indicate that globally, the oceans have accumulated 112 (+17)® petagrams of
Carbon (Pg C) since the beginning of the industrial era, or 118 (£19)* Pg C between 1800 — 1994, cor-
responding to an uptake of about 29% of the total CO, emissions from burning fossil fuels, land use
change and cement production, among other activities, within the last 250 years®***'. The observed annual

25 Feely, R. A, Sabine, L., Takahashi, T., Wanninkhof, R. (2001). Uptake and Storage of Carbon Dioxide in the Ocean: The Global CO2
Survey. Oceanography, Vol. 14(4): pp. 18-32
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29 Sabine, C. L, Freely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., et al. (2004). The oceanic sink for CO». Science,
305:367-371.

30 Lee, et al. (2003). An updated anthropogenic COz inventory in the Atlantic Ocean. Global Biogeochemical Cycles 17, 1116
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