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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, signifi­
cant efforts have been m ade to raise awareness of the adverse im pacts of 
climate change on biodiversity and the significant role of biodiversity in  
climate change adaptation and mitigation.

At its fourth  m eeting, in  1998, the COP expressed its deep concern over the extensive and severe coral 
bleaching occurring at that tim e and noted that this event was a possible consequence of global w arm ­
ing. At its fifth m eeting, in  2000, the COP urged the UN Fram ew ork Convention on Climate Change 
(UNFCCC) to take all possible actions to reduce the effect of climate change on water tem peratures 
and to address the socio-econom ic im pacts on the countries and com m unities m ost affected by coral 
bleaching.

Recently, in  its n in th  m eeting, the COP raised its concerns about the potential im pacts of ocean acidi­
fication, a direct consequence of increasing atm ospheric CO 2 concentrations, occurring independently  
of climate change. This publication was prepared as a direct response to a request m ade by COP 9 to 
compile and synthesize available scientific inform ation on ocean acidification and its im pacts on m a­
rine biodiversity and habitats, which is identified as a potentially serious threat to cold-water corals and 
other m arine biodiversity.

Am ong others findings, this study shows that increasing ocean acidification reduces the availability of 
carbonate m inerals in  seawater, im portan t building blocks for m arine plants and animals, and that by 
2100, 70% of cold-water corals, key refuges and feeding grounds for com m ercial fish species, will be 
exposed to corrosive waters. Furtherm ore, given current emission rates, it is predicted that the surface 
waters o f the highly productive Arctic Ocean will becom e under-saturated with respect to essential 
carbonate m inerals by the year 2032, and the Southern Ocean by 2050, with disruptions to large com ­
ponents of the m arine food web.

This initial effort, produced jointly with the UNEP W orld Conservation M onitoring Centre (UNEP- 
W CM C), confirms that there is an urgent need to establish a jo in t expert process w ithin the CBD, in 
collaboration with other relevant U N /international organizations, to m onitor and assess the im pacts 
of ocean acidification on m arine and coastal biodiversity, and to raise the awareness of policy-m akers 
on its possible ecological and socio-econom ic implications, w ith a view of prom oting a joint w ork p ro­
gram m e between the two sister Rio Conventions, U N FCCC and CBD.

Dr. A hm ed D joghlaf
Executive Secretary 
Convention on Biological Diversity

5





Scientific Synthesis of the Impacts of Ocean Acidification on Marine Biodiversity

PREFACE

In 1980,1 wrote in  the foreword for Conservation Biology, by M ichael 
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 o f the planet is the most basic issue of our time.” That thought 
was no t echoed by the global com m unity and policy-m akers until 
the Convention on Biological Diversity (CBD) entered into force in  
1993.

After 16 years o f im plem entation of the Convention and with less 
than a m onth  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 m any policy-m akers at the 2009 U N  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. U nderstanding the role 
of biodiversity in  attaining our com m on goal of sustainability is therefore no t only critical, but urgent.

In this regard, this publication by the CBD on the im pacts o f ocean acidification on m arine biodiversity 
is very tim ely and germ ane, as it confirms again how great the stakes of sustainability are in  the climate 
change negotiations. It is sadly still true, and ever m ore evident, that we are in  deep trouble biologi­
cally and heading into a spasm  of extinction of our own m aking 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 norm al, and a quarter or m ore of all species could vanish w ithin a couple 
of decades. Biological diversity m ust be at the centre o f any discussion on sustainability and efforts for 
climate change m itigation and adaptation.

Therefore, this scientific synthesis by the CBD Secretariat and the UNEP-W orld Conservation M onitoring 
Centre (W CM C) is especially valuable. It is expected that a continuing effort be m ade w ithin CBD, in 
collaboration with relevant in ternational organizations and scientific com m unities, to build  upon this 
publication, fu rther enhancing scientific research on ocean acidification, particularly its biological and 
biogeochem ical consequences, including the accurate determ ination of sub-critical levels o f im pacts or 
tipping points for global m arine species, ecosystems and the services and functions they provide.

V» ?  X i ^

Dr. Thomas E. Lovejoy 
Biodiversity Chair
Heinz Center for Science, Economics and the Environm ent 
W ashington, D.C. USA
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EXECUTIVE SUMMARY

The surface ocean plays a critical role in  the global carbon cycle, absorbing approxim ately one quarter 
of the carbon dioxide em itted to the atm osphere from  the burn ing  of fossil fuels, deforestation, and 
other hum an activities. As m ore and m ore anthropogenic CO 2 has been em itted into the atmosphere, 
the ocean has absorbed greater am ounts at increasingly rapid rates. In the absence of this service by the 
oceans, atm ospheric CO 2 levels would be significantly higher than  at present and the effects of global 
climate change m ore marked.

The absorption of atm ospheric CO 2 has, however, resulted in  changes to the chemical balance of the 
oceans (which are naturally slightly alkaline), causing them  to becom e m ore acidic. Ocean acidity has 
increased significantly, by 30%, since the beginning of the Industrial Revolution 250 years ago.

A tm ospheric CO 2 concentrations are predicted to increase by 0.5%-1.0% per year th roughout the 21st 
century. Ocean acidification directly follows the accelerating trend  in  world CO 2 emissions, and the 
m agnitude of ocean acidification can be ascertained with a high level o f certainty based on the predict­
able m arine carbonate chem istry reactions and cycles w ithin the ocean. It is predicted that by 2050 
ocean acidity could increase by 150%. This significant increase is 100 tim es faster than  any change in 
acidity experienced in  the m arine environm ent over the last 20 m illion years, giving little tim e for evo­
lutionary adaptation w ithin biological systems.

Increasing ocean acidification reduces the availability of carbonate m inerals in  seawater, im portant 
building blocks for m arine plants and animals. Carbonate ion concentrations are now  lower than  at 
any other tim e during the last 800,000 years. Furtherm ore, given current emission rates, it is predicted 
that the surface waters o f the highly productive Arctic Ocean will becom e under-saturated with respect 
to essential carbonate m inerals by the year 2032, and the Southern Ocean by 2050 with disruptions to 
large com ponents of the m arine food web. Seasonal fluctuations in  carbonate m ineral saturation in  the 
Southern Ocean could m ean that detrim ental conditions for the continuing function of m arine ecosys­
tems, especially calcifying organisms, develop on m uch shorter tim eframes.

It has been predicted that by 2100, 70% of cold-water corals, key refuges and feeding grounds for com ­
m ercial 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 o f net w arm  water 
coral reef accretion and leaving biologically diverse reefs outpaced by bioerosion and sea-level rise.

An em erging body of research suggests that m any of the effects o f ocean acidification on m arine organ­
isms and ecosystems will be variable and complex, im pacting developm ental and adult phases differ­
ently across species depending on genetics, pre-adaptive m echanism s, and synergistic environm ental 
factors. Evidence from  naturally acidified locations confirms, however, that although som e species m ay 
benefit, biological com m unities under acidified seawater conditions are less diverse and calcifying spe­
cies absent.

M any questions rem ain regarding the biological and biogeochem ical consequences of ocean acidifica­
tion  for m arine biodiversity and ecosystems, and the im pacts o f 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 m ust 
be considered alongside other environm ental changes associated with global climate change.

Ocean acidification is irreversible on timescales o f 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 
CO 2 , and the recognition and integration of this critical issue in  the global climate change debate.
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I. BACKGROUND AND INTRODUCTION

Rising atm ospheric carbon dioxide (CO 2 ) concentrations, driven by fossil fuel com bustion, cem ent 
m anufacturing and deforestation, am ong other activities, have led to greater CO 2 uptake by oceanic 
surface waters. The inorganic carbon system is an im portan t chemical equilibrium  in the ocean and is 
largely responsible for controlling the pH  of seawater1. Consequently, the oceanic uptake of CO 2 , which 
accounts for approxim ately one-quarter to one-th ird  of the CO 2 released from  all hum an activities into 
the atm osphere since 1800, has resulted in  changes to the chemical balance of seawater and a reduction 
in  pH , term ed “ocean acidification”2,3

Ocean acidification is an observable and predictable consequence of increasing atm ospheric CO 2 con­
centrations4 now  and in  the future, given the well-known physio-chem ical pathways and reactions of 
CO 2 as it dissolves in  seawater. However, given the nascent recognition of ocean acidification as a global 
threat, the resulting im pacts on m arine species and ecosystem processes are still poorly understood5. 
The predicted consequences for m arine plants and animals, food security and hum an health are p ro­
found, including disruption to fundam ental biogeochem ical processes, regulatory ocean cycles, m arine 
food chains and production , and ecosystem structure and function6,7.

In 2008, 155 scientists from  26 countries gathered for the second International Symposium on the 
Ocean in  a High CO 2 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 o f inaction for the continued provision of ocean goods 
and services8. In 2009, the Inter-Academ y Panel on International Issues (IAP) released a statem ent 
on ocean acidification, endorsed by 70 of the w orlds leading scientific academies, calling for ocean 
acidification to be considered in  the international climate change debate, and recom m ending the urgent 
reduction of global emissions of CO 2 by at least 50% by 2050 to stabilise tem perature increases and 
acidification at sub-critical levels9. Ocean acidification has also been the subject o f other institutional 
reviews and syntheses w orldwide10.

Ocean acidification research is still in  its infancy, and m any questions rem ain about its biological and 
biogeochem ical consequences, and the accurate determ ination of sub critical levels, or ’’tipping points” 
for global m arine species, ecosystems and services. In particular, m ost understanding of biological im ­
pacts due to ocean acidification is derived from  studies o f individual organism  responses. There is a crit­
ical need for inform ation on im pacts at the ecosystem level (e.g. changes in  species com position, com ­
m unity-level production  and calcification). In its decision IX/20 (m arine and coastal biodiversity), the

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

2 Doney, S. C., Fabry, V. J., Feely, R. A., Kleypas, J. A. (2009). Ocean Acidification: The O ther CO 2  problem. A nnu. Rev. Mar. Sei. 
1:169-192.

3 Canadell et al., 2007: C ontributions to accelerating atmospheric CO 2  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. J., Feely, R. A., Kleypas, J. A. (2009). Ocean Acidification: The O ther CO 2  problem. A nnu. Rev. Mar. Sei. 
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 A tmospheric 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 2  problem. www.eur-oceans.eu/KTU
7 GC(52)/INF/3 (2008). Nuclear Technology Review 2008.
8 M onaco Declaration. Second International Symposium on the Ocean in a H igh-C 02 W orld, M onaco, October 2008. 

http://ioc3.unesco.org/oanet/Sym posium 2008/M onacoDeclaration.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 C om m uniqué on Ocean Acidification: Australian Impacts in the Global Context, A ntarctic Climate & Ecosystems 

Cooperative Research Centre, Hobart, Tasmania, W orkshop Report 2 -4  June 2008; Royal Society of New Zealand, (2009), Ocean 
Acidification: Emerging Issues, 4 pp, W ellington, 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 o f Parties.”11

A. OBJECTIVES OF THE REPORT

This report presents a review and synthesis o f existing literature and other scientific inform ation on the 
potential im pacts of ocean acidification on m arine biodiversity pursuant to decision IX/20. The report 
takes into consideration com m ents and feedbacks subm itted by Parties, other G overnm ents and orga­
nizations as well as experts who kindly peer-reviewed the report.

In accordance with the requirem ents set out in  decision IX/20, the outputs of this w ork shall be subm it­
ted for consideration as an inform ation docum ent to SBSTTA 14, scheduled for May 2010.

The research for this report was conducted in  collaboration with the UNEP W orld Conservation 
M onitoring Centre (UNEP-W CM C), with the k ind financial support o f the G overnm ent of Spain.

CARBO N A N D  CO2 UNIT CO NVERSIO N 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 
(C0 2 ).The relation between the two is as follows:

1 to n n e  o f  ca rb o n  corresponds to 3 .6 7  to n n e s  o f  carb on  d io x id e

In this report, tonnes are metric tonnes (i.e. IO6 grams), and total carbon stores are provided in gigatonnes of 
carbon (Gt C) and stores per area in tonnes of carbon per m2 (t C m2). Carbon fluxes are presented in tonnes of 
carbon per year (t C per yr) or tonnes of carbon per m2 per year (t C m2 per yr).

1 G t C of carbon corresponds to IO91 C.

B. D E F IN IT IO N (S ) OF O CEAN A C ID IF IC A T IO N

The m easure used to define the acidity of a solution is pH  units. O n this logarithm ic 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 o f the oceans are slightly alkaline, w ith an overall 
m ean pH  o f -8 .1  on the seawater scale, approxim ately 0.1 pH  units less than the estim ated preindustrial 
values12.

The dissolution of C O 2 into the oceans increases the concentration of H + ions, which reduces pH , m ak­
ing the oceans m ore acidic. It is im portan t 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 becom ing progressively 
less basic along the pH  scale (see Fig 1).

11 see http://www.cbd.int/decision/cop/?id=l 1663, accessed 10 M ay 2009
12 Feely, R. A., Doney, S. C., and S.R. Cooley (2009), Ocean Acidification: Present conditions and future changes in a high-C 02 world, 

Oceanography, subm itted for publication.
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Hydrofluoric Acid
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section C below) o f the te rm  ocean acidification in the scientific litera­
ture, including: 100

10 Urine, Saliva

The addition o f carbon dioxide in seawater that causes a 1 “Pure W ater"

reduction in ocean pH  and shifts in carbonate spéciation \ with 1/10 S eaw ater

pH  defined as “a measure o f ocean acidity and hydrogen ion H v 1/100 Baking S oda

concentration; p H  = - logl0[H +] ” 14 1/1000 G reat Salt Lake, Milk 
o f M agnesia

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

1/10,000 A m m onia so lu tio n

1/100,000 S oapy w a te r

aragonite, and high-magnesium calcite, the materials used to form 1/1,000,000 Bleaches, ov en  c le a n e r

supporting skeletal structures in many major groups of marine 1/10,000,000 Liquid d ra in  c le an er

organisms. F I G U R E  1 :The pH scale. Source: US
Environm enta l Protection Agency

C. SC IEN TIF IC  D E SC RIPTIO N OF OCEAN A C ID IF IC A T IO N

The ocean is one of the largest natural reservoirs o f carbon, with an estim ated daily uptake of 22 m illion 
m etric tons of CO 2 16. Gases are readily exchanged across the air-sea interface due to differences in  the 
partial pressure of CO 2 (pCCH) betw een the ocean and the atm osphere, m aking the oceans of consider­
able im portance in  the global carbon cycle17. There are im portan t interactions and feedbacks between 
changes in  the state o f the oceans and changes in  the global climate and atm ospheric chemistry, which 
can influence the ability o f the oceans to absorb additional CO 2 from  the atm osphere, affecting the rate 
and scale of global climate change18.

Solubility and Distribution ofCÖ2 in the Oceans

The solubility and distribution of CO 2 in  the oceans depends on climatic conditions and a num ber of 
physical (e.g. water colum n mixing, tem perature), chemical (e.g. carbonate chemistry) and biological 
(e.g. biological productivity) factors. For example, the uptake of CO 2 by m arine algae during pho to ­
synthesis creates a deficit of CO 2 in  surface ocean waters, driving the dissolution of CO 2 from  the 
atm osphere into the surface ocean to restore the equilibrium 19. Figure 2 shows the calculated m ean 
annual sea-air C O 2 flux, w ith yellow-red colours indicating a net release of CO2 to the atm osphere, and 
blue-purple colours indicating a net up-take of CO 2 from  the atmosphere.

13 IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of W orking G roup I to the Fourth Assessment Report 
of the Intergovernm ental Panel on Climate Change. Cam bridge University Press: Cambridge, UK and New York, NY, USA

14 Doney, S. C., Fabry, V. J., Feely, R. A., Kleypas, J. A. (2009). O cean Acidification: The O ther CO 2  problem. A nnu. Rev. Mar. Sei. 
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 M arine Calcifiers: A  Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

16 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M ., Lans on, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 
W ater onto the C ontinental Shelf. Science, Vol320:1490 -1492.

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

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

19 Chisholm , S. W. (2000). Stirring times in the Southern O cean. Nature. Vol 407.12 October 2000.
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FIGURE 2: Mean Annual Air-Sea CO2 Flux for 2000 (Revised Ju n e  2009). Source: h ttp ://w w w .ldeo .co lum bia .edu / 
res/pi/C02/carbondioxide/pages/a ir_sea_flux_2000.htm l based on Takahashii, e t  al. 200920.
A climatic m ea n  dis tr ibution for th e  surface  w a te r  pC0 2  over th e  global oceans  In non-El Niño condit ions are 
p re sen ted  with spatial resolution of 4° (latitude) x 5° (longitude) fo ra  reference year  2000 based  u p o n  3.0 mil­
lion m ea su re m e n ts  of  surface w a te r  pCÛ2 o b ta in ed  from 1970 to  2007. Wind sp e e d  da ta  from th e  1979-2005  
NCEP-DOE AMIP-II Reanalysls an d  th e  gas t ransfer  coefficient with a scaling factor of 0.26. The a nnual  m ean  
for th e  c o n te m p o ra ry  n e t  CO2 u p take  flux over th e  global oceans  Is e s t im a ted  to  be  -1.4 ± 0.7 Pg-C/yr. Taking 
th e  pre-industr ial s teady  s ta te  ocean  source  of 0.4 ± 0.2 Pg-C/yr Into account,  th e  tota l ocean  u p take  flux 
Including th e  a n th ro p o g e n ic  CO2 Is e s t im a ted  to  be  -2 .0  ± 0.7 Pg-C/yr In 2000.

O nce C O 2 has b een  abso rbed  in to  surface w aters, it is tran sp o rted  h o rizon ta lly  an d  vertically  to the 
deep  ocean  by  a su ite  o f b io logically  an d  physically  m ed ia ted  processes. In  ad d itio n  to advection  and  
m ix ing  the ocean  can  alter a tm o sp h eric  C O 2 co n cen tra tio n  th ro u g h  th ree  basic  m echanism s: the “so lu ­
b ility  p u m p ”, the “o rgan ic  ca rb o n  p u m p ” and  the “C aC O j co u n te r p u m p ”— the la tter tw o are o ften  su m ­
m arized  as the “b iological p u m p ” (F igure 3 )21.

B io log ica l P um p:  The “o rganic  ca rb o n  p u m p ” (biological p u m p ) is d riven  b y  the p rim a ry  p ro d u c tio n  o f 
m arin e  p h y to p lan k to n , w h ich  converts dissolved in o rgan ic  ca rb o n  (D IC ) (the  su m  o f  b ica rbona te  ions, 
und issoc ia ted  C O 2 (aq) and  carbonate  io n s)22, and  n u tr ien ts  in to  o rgan ic  m a tte r th ro u g h  p h o to sy n th e ­
sis23. This process is lim ited  by  the availability  o f  ligh t and  n u tr ien ts , for exam ple, phospha te , n itra te  and  
silicic acid, and  m ic ro n u trien ts , such  as iron . The up take  o f  C O 2 th ro u g h  pho to syn thesis  p ro m p ts  the 
“d raw dow n” o f ad d itio n a l C O 2 fro m  the a tm osphere , fuels the flux o f  s ink ing  p articu la te  o rgan ic  carbon  
in to  the deep  ocean  as o rgan ism s die o r are consum ed , an d  drives g lobal m arin e  food  webs. This cycle 
m a in ta in s  a vertica l g rad ien t in  the co n cen tra tio n  o f  D IC , w ith  h ig h er values at d ep th  an d  low er values 
at the su rface24.

20 Takahashi, T., S. C. Sutherland, R. W anninkhof, C. Sweeney, R. A. Feely, D. W. C hipm an, B. Hales, G. Friederich, F. Chavez, A. 
Watson, D. C. E. Bakker, U. Schuster, N. Metzi, 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. Körtzinger, T. Steinhoff, M . Hoppem a, H . J. W. de Baar, C. S. 
Wong, Bruno Delille and N. R. Bates (2009). Climatological m ean and decadal changes in  surface ocean pC 02, and net sea-air CO 2  

flux over the global oceans. Deep-Sea Res. II, 56, 554-577
21 IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of W orking G roup I to the Fourth Assessment Report 

of the Intergovernm ental Panel on Climate Change. Cam bridge University Press: Cambridge, UK and New York, NY, USA
22 Le Q ueré, C. and Metzi, N. (2004). N atural Processes Regulating the O cean Uptake of CO 2 . In: The Global C arbon Cycle: 

Integrating Hum ans, Climate, and the Natural World. (C. B. Field and M . R. Raupach, Eds.) Island Press: W ashington, D.C., USA. 
pp. 243-255

23 Ibid.
24 H ofm ann, M . and Schellnhuber, H . J. (2009). O cean acidification affects m arine carbon pum p and triggers extended m arine oxygen 

holes. PNAS 106, 3017-3022.
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FIGURE 3 : Three main ocean  carbon  p u m p s  
govern  th e  regulation  of natural a tm o sp h e r ic  CO2 
ch an g e s  by th e  ocean. Source: Denman, K.L e t  al.
(2007). Couplings Between Changes in the Climate 
System and  Biogeochemistry. In: Climate C hange  
2007 :The Physical Science Basis. Contribution  of 
Working G roup I to  th e  Fourth A ssessm en t  Report 
of th e  In te rgovernm enta l  Panel on  Climate C hange  
[Solomon, S., e t  al. (eds.)]. Cambridge University Press, 
Cambridge, United K ingdom  and New York, NY, USA 
(redrawn a fte r Heinze, C., E Maier-Reimer, andK. Winn, 
1991: G lac ia l/p /C 02  reduction by the W orld Ocean: 
experiments w ith  the Ham burg carbon cycle m odel 
Pa leocea nog ra phy 6(4), 395-430.)

Although m ost o f the C O 2 taken up by phytoplankton is recycled near the surface, a substantial frac­
tion, perhaps 30%, sinks into the deeper waters before being converted back (rem ineralized) into C O 2 

by m arine bacteria. O nly about 0.1% reaches the seafloor to be buried  in  the sedim ents25. O f note, the 
rem oval o f CO 2 via p rim ary  production increases surface water pH , whereas adding CO 2 via respiration 
decreases pH , leading to an observed diurnal variation in pH  within highly productive systems26.

Solubility Pump: In addition to the absorption or release of C O 2 due to biological processes, changes 
in  the solubility o f gaseous C O 2 can alter C O 2 concentrations in  the oceans and the overlying atm os­
phere. The solubility pum p reflects the tem perature dependence of the solubility of CO 2 (i.e. solubility 
is greater in  colder water) and the therm al stratification of the ocean27. The solubility pum p is another 
im portan t m echanism  for controlling the inventory of carbon in the ocean. Large-scale therm ohaline 
circulation is driven by the form ation of deep water at high latitudes, where cold, dense waters sink  and 
flow into the deep ocean basins. Since these deep water masses are form ed under the same surface con­
ditions that prom ote carbon dioxide solubility, they contain a high concentration of DIC, accum ulated 
at the surface, which is transported  to the deeper parts o f the oceans as the water mass sinks.

Large-scale ocean circulation processes slowly transport CCL-rich bottom  waters over long distances 
from  the Atlantic to the Indian and Pacific oceans, which accum ulate further DIC as they travel. As 
such, concentrations of DIC are approxim ately 10-15% higher in  deep waters than at the surface, and 
lower in  the A tlantic than the Indian Ocean, with the highest concentrations found in  the older deep 
waters of the N orth  Pacific Ocean. Figure 4 shows the m ean pre-industrial d istribution of dissolved 
inorganic carbon along north -sou th  transects in the Atlantic, Indian and Pacific oceans. Figure 5 shows 
the estim ated m ean distributions of anthropogenic CO 2 concentrations along the same transects.

D ata-based estimates indicate that globally, the oceans have accum ulated 112 (±17)28 petagram s of 
C arbon (Pg C) since the beginning of the industrial era, or 118 (±19)29 Pg C between 1800 -  1994, cor­
responding to an uptake of about 29% of the total C O 2 emissions from  burn ing  fossil fuels, land use 
change and cem ent production, am ong other activities, w ithin the last 250 years30-31. The observed annual

25 Feely, R. A., Sabine, L., Takahashi, T., W anninkhof, R. (2001). Uptake and Storage of C arbon D ioxide in the Ocean: The Global CO 2 

Survey. Oceanography, Vol. 14(4): pp. 18-32
26 Raven, J.A., Falkowski, RG. (1999) Oceanic sinks for atmospheric CO 2 . Plant, Cell and Environment. Vol 22. pp. 741-755
27 Ito, T., Follows, M. J. (2003). Upper ocean control on the solubility pum p of CO 2 . Journal of M arine Research, 61:485-489.
28 Lee, et al. (2003). A n updated anthropogenic CO 2 inventory in the A tlantic Ocean. Global Biogeochemical Cycles 17, 1116
29 Sabine, C. L., Freely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., et a l  (2004). The oceanic sink for CO 2 . Science, 

305:367-371.
30 Lee, et al. (2003). A n updated anthropogenic CO 2  inventory in the Atlantic O cean. Global Biogeochemical Cycles 17, 1116
31 Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M ., Lee, K., Bullister, J. L., et al. (2004). The oceanic sink for CO 2 . Science, 

305:367-371.
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FIGURE 4: Zonal m ean  pre-industr ial distributions 
of dissolved inorganic  c arbon  (in units of  pmol kg ') 
a long  nor th -so u th  t ransec ts  in th e  Atlantic, Indian 
an d  Pacific ocean. Source:Feely, R. A., Sabine, L., 
Takahashi, T., W anninkhof, R. (2001). Uptake and  
Storage o f  Carbon Dioxide in the Ocean: The Global 
CO2  Survey. O cean o g rap h y  i 4(4):pp. 18-32.

FIGURE 5: Zonal m ean  dis tr ibutions of es t im a ted  
a n th ro p o g e n ic  CO2 concen tra t ions  (in units of 
pmol kg 4  a long  nor th -so u th  t ransec ts  in th e  
Atlantic, Indian a n d  Pacific ocean. Source: Feely, R.A., 
Sabine, L., Takahashi, T., Wanninkhof, R. (2001). Uptake 
and  Storage o f  Carbon Dioxide in the Ocean: The 
GlobalCO 2  Survey. O c ean o g rap h y  i 4(4):pp. 18-32.

uptake of anthropogenic CO 2 by the ocean for the period 1990 -  1999 of 2.2 (±0.4) Pg C y r 1, led to an 
estimate that the ocean sink  accounted for 24% of total anthropogenic emissions from  2000 -  200632.

The deepest penetrations of this anthropogenic carbon are observed in  areas of deep and interm ediate 
water form ation, such as the N orth  Atlantic, and the Southern Ocean, 40-50°S. Figure 5 shows that 
the anthropogenic CO 2 signal can be found in  depths of up to 2500m in  certain  areas, although newer 
studies in  the N orth  Atlantic have revealed large changes in  CO 2 concentrations in  deep-water masses 
between 3,000 and 5,000 m etres depth, indicating that the C O 2 signal m ight already have penetrated to 
this depth in  certain locations33.

D epending on the location and ocean currents, CO 2 can be retained in  deep waters for several h u n ­
dred (up to a 1,000) years34, 35. This m eans that the equivalent CO 2 content is tem porarily removed 
(sequestered) from  the atm osphere for this tim e period. W ind- or topography-driven upwelling of deep 
ocean waters brings D IC-laden waters back to the surface, often resulting in  an efflux of CO 2 to the 
atmosphere.

32 Canadell et ah, 2007: Contributions to accelerating atmospheric CO 2  growth from  econom ic 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

33 Tanhua, T., Körtzinger, A., Friis, K., W augh, Wallace, D.W.R. (2007). A n estimate of anthropogenic CO 2  inventory from  decadal 
changes in oceanic carbon content. Proceedings of the National Academy of Sciences. Vol. 104 (9). pp. 3037-3042

34 IPCC (2005): IPCC Special Report on C arbon Dioxide Capture and Storage. Prepared by W orking G roup III of the 
Intergovernm ental Panel on Climate Change [Metz, B., O. Davidson, H . C. de Coninck, M . Loos, and L. A. M eyer (eds.)]. 
Cam bridge University Press, Cam bridge, United Kingdom and New York, NY, USA, 442 pp

35 Chisholm , S. W. (2000). Oceanography: Stirring times in the Southern Ocean. Nature 407. pp. 685-687
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The solubility pum p has been estimated to contribute about 20% to the vertical distribution/gradient of DIC; 
the remaining 80% originates from  the biological pum p(s)36. It should be noted that increasing sea-surface 
temperatures as a result of climate change will decrease the solubility of CO 2 . Different climate models 
predict ocean temperature increases throughout this century37, which means that less CO 2 will be absorbed 
at the surface. Model outcomes suggest that the strength of the solubility pum p is highly correlated with 
m ean surface and deep-ocean temperatures38. In the long term, the solubility of CO 2 may decrease, or in 
the worst-case, even interrupt, the oceans solubility pump. A more sluggish ocean circulation and increased 
density stratification, both expected in a warmer climate, would slow down the vertical transport of carbon, 
alkalinity and nutrients, and the replenishment of the ocean surface with water that has not yet been in con­
tact with anthropogenic CO 239. This would seriously influence the oceans carbon uptake capacity.

One study suggests that while both  land and ocean sinks continue to accumulate carbon on average at 
~5.0± 0.6 Pg C j 1 since 2000, large regional sinks have been weakening. In the Southern Ocean for ex­
ample, the sink of CO 2 has weakened by 0.8 Pg C y r 1 between 1981 and 200440. The poleward displace­
m ent and intensification of westerly winds caused by hum an activities is thought to have enhanced the 
ventilation of carbon-rich waters in  the Southern Ocean, which, since at least 1980, are norm ally isolated 
from  the atmosphere, contributing nearly half of the decrease in  the ocean CO 2 uptake fraction estimated 
through m odelling41. A rapid decline of the CO 2 buffering capacity is also reported from  the N orth Sea42.

Ocean Carbonate System

In seawater, C O 2 molecules are present in  four m ajor forms: the undissociated form  (CO 2 (aq)) and 
carbonic acid (H 2 C O 3), and two ionic forms, bicarbonate (H C O 3") and carbonate (C O 32 ) (see Table 1 
and Figure 6 ). The proportion  of each of these carbon com ponents in  seawater is sensitive to tem pera­
ture, chemical com position and pressure, and thus to latitude and depth, creating a varied carbonate 
chem istry response to CO 2 uptake across the oceans43. The difference between the partial pressure of 
CO 2 (p C 0 2) in  surface seawater and that in  the overlying air represents the therm odynam ic driving 
potential for the CO 2 transfer across the sea surface44,45.

W hen CO 2 dissolves in  surface seawater it reacts w ith water to form  a w eak carbonic acid (H 2 C O 3).

CO2 + H2O «-► H2CO3

36 Feely, R. A., Sabine, L., Takahashi, T., W anninkhof, R. (2001). Uptake and Storage of C arbon Dioxide in the Ocean: The Global CO 2  

Survey. Oceanography, Vol. 14(4): pp. 18-32
37 M atthews, H . D. and Caldeira, K. (2008). Stabilizing climate requires near-zero emissions. Geophysical Research Letters 35, L04705
38 Cam eron, D. R., Lenton, T. M ., Ridgwell, A. J., Shepherd, J. G., M arsh, R., and Yooi, A. (2005). A  factorial analysis of the m arine 

carbon cycle and oceanic circulation controls on atm ospheric CO 2 . Global Biogeochemical Cycles 19, GB4027
39 IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of W orking G roup I to the Fourth Assessment Report 

of the Intergovernm ental Panel on Climate Change. Cam bridge University Press: Cambridge, UK and New York, NY, USA
40 Le Q uéré, Corinne, Rodenbeck, Christian, Buitenhuis, Erik T., Conway, Thomas J., Langenfelds, Ray, Gomez, Antony, Labuschagne, 

Casper, Ram onet, M ichel, Nakazawa, Takakiyo, Metzi, Nicolas, Gillett, N athan, and H eim ann, M artin  (2007). Saturation of the 
Southern O cean CO 2  Sink D ue to Recent Climate Change. Science 1136188.

41 Canadell et ah, 2007: Contributions to accelerating atmospheric CO 2  growth from  econom ic 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

42 Thomas, H., Prowe, A. E. F., van Heuven, S., Bozec, Y., De Baar, H . J. W., Schiettecatte, L.-S., Suykens, K., Koné, M ., Borges, A.
V., Lima, I. D., and Doney, S. C. (2007). Rapid decline in CO 2  buffering capacity in the N orth  Sea and implications for the N orth 
Atlantic O cean. Global Biogeochemical Cycles 21, GB4001.

43 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs 
27:459-472.

44 Feely, R. A., Sabine, C. L., Takahashi, T., W anninkof, R. (2001). Uptake and storage of C arbon Dioxide in the Ocean: The Global 
CO 2  Survey. Special Issue -  JGOFS, O ceanograhpy Vol 14 (4).

45 Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M ., Lee, K., Bullister, J. L., et al. (2004). The oceanic sink for CO 2 . Science, 
305:367-371.
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C arb o n ic  acid  d issociates in to  b icarbona te  ions (H C O 3") and  hyd ro g en  ions (H +). The release o f h y d ro ­
gen  ions decreases the p H  (i.e. increases the acidity) o f  su r ro u n d in g  w aters.

H2CO3 «-► HCO3 + H

Excess hyd ro g en  ions (H +) reac t w ith  carbonate  ions (C O 32 ) to  fo rm  fu r th e r b ica rbona te  ions.

H+ + C03> «-► HCO3

The ac id ity  o f the oceans is d e te rm in ed  b y  the co n cen tra tio n  o f  hyd rogen  ions; a g reater am o u n t resu lts 
in  m ore  acidic cond itions, rep resen ted  by  a low er pH .

The am o u n t o f  C O 2 th a t dissolves in to  surface seaw ater w ill therefore  strong ly  in fluence the acid ity  and  
p H  o f the oceans46. In  line w ith  H en ry ’s law47, an  increase in  a tm ospheric  C O 2 co n cen tra tio n s from , 
for exam ple, an th ro p o g en ic  em issions, w ill lead  to  a co rresp o n d in g  increase in  the pCCH in  the surface 
ocean48.

The ratio  o f  ions H C O 3", C O 32 and  C O 2 in  seaw ater in  re la tion  to  pH  is show n in  Table 1. U nder cu rren t 
ocean  conditions, b icarbonate  is the m o s t ab u n d an t fo rm  o f  C O 2 d issolved in  seawater. Increased  C O 2 

abso rp tion  in  the surface ocean  will increase b o th  b icarbonate  and  hydrogen  io n  concen tra tions, and  con ­
cu rren tly  low er the availability o f carbonate  ions49, w hich  are necessary  for calcium  carbonate  (C aC O j) 
skeleton and  shell fo rm ation  in  m arine  o rgan ism s such  as corals, shellfish and  m arine  p lan k to n 50.

D iv u th -rd  C D , O -lK ifiiL  fttfd

G O .  +  Hi.11  * H . c o .  ^

Hyin'igfri kin^

1 H*

— * J IC K M  = U  C U , 1

^»1 u r a t i o n  H íi r i io f l

FIGURE 6 : The reaction of CO2 an d  seawater. Source: Adapted from Doney, 2006^.

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

47 H enry’s law states that “at a constant temperature, the amount o f  a given gas dissolved in a given type and volume o f  liquid is directly 
proportional to the partial pressure o f  that gas in equilibrium with that liquid”.

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

49 The Antarctic Climate and Ecosystems Cooperative Research C entre. (2008). Position Analysis: CO 2  and climate change: ocean 
impacts and adaptation issues, www.acecrc.org.au/uploaded/117/797618_20pa02_acidification_0805.pdf.

50 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M ., Lans on, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 
Water onto the C ontinental Shelf. Science, Vol320:1490 -1492.

51 Doney, S. C. (2006). The Dangers of Ocean Acidification. Scientific A m erican M arch 2006. www.sciam.com
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TABLE 1 . Forms of dissolved inorganic  carbon  (DIC) in seawater.

D is so lv e d  in o rg a n ic  carb on  (DIC) in s e a w a te r
C o m p o n en t % o f  DIC 
a t  pH 8 .255.

C o m p o n en t % o f  DIC 
a t pH 8.156

N et e f fe c t  o f  a d d in g  
CO2  in s u r fa c e  w a te r s  
on  DIC c o m p o n en t

Bicarbonate ion HCO3- 88 91 Increase

Carbonate ion ccy- 11 8 Decrease

Aqueous carbon dioxide 
(including H2C03)

C02(aq) 0 .5 1 .0 Increase

Mineralization and Dissolution of Calcium Carbonate

The “C aC O j counter pum p describes the effects o f the production  and dissolution of calcium carbonate 
m aterials (e.g. calcareous shells o f planktonic organisms) on the alkalinity and pH  of seawater. As de­
scribed above, the C aC O j counter pum p and organic carbon pum p (biological pum p), in  conjunction 
with the solubility pum p, are ways in  which the ocean exerts an influence on atm ospheric CO 2 concen­
trations (see Figure 3)54. The m ain chemical reactions for the m ineral form ation and the dissolution of 
calcium carbonate (CaCO j) are as follows:

CaCOs <-► Ca2+ + CO32

CaC03 + H2O +CO2 «-► Ca2+ + 2H C03

Calcium carbonate is formed from right to left, and dissolved from left to right. Calcification and dissolution 
affect both DIC and the ability of seawater to neutralize acids (total alkalinity (A t ) ) .  O n a global scale, CaCOj 
plays a dual role in  regulating carbon sequestration by the oceans. The equilibrium between CaCOj precipi­
tation and dissolution processes is influenced by CO 2 concentrations in surface waters55. The precipitation of 
CaCOj in the upper ocean, through the formation of calcareous skeletons by marine organisms, creates less 
alkaline conditions, which decreases the capacity of the upper ocean to take up atmospheric CO 256, whereas 
a decrease in production in the upper ocean, or the dissolution of marine carbonates at depth, including 
biogenic magnesium calcites (from coralline algae), aragonite (from corals and pteropods), and calcite (from 
coccolithophorids and foraminifera), raises pH  and increases the capacity of the oceans to take up and store 
CO 2 from the atmosphere57. Both reactions are temperature and pressure sensitive, which means that in 
warmer and shallower seas, the balance lies more towards the left (mineralization), whereas in  deeper and 
colder seas, the balance is more to the right (dissolution). It should be noted that as much as 60-80% of the 
CaCOs exported from the surface layers m aybe dissolved in the upper 1000 metres of the water column58.

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

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

54 IPCC (2007) Climate Change 2007: The Physical Science Basis. (Chapter 7: Couplings between changes in  the climate system and 
biogeochemistry) Contribution of W orking G roup I to the Fourth Assessment Report of the Intergovernm ental Panel on Climate 
Change. Cam bridge University Press: Cambridge, UK and New York, NY, USA.

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

56 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 M arine Calcifiers: A  Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

57 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., Millero, F. J. (2004). Im pact of anthropogenic CO 2  on the 
CaC 0 3  system in  the oceans. Science, 305:362-365.

58 Ibid.

18

http://royalsociety.org/document.asp?id=3249


Scientific Synthesis of the Impacts of Ocean Acidification on Marine Biodiversity

Carbonate Buffering

The reaction of CO 2 w ith seawater to form  dissociated CO 2 (aq) and C O 32" and H C O 3 , m eans that the 
resulting increase in  gaseous seawater CO 2 concentration is smaller than  the actual am ount o f CO 2 

entering the seawater. This ’chemical buffering” is quantitatively the m ost im portan t oceanic process 
contributing to the ocean as a carbon sink59, and m aintains the slightly basic pH  of seawater w ithin 
relatively narrow  limits, despite the uptake of atm ospheric C O 2 . The buffer function is not, however, a 
constant, and varies depending on, inter alia, changes in  pCC>2 and the ratio o f DIC to A t . It is predicted 
that as the oceans’ alkalinity decreases due to C O 2 uptake from  the atm osphere, and surface pCC>2 

increases, the capacity of the global oceans to buffer increasing atm ospheric CO 2 will decline, with 
potentially severe consequences60.

Calcium Carbonate (CaCOi) Saturation Horizon

The carbonate buffering process is know n to lower the degree of saturation of seawater (“saturation state 
(O )”) with respect to carbonate m inerals such as calcite and aragonite, which in  tu rn  affects the stabil­
ity and production rates o f these im portant building blocks61,62. W hen seawater is supersaturated with 
aragonite and calcite (0 > 1 ), as is the case in  all ocean surface waters at present, the form ation of shells 
and skeletons will be favoured. Conversely, when seawater is under saturated with respect to these m in­
erals (0 < 1 ) the seawater becomes corrosive and the shells o f calcifying organism s are increasingly prone 
to dissolution63. CaCC>3 becom es m ore soluble with decreasing tem perature and increasing pressure 
and therefore ocean depth, creating a natural boundary  know n as the “saturation horizon“ above which 
CaCC>3 can form, b u t below which it readily dissolves64. The saturation horizon starts at a depth varying 
between 200 m  in parts o f the high-latitudes and the Indian Ocean, and 3,500 m  in the A tlantic65.

The depth  of this sa turation  horizon  (0 = 1 ) for aragonite, a m ore soluble form  of CaC 0 3 , is naturally  
significantly shallower than  that for calcite, as dem onstrated  in  Figure 766. As C O 2 driven ocean acid­
ity increases, carbonate ions are rem oved from  the system  in  the carbonate buffering process (see 
above), and the sa turation  horizon  shallows tow ards surface waters, term ed “shoaling”. The shoaling 
of these saturation horizons and subsequent dissolution of sed im entary  carbonates is one of the m a­
jor long-term  buffering m echanism s by w hich the ocean’s pH  will be restored. However, this process 
operates over m illennial tim e scales and will be processed only as anthropogenic C O 2 reaches the 
sa turation  depths th rough ocean circulation67. Shoaling of the sa turation  horizon reduces the habitat 
available for calcifying organism s reliant on the carbonate m inerals and has im plications for ecosys­
tem  productivity, function  and the provision of services, especially for cold-, deep-water species such 
as cold-water corals.

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

60 Ibid.
61 Zeebe, R. E., Zachos, J. C., Tyrrell, T. (2008) Carbon emissions and Acidification. Science Vol 321:51-52.
62 Fabry, V. J. (2008). M arine Calcifiers in a High-CCU Ocean. Science Vol 320:1020-1022.
63 Feely et al (1988). Mar. Chem . 25:227.
64 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 

http://royalsociety.org/docum ent.asp?id=3249
65 IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of W orking Group I to the Fourth Assessment Report 

of the Intergovernm ental Panel on Climate Change. Cambridge University Press: Cambridge, UK and New York, NY, USA
66 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., M illero, F. J. (2004). Im pact of anthropogenic CO 2  on the

CaCC>3 system in the oceans. Science, 305:362-365.
67 M ontenegro et al, Brovkin, A., V., Eby, M., Archer, D., and Weaver, A. J. (2007), Long term  fate of anthropogenic carbon, Geophys. 

Res. Lett., 34, L19707, doi:10.1029/2007GL030905
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FIGURE 7: Distribution of (A) aragonite and (B) calcite saturation depth (0= 1 ) in the global oceans. Source: 
Feely et a 1.200468. The pressure effect on the solubility is estimated from the equation of Muccl® that includes 
the adjustments to the constants recommended by Millero70.The level at which aragonite and calcite are 
In thermodynam ic equilibrium Is known as the saturation depth. When the degree of saturation,, Is greater 
than 1, seawater Is supersaturated with aragonite and calcite; conversely, seawater Is undersaturated with  
respect to these minerals when < 1. This depth Is significantly shallower for aragonite than for calcite, 
because aragonite is more soluble in seawater than calcite.

Laboratory and field studies have observed that the degree of saturation has a profound effect on the 
calcification rates of species and com m unities in both  planktonic and benthic habitats, as lower pH  
reduces the saturation of the seawater m aking calcification by m arine organism s harder (m ore energy 
costly) and weakening structures that have been form ed (see Section III). C aCO j makes calcifying 
organism s denser (“m ineral ballast”) and increases sinking rates of decom posing and dead particulate 
organic carbon. A reduction in calcification decreases the am ount of ballast available for the sedim enta­
tion of organic m atter and CaCO j, which has implications for the biological pum p and sequestration of 
carbon in  the ocean interior71.

68 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., M illero, F. J. (2004). Im pact of anthropogenic CO 2  on the 
CaC 0 3  system in the oceans. Science, 305:362-365.

69 A. Mucci, Am. }. Sei. 238,780 (1983).
70 F. J. Millero, Geochim. Cosmochim. Acta  59, 661 (1995).
71 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
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II. GLOBAL STATUS AND TRENDS OF OCEAN 
ACIDIFICATION

The global atm ospheric concentration of CO 2 has increased from  a pre-industrial value of approxi­
mately 280 parts per m illion (ppm) to 384 ppm  in 200772 (-387  ppm  in 200973), w ith half o f this increase 
occurring w ithin the last 30 years74. It is suggested that the curren t atm ospheric C O 2 concentration is 
higher than  has been experienced on Earth for 800,000 years75. However, in  the absence of an thropo­
genic C O 2 uptake by the oceans, atm ospheric C O 2 levels would be -5 5  ppm  higher than  present, and 
the effects of global climate change m ore m arked76. W hile the uptake of C O 2 by the oceans is buffering 
the extent o f global climate change, ocean chem istry is changing at a rapid and unprecedented rate77.

The surface waters o f the oceans are slightly alkaline, w ith an overall m ean pH  of -8 .1  on the seawater 
scale78. D uring the past 250 years the average sea surface pH  has decreased by about O.lpH units, equiv­
alent to a 30% increase in  hydrogen ions—a considerable acidification of the oceans79. A tm ospheric 
CO 2 concentrations are predicted to increase by 0.5-1.0%  per year th roughout the 21st century80,81. 
Increasing ocean acidification follows directly (albeit w ith a tim e lag) the accelerating trend  in  world 
CO 2 emissions, and the m agnitude of ocean acidification can be predicted with a high level of certainty 
based on the complex bu t predictable m arine carbonate chem istry reactions and cycles described in  the 
previous section. Along w ith the decline in  surface water pH , a substantial change in  carbonate chem is­
try  (through changes in  pCC>2 , pH , A t , and m ineral saturation states) will occur, including a decline in 
carbonate ion concentration82. The im pacts of ocean acidification on m arine organism s and ecosystems 
are m uch less certain83.

The closest geological analogue to the current atm ospheric CO 2 concentrations is the Paleocene-Eocene 
therm al m axim um  (PETM), which occurred fifty-five m illion years ago. D uring this period a strong 
ocean acidification event occurred, m arked by the rapid and massive carbon input to the ocean-at- 
m osphere system. This event was characterised by a shoaling of the deep calcite saturation horizon by 
2 km  and a sharp sea surface tem perature rise o f 5-9°C  over a lim ited tim e period of 1,000-2,000 years, 
leading to shifts in  m arine planktonic com m unities84,85. The only m ajor extinctions occurred w ithin the

72 Solomon, S., Quinn, D., M anning, M., Chen, Z., M arquis, M., Averyt, K. B., Tignor, M., Miller, H . (eds) (2007). Climate Change 2007: 
The Physical Science Basis. C ontribution of W orking Group I to the Fourth Assessment Report of the Intergovernm ental Panel on 
Climate Change. New York: Cambridge University Press.

73 Feely pers comm..
74 Inter-Academy Panel on International Issues (IAP). 2009. Statement on Ocean Acidification. Endorsed, June 2009. 

www.interacademies.net/CMS/9075.aspx
75 Luthi, D., Le Floch, M., Bereiter, M., Blunier, T., Barnola, J. M., et al. (2008). H igh-resolution carbon dioxide concentration record 

650,000 -  800,000 years before present. Nature 453:379-382.
76 Solomon, S., Q uinn, D., M anning, M., Chen, Z., M arquis, M., Averyt, K. B., Tignor, M., Miller, H. (eds) (2007). Climate Change 

2007: The Physical Science Basis. Contribution of W orking Group I to the Fourth Assessment Report of the Intergovernm ental 
Panel on Climate Change. New York: Cambridge University Press.

77 Turley, C. M., Roberts, J. M., Guinotte, J. M. (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold-water 
ecosystems. Coral Reefs 26:445-448.

78 Feely, R. A., Doney, S. C., and S.R. Cooley (2009), Ocean Acidification: Present conditions and future changes in a high-C Û 2  world, 
Oceanography, submitted for publication.

79 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

80 Guinotte. J., Fabry, V. J. (2009) The Threat of Acidification to Ocean Ecosystems. The Journal of M arine Education, Vol, 25 (l):2 -7 .
81 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 M arine Calcifiers: A Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

82 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

83 Ibid.
84 Kennett, J. P., Stott, L. D. (1991). A brupt deep-sea warming, paleoceanographic changes and benthic extinctions at the end of the 

Paleocene. Nature, 353:225-229.
85 Zachos, J. C., Rohl, U., Schellenberg, S. A., Slujis, A., Hodell, D. A., et al. (2003). Rapid acidification of the ocean during the 

Paleocene-Eocene therm al maxim um . Science, 308:1611-1615.
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benthic foram inifera, though it is unclear w hether ocean acidification was the m ain factor or whether 
changes in  ocean circulation led to anoxia in  bottom  waters86. A total of five mass extinction events have 
greatly influenced paths of evolution o f life on Earth since the end of the Ordovician period (434 million 
years ago), significantly im pacting coral reef ecosystems. The causes attributed to each mass extinction 
can be divided into those independent o f the carbon cycle, such as direct physical destruction, disease 
and loss o f biodiversity, and those linked to the carbon cycle, for example, acid rain. A n exam ination by 
Veron indicates that the prim ary causes of each event can be linked in  various ways to a perturbation  
of the carbon cycle in  general, and changes in  ocean chem istry in  particular, w ith clear association to 
atm ospheric CO 2 levels87.

The fossil record for benthic calcified organisms, including reef-building corals and calcareous algae, shows 
a notable gap during the early Triassic period (250 million years ago) when atmospheric CO 2 concentra­
tions increased dramatically to a level five tim es higher than present day88, and recovery took hundreds 
of thousands of years89. By 2050 ocean pH  is predicted to be lower than it has been for around 20 million 
years90, and lessons from  the Earths past raise concerns that ocean acidification could trigger a sixth mass 
extinction event, independently o f anthropogenic extinctions that are currently taking place91.

Ocean acidification is a global issue. However, regional and seasonal influences, com bined w ith the b io­
logical, chemical and physical factors (e.g. carbonate chemistry, biological productivity, and the effects 
of tem perature on CO 2 solubility), influence the uptake of CO 2 and result in  a variable m ixed surface 
layer pH  and m agnitude of ocean acidification across the global oceans of ±0.3 units from  about pH  
7.90 to pH  8.2092. Larger variations can be observed from  pH 7.3 inside deep estuaries to pH  8.6 in 
productive coastal p lankton bloom s, and pH  9.5 in  tide pools. Because anthropogenic CO 2 invades the 
ocean by gas exchange across the air-sea interface, the highest concentrations of anthropogenic CO 2 are 
found in  near surface waters93.

A. SURFACE WATERS OF H IG H  LATITUD E REGIONS

Colder waters, due to their higher solubility for CO 2 , naturally hold m ore C O 2 and are m ore acidic 
than  w arm er waters94. It is suggested that w ith increasing atm ospheric CO 2 concentrations, the sur­
face waters o f high latitude oceans will be the first to becom e under-saturated with respect to calcium 
carbonate95. Models of atm ospheric CO 2 , including ocean circulation, and geographical variations in 
tem perature have indicated that the cold Southern Ocean is particularly vulnerable to changes in  car­

86 Zachos, J. C., Dickens, G. R., Zeebe, R. E. (2008). An early Cenozoic perspective on greenhouse warm ing and carbon cycle 
dynamics. Nature, 451:279-83.

87 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs
27:459-472.

88 Hoegh-Guldberg, O., Mumby, R J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, R F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

89 M CCIP (2009). M arine Climate Change Ecosystem Linkages Report C ard 2009. (Eds. Baxter, J. M., Buckley, P. J., Frost, M. T.), 
Sum m ary Report, MCCIP, Lowestoft, 16pp.

90 Turley, C. M., Roberts, J. M., Guinotte, J. M . (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold- 
water ecosystems. Coral Reefs 26:445-448.

91 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs 
27:459-472.

92 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

93 Sabine, C. L., Freely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., et al. (2004). The oceanic sink for CO 2 . Science, 
305:367-371.

94 Guinotte, J. M., Fabry, V. J. (2008). Ocean acidification and its potential effects on m arine ecosystems. A nn. N. Y. Acad. Sei. 1134: 
320.

95 Cao, L., Caldeira, K. (2008). A tmospheric CO 2  Stabilization and O cean Acidification. Geophys. Res. Lett. Vol 35:LI9609.
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bonate saturation state due to the low existing saturation levels96, uniform  tem peratures and the extent 
of m ixing in  the water column. Global models suggest that given current emission rates, the surface 
waters o f the Southern Ocean will becom e under-saturated with respect to aragonite by the year 2050, 
and that by 2100 this under-saturation  could extend throughout the entire Southern Ocean and into the 
subarctic N orth  Pacific Ocean. At this point, the average surface ocean carbonate ion concentration will 
have decreased by nearly 50%97. Seasonal fluctuations in  carbonate saturation imply that w inter under­
saturation for aragonite could occur earlier, projected in  one m odel to occur by the year 2030 and no 
later than 2038 under the IPCC “business as usual” scenario98. These predictions suggest that detrim en­
tal conditions for the continuing function of m arine ecosystems, especially calcifying organism s, could 
develop on m uch shorter tim efram es than previously thought99, and that natural variability in  carbon 
dynam ics will influence the onset o f future ocean acidification.
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FIGURE 8 .  Difference in projected surface aragonite saturation (a) and pH (b) between the Special Report 
on Emissions Scenario A2 (m edium -low emissions) simulation with and w ithout warming, averaged over 
the decade 2090-2099. Positive values indicate enhanced acidification by climate change, negative values 
indicate reduced acidification. Source:Steinacher, et al. (2009)™'

Recent predictions suggest that the largest pH  changes in  this century will occur in  the surface waters of 
the Arctic Ocean, where hydrogen ion concentration could increase by up to 185% (a decrease in  pH  of 
0.45 units) if  the release of anthropogenic emissions continues along current trends101. In this instance, 
the Arctic m ean annual O arag <1 will be reached in  2032, reaching O arag <0.75 before 2060 (Figure 8). 
This signifies that the waters will be corrosive to Arctic calcifers such as pteropods (shelled planktonic 
snails), and bivalves such as clams, which play a key role in  Arctic m arine food webs102. Furtherm ore,

96 OSPAR Com m ission (2006). Effects of the m arine environm ent of ocean acidification resulting from  elevated levels of CO 2  in  the 
atmosphere.

97 Feely, R. A. O cean Acidification Along the West Coast of N orth America. Part of Ocean Acidification: The O ther Climate Change 
Story -  Year of Science 2009 website www.yearofscience2009.org.

98 McNeil, B. I., and R. J. M atear (2008), Southern O cean acidification: A  tipping point at 450-ppm  atmospheric CO 2 , Proceedings of 
the National Academy of Sciences, _105(48), 18860-18864 doi:10.1073/pnas.0806318105

99 Orr, J. C., Fabry, V. J., Aum ont, O., Bopp, L., Doney, S. C., et al. (2005). A nthropogenic ocean acidification over the twenty-first 
century and its im pact on calcifying organisms. Nature 437:681-686.

100 Steinacher, M ., Jo os, F., Frölicher, T. L., Plattner, G.-K., Doney, S. C. (2009). Im m inent ocean acidification in the Arctic project with 
the NCAR global coupled carbon cycle-climate model. Biogeosciences, 6:515-533.

101 Ibid.
102 Inter-Academy Panel on International Issues (IAP). 2009. Statement on O cean Acidification. Endorsed, June 2009. 
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the projected im plications of climate change (freshening and sea ice retreat) during this period are likely 
to amplify the decrease in  Arctic surface m ean saturation and pH  by m ore than 20%103.

Time series observations in  the Iceland Sea between 1985 and 2008 support m odelled im plications, 
dem onstrating a w inter decrease in  surface water pH  of 0.0024 y r 1, which is 50% faster than observa­
tions from  subtropical tim e series stations, and a faster rate of change than that observed in  the deep 
water regime (> 1,500m)104. The Iceland Sea is an im portan t source of N orth  Atlantic Deep Water and is 
host to ecologically significant cold water corals, w hich are highly sensitive to the am bient environm ent 
and have narrow  growth param eters105.

The shallowing or “shoaling” of the aragonite saturation horizon due to the rapid uptake of hum an- 
produced CO 2 is predicted to occur in  all polar waters w ithin this century106. The aragonite saturation 
horizon in  the deep Arctic Ocean is currently at 2,500m, while the horizon depth in  the Iceland Sea 
is 1,750m and rising at 4m  y r 1107. Due to the local elevation of the sea floor in  the Iceland Sea a fur­
ther 800km2 of sea floor, previously bathed in  saturated waters, is exposed to under-saturated condi­
tions each year108. In the eastern South and N orth  Atlantic, the aragonite saturation horizon has already 
m igrated upwards by up to 150 m etres in  places. Accordingly, few records of cold-water framework- 
form ing corals exist in  the N orth  Pacific where the aragonite saturation horizon is shallow (50-600 m), 
suggesting that the saturation state is lim iting scleractinian (stony, reef-building) coral d istribution and 
calcification rates109.

B. SURFACE WATERS OF TEM PERATE REGIONS

Little published em pirical inform ation exists on the dynam ics of directly m easured ocean pH  at tem ­
perate and m id-latitudes110. The M editerranean Sea, for example, is w arm er and m ore alkaline than the 
open ocean throughout the water column, resulting in  a larger potential pH  decrease relative to the 
A tlantic Ocean and the potential to rem ain saturated th roughout m ost o f the water colum n for m any 
years to com e111. However, a high resolution dataset o f pH  spanning eight years at a north-tem perate 
coastal site at Tatoosh Island, USA reveals a general declining trend in  pH  over the observation period, 
alongside significant annual and diurnal fluctuations in  pH , likely a result of photosynthesis, respiration 
and dynam ic and seasonal m ixing processes112.

In regions of high biological productivity and export, DIC is converted into organic carbon by phyto­
plankton and exported by the biological pum p into the deeper oceans113. W ind-driven, seasonal up-

103 Steinadler, M ., Joos, F., Frölicher, T. L., Plattner, G.-K., Doney, S. C. (2009). Im m inent ocean acidification in the Arctic project with 
the NCAR global coupled carbon cycle-climate model. Biogeosciences, 6:515-533.

104 Olafsson, J., Olafsdottir, S. R., Benoit-Cattin, A., D anielsen, M ., A rnarson, T. S., Takahashi, T. (2009). Rate of Iceland Sea 
acidification from  tim e series m easurements. Biogeosciences Discuss, 6:5251-5270.

105 Freiwald, A., Fossa, J. H ., Grehan, A., Koslow, T., Roberts, J. M . (2004). Cold-water Coral Reefs. UNEP-WCM C, Cambridge, UK.
106 Turley, C. M ., Roberts, J. M ., Guinotte, J. M . (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold- 

water ecosystems. Coral Reefs 26:445-448.
107 Olafsson, J., Olafsdottir, S. R., Benoit-Cattin, A., D anielsen, M ., A rnarson, T. S., Takahashi, T. (2009). Rate of Iceland Sea 

acidification from  tim e series m easurements. Biogeosciences Discuss, 6:5251-5270.
108 Ibid.
109 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., Millero, F. J. (2004). Im pact of anthropogenic CO 2  on the 

CaC 0 3  system in  the oceans. Science, 305:362-365.
110 CIESM, 2008. Im pacts of acidification on biological, chemical and physical systems in the M editerranean and Black Seas. N° 36 in 

CIESM Workshop Monographs [F. Briand Ed.], 124 pages, M onaco
111 Ibid.
112 W ootton, T. J., Pfister, C. A., Forester, D. (2008). Dynamic patterns and ecological impacts of declining ocean pH  in  a high- 

resolution m ulti-year dataset. PNAS,Vol. 105(48): 18848-18853.
113 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
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welling of subsurface waters along tem perate coastlines brings CCH-enriched waters onto the shelf and, 
in  some instances, into the surface ocean. This water contains a high level of CCb resulting from  natural 
respiration processes in  the subsurface layers and is also significantly contam inated with anthropogenic 
CO 2 .

Along the west coast o f N orth  Am erica for example, the seasonal upwelling of water under-saturated 
w ith respect to aragonite is observed on the continental shelf, reaching depths of 40-120 m 
(Figure 9)114. W hile this is a natural phenom enon in  the region, the oceanic uptake of anthropogenic 
CO 2 has increased the areal extent and the potential threat o f these acidified waters to m any of the cal­
cifying species that live along the coast115.

The upwelling waters along this coast contain CO 2 levels at the edge of solubility for C aCO j aragonites 
(900 -  1,000 ppm ), yet are estim ated to have been last at the surface and in  contact with the atmosphere, 
approxim ately 50 years ago w hen atm ospheric CO 2 concentrations were ~310ppm , significantly lower 
than today (~384ppm )116.

It has been tentatively proposed that ocean acidifica­
tion will act to increase the oligotrophic nature of the 
M editerranean Sea and increase the degree of phospho­
rous lim itation currently  found, which will contribute to 
reduced productivity and export117. As explained in  subse­
quent sections, som e of the w orlds m ost productive fisher­
ies are associated w ith coastal zones in  tem perate latitudes, 
suggesting that the im pacts on m arine food webs caused 
by ocean acidification could be severe and a m ore urgent 
issue than previously thought. This regional scenario is in ­
dicative of the future ecological and social im plications of 
upwelling corrosive waters that will likely be exacerbated 
throughout the next half century as water that has been 
exposed to increasing levels o f atm ospheric CO 2 is cycled 
through the system 118.

Longitude

FIGURE 9 : Depth distribution of under­
saturated water on the continental shelf 
of western North America from Queen 
Charlotte Sound, Canada, to San Gregorio, 
Mexico. Source: Feely et al., 2008rn .

114 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M ., Lans on, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 
Water onto the C ontinental Shelf. Science, Vol320:1490 -1492.

115 Feely, R. A. Ocean Acidification A long the West Coast o f  North America. Part o f Ocean Acidification: The Other Climate Change Story. 
www.yearofscience2009.org.

116 UNESCO, IGBP, MEL, SCOR. (2009). O cean Acidification: A  Sum m ary for Policymakers from  the Second Symposium on the 
Ocean in  a H igh-C 02 World, www.ocean-acidification.net

117 CIESM, 2008. Im pacts of acidification on biological, chemical and physical systems in the M editerranean and Black Seas. N° 36 in 
CIESM Workshop Monographs [F. Briand Ed.], 124 pages, M onaco

118 ScienceDaily (M ay 23 2008). U.S Pacific Coast Waters Turning M ore Acidic -  www.sciencedaily.com/ 
releases/2008/05/080522181511.htm

119 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M ., Lans on, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 
Water onto the C ontinental Shelf. Science, Vol320:1490 -1492.
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C. SURFACE WATERS O F T R O P IC A L  REGIONS

W arm ing of the oceans leads to increased vertical stratification w ithin the water colum n and reduced 
m ixing between the layers, as is often observed in  tropical regions. W arm er surface waters have a lower 
solubility of C O 2 , and receive a lower nu trien t supply from  deeper layers, which in  tu rn  reduces p ri­
m ary  production  rates, and the rate o f CO 2 uptake from  the atm osphere120. In tropical regions adverse 
changes in  carbonate ion availability as a result o f decreasing pH  are likely to be exacerbated by the lack 
of m ixing between the warm, shallow, CC>2 -enhanced surface layers and the buffering effects of cool, 
deep ocean waters121. However, in  localised areas, such as the eastern tropical Pacific (ETP), surface 
waters have lower pH , lower carbonate saturation, and higher pCC>2 values relative to other tropical 
m arine areas due to upwelling processes which m ix C O 2 enriched, deep waters into the surface layers 
along a shallow therm ocline122.

Carbonate coral reefs do no t exist in  waters w ith carbonate-ion concentrations of less than  200 pmol 
kgC Currently, carbonate ion concentrations are ~210pm ol kg-1, lower than  at any tim e during the past 
420,000 years123. According to recent m odel predictions, alm ost all tropical and sub-tropical reefs were 
surrounded by waters favourable to coral growth before the industrial revolution. The Great Barrier 
Reef, Coral Sea and the Caribbean Sea are predicted to experience low levels o f aragonite saturation 
m ore rapidly than  other tropical regions (e.g. C entral Pacific) as atm ospheric C O 2 concentrations 
increase124.

D. NATURALLY LOW  pH E N V IR O N M E N TS

There are several areas in  the w orlds oceans w hich have a low pH  or are already experiencing under­
saturation w ith respect to CaCC>3 m inerals, as is observed where volcanic processes cause CO 2 to vent 
from  subm arine sedim ents (Figure 10). In these areas, CO 2 reacts w ith the seawater, causing pH  and 
chem istry changes. Such environm ents provide an ecosystem-scale validation of the predicted im pacts 
of increasing pCC>2 and acidification on organism s and habitat structures, and can be exam ined to 
provide further inform ation on the ecological tipping points at which principal groups of m arine organ­
isms are affected by increasing pCC>2 125.

In a coastal cold-vent area off the island of Ischia in  Italy, nearly pure CO 2 bubbles from  the seafloor in 
around 6 m etres water depth. The m ean pH  directly around the vents is reduced by 0.6 -  1.5 units (pH 
6.7 -  7.6), gradually rising to the norm al pH  value of 8.1 -  8.2 units at a distance of 70 -  120 m etres 
from  the vents. CaCC>3 (calcite and aragonite) saturation levels and pCC>2 concentrations display sim ilar 
sliding ranges126.

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

121 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs
27:459-472.

122 Manzello, D.P., Kleypas, J.A., Budd, D.A., Eakin, C.M., Glynn, P.W. and Langdon, C. (2008). Poorly cem ented coral reefs of the 
eastern tropical Pacific: Possible insights into reef development in a high-C 02 world. Proceedings of the National Academy of 
Sciences. Vol 105 (30). pp. 10450 - 10455

123 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

124 Ibid.
125 Hall-Spencer, J. M., Rodolfo-Metalpa, R., M artin, S., Ransome, E., Fine, M., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M. C. 

(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature, Vol 454:96-99.
126 Ibid.
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FIGURE 1 0 : Bubbles from the CO2 ventfield  at Ischia. Source:H all-SpencerandRauer,2009.™

E. A N TH R O P O G E N IC  A C TIV IT IE S

It is apparent that any increase in  the am ount o f CO 2 in  the oceans, due to natural- or hum an-induced 
fluxes, will exacerbate ocean acidification. This is of particular relevance for geo-engineering or m acro­
engineering activities that deliberately attem pt to enhance CO 2 absorption and sequestration in  the 
oceans, with a view to reducing atm ospheric CO 2 concentrations and m itigating climate change. A 
portfolio of proposals for ocean storage of CO 2 has recently been reviewed by the IPCC to assess the 
feasibility and appropriateness o f techniques128. Proposed m echanism s, including the direct injection 
of CO 2 into the water colum n (“dissolution type” injection) or onto the seafloor (“lake type” injection), 
while potentially able to tem porarily remove CO 2 from  the atm osphere, are m ore likely to exacerbate 
ocean acidification129. Ocean fertilization, i.e. any activity undertaken by hum ans with the principal 
intention  of stim ulating p rim ary  productivity in  the oceans to induce biologically m ediated C O 2 uptake 
from  the atm osphere, also bears a high risk of changing ocean chem istry and pH , especially if carried

127 Hall-Spencer J. and Rauer, E. (2009). Cham pagne Seas—Foretelling the Oceans Future? Current: The Journal o f  M arine Education, 
Vol. 25(1): 11-12.

128 IPCC (2005): IPCC Special Report on C arbon Dioxide Capture and Storage. Prepared by W orking G roup III of the 
Intergovernm ental Panel on Climate Change [Metz, B., O. Davidson, H . C. de Coninck, M . Loos, and L. A. M eyer (eds.)]. 
Cam bridge University Press, Cam bridge, United Kingdom and New York, NY, USA, 442 pp

129 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/document.asp?id=3249
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out repeatedly and at a large scale. The im pacts (including ocean acidification effects) of ocean fertiliza­
tion  on m arine biodiversity are synthesized in  a separate rep o rt130.

The addition of vast am ounts o f alkaline com pounds, such as calcium hydroxide Ca (O H ) 2  or m ag­
nesium  hydroxide Mg (O H )2 , has been suggested as a m echanism  to reduce atm ospheric C O 2 while 
m itigating ocean acidification. However, uncertainties exist surrounding the efficiency of this m ethod 
to effect significant changes in  ocean acidification, and in  regards to the localised effects and tipping 
points of alkalinity additions on saturation state and CaCC>3 precipitation131. Furtherm ore, the ecologi­
cal damage to m ine and transport alkaline m inerals in  sufficient quantities as would be required for 
such approaches to effect changes in  ocean pH  presents a m ajor concern and is likely to make such 
approaches prohibitive132.

F. FUTURE TREND S

In 2000, the IPCC published a set o f scenarios (Special Report on Emissions Scenarios -  SRES), con­
structed to explore a range of global social, dem ographic, econom ic and technological developments, 
and the corresponding production  of greenhouse gases. Estimates of future atm ospheric and oceanic 
CO 2 concentrations, based on the scenario of the continued release of anthropogenic emissions along 
current trends (“business as usual” A2 & BÍ), and circulation m odels of the IPCC (IPCC IS92a) indicate 
that atm ospheric CO 2 concentrations could exceed 500ppm by 2050, and 800ppm before 2100133.

The corresponding decrease in  surface water pH  of between 0.14 and 0.3-0.4 units, to -7 .9 , will be the 
equivalent o f a 150% increase in  hydrogen ion concentrations, and a 50% decrease in  carbonate ion 
concentrations from  pre-industrial levels134. The rate o f change observed is at least 100 tim es m ore rapid 
than  any experienced over the past 100,000 years135. This is significant for biological systems and gives 
little to no tim e for evolutionary adaptation to changes in  ocean chem istry by m arine organism s136,137.

Models of the “business as usual” scenario also indicate significant changes for global coastal ocean 
seawater chem istry and suggest a decline in  the saturation state of the surface waters with respect to 
aragonite and calcite by 45% by the year 2100 and by 73% by the year 2300138. In addition, increases in 
atm ospheric CO 2 and tem peratures, and elevated levels o f nutrients and organic m atter in  coastal areas 
are predicted to reduce CaCC>3 p roduction  rates by 40% by 2100 and will m ean that CaCC>3 will be dis­
solving faster than  it can be produced before 2150.

130 SCBD (in prep.) Scientific Synthesis on the Impacts of Ocean Fertilization on M arine Biodiversity. Technical Series No. 45, SCBD, 
Montreal.

131 www.cquestrate.com
132 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 

http://royalsociety.org/docum ent.asp?id=3249
133 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., Lanson, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 

Water onto the C ontinental Shelf. Science, Vol320:1490 -1492.
134 Steinacher, M., Joos, F., Frölicher, T. L., Plattner, G.-K., Doney, S. C. (2009). Im m inent ocean acidification in the Arctic project with 

the NCAR global coupled carbon cycle-climate model. Biogeosciences, 6:515-533.
135 OSPAR Commission (2006). Effects of the m arine environm ent of ocean acidification resulting from elevated levels of CO 2  in the 

atmosphere.
136 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs

27:459-472.
137 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 

Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

138 Andersson, A. J., Mackenzie, F. T., Lerman, A. (2006). Coastal Ocean CO 2  -  carbonic acid- carbonate sedim ent system of the 
Anthropocene. Global Biogeochem. Cy., 20, doi:10.1029/2005GB002506.
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One study to m odel the future of global coral reefs predicts that even at future atm ospheric C O 2 concen­
trations of 450-500 ppm  (a conservative estimate), carbonate-ion concentrations will drop below 200 
pmol per kg-1, beyond which C aC O j-building reefs are no longer viable, and reef erosion will exceed 
calcification139. A change of this m agnitude is believed to reduce coral reef ecosystems to less diverse and 
productive systems (Figure 11) 14°.

> 500 ppm 
>+3°C

FIGURE 1 1 : Analogs of the ecological structures predicted through three coral reef scenarios of Increasing 
C O 2 and temperature, as shown.The [C C biatm  and tem perature Increases shown are those for the scenarios 
and do not refer to the locations photographed. A. Reef slope community 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. Source: Hoegh-Guldberg et al., 2007141.

Ocean acidification is irreversible on tim efram es of at least tens of thousands of years142 and is deter­
m ined in  the longer term  by physical m ixing processes w ithin the ocean that allow ocean sedim ents to 
buffer the changes in  ocean chemistry. W arm ing of the oceans as a result o f global climate change m ay 
also reduce the rate of m ixing with deeper waters, which would further delay recovery143. Despite the 
projected increase in  dissolution rates and CO 2 uptake from  the atm osphere, associated w ith decreasing 
C aCO j saturation states, it is likely that the rapid increases in  atm ospheric CO 2 concentrations could 
eventually overwhelm the natural buffering m echanism s of the ocean, leading to a reduced efficiency 
for carbon uptake by the oceans over the next two centuries144. Reduced buffering capacity o f the ocean 
to take up CO 2 will increase the fraction of CO 2 retained in  the atm osphere, a negative feedback loop 
leading to further ocean acidification.

139 Hoegh-Guldberg, O., Mumby, P. J., H ooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. R, Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M ., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M . E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318,1737-1742.

140 Ibid.
141 Hoegh-Guldberg, O., Mumby, P. J., H ooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 

Caldeira, K., Knowlton, N., Eakin, C. M ., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M . E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318,1737-1742.

142 Inter-Academy Panel on International Issues (LAP). 2009. Statement on O cean Acidification. Endorsed, June 2009. 
www.interacademies.net/CMS/9075.aspx

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

144 Doney, S. C., Fabry, V. J., Feely, R. A., Kleypas, J. A. (2009). O cean Acidification: The O ther CO 2  problem. A nnu. Rev. Mar. Sei. 
1:169-192.
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III. SYNTHESIS OF SCIENTIFIC INFORMATION ON 
POTENTIAF IMPACTS OF OCEAN ACIDIFICATION

A. M E T H O D S  A N D  APPROACHES TO ASSESS IM PACTS OF OCEAN A C ID IF IC A T IO N

Changing pH  levels have potentially vast consequences for m arine ecosystems because of the critical 
role pH  plays in  m ediating physiological reactions. Furtherm ore, m any im portan t groups of m arine 
organism s have a skeleton of CaCC>3 , which dissolves when it reacts with corrosive acidified seawater. 
Hence, declining pH  could interfere with critical processes, such as reef building, carbon sequestration 
via phytoplankton sedim entation, and consum er-resource interactions am ong m arine organism s145. The 
ecosystem-wide response to changing pH  is neither a simple function of having calcareous body parts, 
nor a general decline in  organism  function, and depends on the specific pH  regulation and adaptation 
m echanism s of individual organism s, and the interplay am ong ecosystem com ponents146.

The current understanding of the response of m arine organism s to ocean acidification has been based 
largely on in-vitro, short-term , tank  and m esocosm  experim ents, leaving large knowledge gaps of the 
physiological and ecological impacts, and the broader im plications for ocean ecosystems147. Despite 
recent advances, early studies have not included key variables, such as tem perature, light and nutrients, 
know n to affect calcification rates, and few observations are available over sufficient periods to indicate 
if organism s will be able to genetically adapt to the changes148. Furtherm ore, it is unknow n if the ob­
served responses of single species can be extrapolated to the genetically diverse populations that exist 
in  natural ecosystems149.

Experim ental results have, however, clearly dem onstrated that the rate o f calcification in  m arine calci- 
fiers is directly related to the seawater carbonate saturation state150. It can therefore be predicted that the 
goods and services provided by the ocean, upon which hum an populations are dependent, will be dif­
ferent under future acidified oceans as increasing partial pressure of CO 2 , exerted by seawater (pCCk) 
influences the physiology, developm ent and survival of m arine organism s151. The understanding of the 
short-term  im pacts o f ocean acidification on different species of m arine biota is building, and ongoing 
scientific experim entation is facilitating a growing understanding of the wider ecosystem and longer- 
term  implications.

In the 1990s, several large-scale program m es (e.g. Joint Global Ocean Flux Study (JGOFS), Ocean 
A tm osphere C arbon Exchange Study (OACES)) were conducted to m easure ocean carbonate chem istry 
and reconstruct historical CO 2 records. These program m es allowed the quantification of the past and 
current anthropogenic carbon in  the oceans, regionally and with depth, and have been used to estimate 
changes in  the calcite and aragonite saturation states. Observations from  these program m es confirm ed 
that over half o f the anthropogenic carbon that has accum ulated in  the ocean is stored in  the upper 400

145 W ootton, J. T., Pfister, C. A., Forester, J. S (2008). Dynamic patterns and ecological impacts of declining ocean pH  in a high- 
resolution mutli-year dataset. Proc Natl Acad Sei U S A .  2008 December 2; 105(48): 18848-18853. Published online 2008 
November 24. doi: 10.1073/pnas.0810079105

146 Ibid.
147 Hall-Spencer, J. M., Rodolfo-Metalpa, R., M artin, S., Ransome, E., Fine, M., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M. C. 

(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature, Vol 454:96-99.
148 ISRS (2008). Coral Reefs and Ocean Acidification. Briefing Paper 5, International Society for Reef Studies, 9pp.
149 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 

http://royalsociety.org/docum ent.asp?id=3249
150 Andersson, A. J., Mackenzie, F. T., Bates, N. R. (2008). Life of the margin: implications of ocean acidification on Mg-calcite, high 

latitude and cold-water m arine calcifiers. M ar Ecol Prog Ser. Vol. 373:265-273.
151 H ofm ann, G. E., O ’Donnell, M. J., Todgham, A. E. (2008). Using functional genomics to explore the effects of ocean acidificiation 

on calcifying m arine organisms. M ar Ecol Prog Ser, Vol. 373:219-225.
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m etres of the water column; these productive surface layers are also hom e to the m ajority of m arine 
organism s152.

A num ber of European projects have since been initiated (e.g. European Project on O cean Acidification 
(EPOCA), BioAcid) to advance the understanding of the biological, ecological, biogeochem ical and 
societal im plications of ocean acidification, and to fill the existing knowledge gaps of physiological 
responses of m arine organism s to acidifying oceans. A Guide to Best Practices in  Ocean Acidification 
Research and Data Reporting has been prepared to provide guidance to the research com m unity in  this 
rapidly growing field153.

Large-scale (60,000 litres) m esocosm  experim ental observation technology was tested for the first time 
in  the Baltic Sea in  2009 to sim ulate future ocean pH  conditions, under close-to-natural conditions 
(Figure 12). A com prehensive sam pling program m e using this technology, coordinated by the Leibniz 
Institute of M arine Sciences in  G erm any (IFM -GEOM AR), will be conducted in  2010 off Svalbard, 
N orway to gain further insights in  vulnerable high latitudes. The study of sites w ith naturally elevated 
concentrations of CO 2 also provides opportunities to observe and advance the understanding of ocean 
acidification at the ecosystem level and on sufficient tim efram es to observe the effects on com m unities 
of m acro organism s154.

FIGURE 12. Large-scale experimental observation technology Is tested In the Baltic Sea In 2009, under vari­
able pCÛ2 enrichment. Source: UlfRiebesell (IFM-GEOMAR).

Evidence to date suggests that the im pacts will be m ore varied than previously anticipated, with m any 
species no longer viable, bu t som e species able to adapt and proliferate. Ocean acidification will likely 
influence the biogeochem ical dynam ics of calcium carbonate, organic carbon, nitrogen, and phospho­
rus in  the ocean as well as the seawater spéciation of trace metals, trace elements and dissolved organic 
m atter155.

152 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 M arine Calcifiers: A  Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

153 Riebesell, U., Fabry, V. J., Gattuso, J-. P. (2009). Guide to Best Practices in  O cean Acidification Research and Data Reporting. 
http://www.epoca-project.eu/index.php/Hom e/Guide-to-OA-Research/

154 Hall-Spencer, J. M ., Rodolfo-M etalpa, R., M artin, S., Ransome, E., Fine, M ., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M . C. 
(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature, Vol 454:96-99.

155 Doney, S. C., Fabry, V. J., Feely, R. A., Kleypas, J. A. (2009). O cean Acidification: The O ther CO 2  problem. A nnu. Rev. Mar. Sei. 
1:169-192.
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B. THE ROLE OF C a C 0 3 IN  CA LC IFYING  O R G A N IS M S

M any m arine organism s use carbonate m inerals to form  shells and skeletons , including crustose coral­
line algae, some phytoplankton, w arm - and cold-water corals, and a range of pelagic and benthic inver­
tebrates, from  small pelagic sw im m ing snails (pteropods) to lobsters. These organism s are im portan t in 
alm ost all ecosystems, ranging from  tropical regions to high latitudes and the deep sea156. The ability of 
these organism s to calcify is influenced by the acidity of the seawater, the availability o f carbonate ions 
and tem perature. Calcifying organism s are sensitive to changes in  the saturation state of the im portant 
carbonate m inerals calcite and aragonite. The overall saturation state o f seawater is lower in  high lati­
tudes and deep waters than  in  low latitudes and shallower seas. M uch less is know n about how  pH  and 
saturation state vary in  coastal ecosystems.

In general, m agnesium  (Mg) calcite m inerals w ith a significant mole percent (mol %) MgCC>3 are more 
soluble than  aragonite and calcite w ithout Mg. The mole percent o f m agnesium  deposited by m arine 
organism s varies from  a few m ol % to as m uch as 30 m ol % between different species157, resulting in  a 
significant response variation am ong taxa to changing am bient conditions158. M arine calcifiers deposit­
ing hard parts that contain significant concentrations of m agnesium , high Mg-calcite, (e.g. Coralline 
red algae — the p rim ary  cem enter that makes coral reef form ation possible), alongside calcifying organ­
isms living in  high latitudes and cold-water environm ents, are at im m ediate risk from  increasing ocean 
acidification, because they are already im m ersed in  seawater that is only slightly supersaturated with 
respect to the carbonate phases they secrete159.

The function of CaCC>3 is thought to change w ith lifecycle stage. M ost experim ents to date have focused 
on the lethal effects o f CO 2 and acidification on adult organisms, and m ore inform ation is needed on 
the sub-lethal im pacts of small changes in  pH  to reproduction, growth rates and m orphology in  order 
to predict the longer-term  ecosystem im plications of ocean acidification160. The function of CaCC>3 in 
benthic and pelagic com m unities is discussed below, alongside the diverse responses of m arine biota to 
increasing ocean acidification and increasing pCC>2 , w ithin the projected CO 2 emission scenarios.

C. B EN TH IC  C O M M U N IT IE S

Benthic organism s have im portan t functions w ithin the m arine ecosystem, enhancing sedim ent stabil­
ity, providing habitat for small invertebrates and fish, and food for bottom  dwelling and pelagic fisheries 
in  shelf areas, and for hum ans. Continental shelves support a wealth of benthic calcifiers and calcifying 
com m unities, m any of which are of direct econom ic im portance or provide key support to fish habitats, 
and contribute to fundam ental ecological processes. Table 2 sum m arizes the key benthic groups, the 
role o f CaCC>3 in  their functioning, and the observed im pacts and im plications of exposure to elevated 
CO 2 and decreasing pH.

156 Andersson, A. J., Mackenzie, F. T., Bates, N. R. (2008). Life of the margin: implications of ocean acidification on Mg-calcite, high 
latitude and cold-water m arine calcifiers. M ar Ecol Prog Ser. Vol. 373:265-273.

157 Ibid.
158 H ofm ann, G. E., O ’Donnell, M. J., Todgham, A. E. (2008). Using functional genomics to explore the effects of ocean acidificiation 

on calcifying m arine organisms. M ar Ecol Prog Ser, Vol. 373:219-225.
159 Andersson, A. J., Mackenzie, F. T., Bates, N. R. (2008). Life of the margin: implications of ocean acidification on Mg-calcite, high 
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TABLE 2: Sum m ary  of o bse rved  and  predic ted  (*) im pacts  of  high CO2 and  ocean  acidification on ben th ic  m arine  organisms.

Organism Function o f  CaCC>3
O b se rv e d  a n d  p r e d ic te d  (*) 
im p a c ts  o f  e le v a te d  CO2 O b se rv e d  a n d  p r ed ic ted  (*) im p a c ts  o f  lo w  pH S o c io -e c o lo g ic a l  im p lic a tio n s

Warm-water 
corals

Protection; anchoring  
to su b stra te ; ex tension 
into w ater column; 
com petition for 
space; stabilization  of 
seafloor.

Potential to be ou tcom peted  by non-calcify­
ing species*161;

Delay in reproduction due to slow er growth 
ra te s162;

D ecrease in aragonite  sa tu ration  s ta te 163

S keleta l growth o f m ost corals predicted 
to  decrease  by -3 0 %  a t a tm ospheric  C02 
concen trations o f 56oppm *166

40%  reduction in growth ra te s  o f crustose  
coralline a lgae observed under e levated  C02 
experim entation165.

Net loss o f CaC03 m aterial from decreased  
calcification and increased disso lu tion  in 
replicated sub-tropical reef com m unity166.

14.2 % decrease  in coral calcification ra tes  observed on the 
G reat Barrier Reef167

Decline in calcification ra tes  linked to carbonate  satu ration  
s ta te 168;

Two stony M editerranean corals Oculina patagonica  and 
Madracis pharencis  m aintained under low pH underw ent 
com plete skele ton  disso lu tion  but m aintained health  and 
recovered once re turned to am bien t conditions169

New reef grow th and accretion limited*170;

Loss o f ecosystem  function e.g . storm  and 
erosion defence171;

Shift to  h igher expo rt of organic m atter, 
deposition  and bacterial rem lnerallzatlon, 
creating  zones o f anoxia172;

Synergistic effect o f pervasive th rea ts  
reducing reef health  and viability173;

Cold-water
corals

Structural ecosystem  
framework

70%  o f known cold-w ater coral com m unities 
predicted to experience corrosive seaw ater 
by 2100, and by 2020 for som e areas*176;

M odels p re d lc ta  sh o a lln g o f the  satu ration  horizon, reducing 
viable h ab ita t1' 5;

59%  reduction in calcification ra tes  observed in juvenile deep  
sea  coral Lophelia p ertu sa  com pared with o lder polyps176

Dissolution o f productive reef a reas  and 
loss of biodiversity and commercially 
Im portant fish habita t;

40%  o f current fishing grounds are locat­
ed In w aters  hosting  cold-w ater corals177; 
may rep re sen t fish nursery  hab ita ts

85%  o f the  econom ically Im portant 
fish spec ies  observed on subm ersib le  
tran sec ts  In the  w aters  off the  Aleutian 
Islands w ere assoc iated  with cold-w ater 
corals178.

Echinoderms Protection; capture of 
prey; reproduction; 
buoyancy regulation; 
role in rem ineralization 
of sed im en t su rfaces179.

M etabolise highly 
so luble m agnesium  
calcite.

H em icentrotus pulcherrim us and Echinode- 
tra m athaei show ed reduction in reproduc­
tion success , developm ental ra tes  and larval
size180.

Reduction in fertilization rate once pH 
reached 7.1-7.0 un its181.

Exposure of b rittlesta r Ophiothrix fragilis to 
low pH resu lted  in a tem poral decrease  in 
larval size and abnorm al developm ent and 
sk e le to g en esis182

Arm m uscle w astage  observed in burrow ­
ing b rittlesta r A. Aliformis  a s  a resu lt of 
exposure  to elevated  CO183.

Reduction in growth ra tes, size and body w eight186;

Test (shell) d isso lu tion185;

Abnorm al m orphology In p lu teus  larvae reducing com petitive 
advantage.

B rittlestar Ophiothrix fragilis, a keystone spec ies  o f shelf 
s e a s  In north -w estern  Europe, show ed 100% larval m ortality 
a s  pH decreased  by 0.2 units186.

25% reduction in sperm  swim m ing sp eed , motility and re­
productive su ccess  in sea  urchin Heliocidaris erythrogram m a  
under acidification of 0.4 pH un its187.

H. erythrogram m a  fertilization and early developm ent o b ­
served to be ro b u st to decreased  pH within predicted  values 
for environm ental change188.

Shift in m arine ecosystem  com position, 
loss of Im portant functional group.

Som e echlndoerm s (urchins, sea  cucum ­
bers) constitu te  com m ercial fisheries.
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Organism Function o f  CaCC>3
O b se rv e d  a n d  p r e d ic te d  (*) 
im p a c ts  o f  e le v a te d  CO2 O b se rv e d  a n d  p r ed ic ted  (*) im p a c ts  o f  lo w  pH S o c io -e c o lo g ic a l  im p lic a tio n s

Mollusc Varied functions 
including structural 
and protective; passive 
defense ; pH regu la­
tion; buoyancy control; 
oxidation of organic 
m atter in pelagic sed i­
m ents;189

Calcification ra te s  o f M ytilus edulis  d e ­
creased  by 25% ” °

Particular sensitivity  o f juveniles; 70% of 
Crassostrea g igas  larvae reared a t  pH 7.4 
e ithe r com pletely non-shelled  or partially 
sh elled191.

Calcification ra te s  o f oyster Crassostrea  
g ig a s  d ecreased  by io % ” 2

Immune re sp o n ses  and organism  health  
com prom ised in M ytilus edulis  a fter 32 days 
exposure  to elevated  C02193;

Cephalopod Sep ia  officinalis m aintained 
calcification ra tes  under elevated  pC02 
increasing  body m ass daily by -  4% and 
in c rea sin g th e  m ass o f th e  calcified cuttle- 
bone by over 500% ” ''.

Reduced hatching  o f eg g  sacs  in gastropod  Babylonia  
areolata193

40%  loss of sperm  motility o f Crassostrea g igas follow ing pH  
changes from  pH8 to pH 6'96.

Juvenile clam s Mercenaria mercenaria  show ed substan tia l 
shell disso lu tion  and increased m ortality197.

S lower developm ent tim e, a ltered  em bryonic m ovem ent and 
modification o f shell sh ap e  in gastropod  Littorina ob tu sa ta  
a t  lower pH198

Reduced fertilization in Sydney rock oyster Saccostrea g lo m ­
erata  a s a  resu lt o f pC02 increases and tem pera tu re  change 
from optim um 199.

16% decrease  in shell a rea  and a 42%  reduction in calcium 
con ten t in oyster Crassostrea virginica grown in estuarine  
w ater under sim ulated  pC02 regim es com paring preindustrial 
to 2100200. Crassostrea ariakensis  larvae show ed no change 
to e ithe r growth or calcification under th e  sam e trea tm en ts.

Loss o f commercially and ecologically 
im portan t m arine species;

Im pact on livelihoods (aquaculture and 
fishing) and food security;

Disruption o f global food w ebs and 
predator-prey  re la tionsh ips201;

Crustaceans No observed effect of elevated  C02 
(2380PPIT1) on developm ental ra te , survival 
or body size in copepod Acartia tsu en sis202

Reduction in carapace m ass and exoske l­
eton  m ineral con ten t o f carapace in the 
European lobster H omarus gam m aru  in 
C02-acidified sea  w ater tre a tm en ts203

No observed effect o f reduced pH on barnacle A m phibalanus  
Am phitrite  larval condition, cyprid (final larval stage) size, 
cyprid a ttach m en t and m etam orphosis, juvenile to adu lt 
grow th, or e g g  production2021.

161 Atkinson, M . J., Cuet, P. (2008). Possible effects of ocean acidification on coral reef biogeochemistry: topics for research. M ar Ecol Prog Ser, Vol. 373:249-256.
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Warm-water Coral Reefs

Tropical coral reefs cover an area of 284,803km2 and are lim ited in  distribution by narrow  growth pa­
ram eters, occurring prim arily  in  sunlit surface waters o f the tropical and sub tropical oceans205. These 
diverse and productive ecosystems provide habitat for thousands of species and are im portan t and valu­
able resources for people and industries, estim ated to provide in  excess of $30 billion annually in  global 
goods and services, such as coastline protection, tourism , and protein. In Hawaii alone, reef-related 
tourism  and fishing generate $360 m illion per year206.

In corals and coralline algae, the developm ent o f CaCC>3 skeletal m aterial provides rigidity against hy­
drodynam ic conditions; facilitates anchorage to hard bo ttom  substrates; plays a role in  protection; and 
is thought to elevate the organism  above the substrate into m ore optim al light and flow conditions, 
aiding growth and reproduction. The rate o f coral calcification is an im portan t barom eter of the health 
of reef ecosystems.

Aragonite is the principal m ineral deposit in  the skeletal m aterials of reef-building Scleractinian corals. 
Aragonite is m ore soluble and has a significantly shallower saturation depth than  calcite, m aking corals 
vulnerable to changes in  saturation states207. As a result o f increasing CO 2 concentrations, the aragonite 
saturation state has already decreased from  preindustrial levels by ~16%208. A num ber of independent 
experim ents have shown w arm -water zooxanthellate corals to be sensitive to lower aragonite satura­
tions w ith a corresponding reduction in  their ability to calcify in  high CO 2 waters209. Future projections 
of global aragonite saturation state indicate that while w arm -water corals will experience lower satura­
tion  levels and m ay suffer from  reduced calcification, it is the cold-water corals that are first likely to 
experience under-saturated conditions with respect to aragonite210.

Experim ental evidence has dem onstrated that an increase in  pCC>2 has a negative effect on coral and 
reef com m unity calcification as a result of a decrease in  the aragonite saturation state211. Investigations 
into the annual calcification rates o f massive Porities spp. on the Great Barrier Reef (GBR) in  Australia 
dem onstrated a decline in  calcification rates o f 14.2% during the period 1990 -  2005 in  the corals stud­
ied. The study was based on m easurem ents o f 328 colonies of massive Porites spp from  69 reefs ranging 
from  coastal to oceanic locations and covering m ost o f the (>2000km) length of the Great Barrier Reef. 
Sea surface tem perature and carbonate saturation state are considered as the two m ost likely drivers af­
fecting calcification on the GBR-wide scale212. Previous studies suggest that calcification rates could be 
reduced between 20-60%  at double preindustrial atm ospheric concentrations (560ppm )213; a reduction 
of this m agnitude could fundam entally alter the reef structure and function  of these im portan t ecosys­
tems, with deleterious consequences.

205 Spalding et al (2001) W orld Atlas of Coral Reefs.
206 TNC (2008). The Honolulu Declaration on Ocean Acidification and Reef M anagement: W orkshop Report 12-14 August 2008.
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209 Kleypas, J. A., Feely, R. A., Fabry, V. J., Langdon, C., Sabine, C. L., Robbins, L. L. (2006). Impacts of Ocean Acidification on Coral 
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The m onitoring of direct calcification responses of corals to ocean acidification in-situ is com plicated 
by the synergistic effect o f factors other than  basic seawater chemistry, including light, tem perature and 
nutrients. Additionally, diurnal variability in  carbonate chem istry is observed in  waters over coral reefs 
following photosynthesis-respiration, and calcification-dissolution by the coral community.

Scleractinian corals Oculina patagonica and Madracis pharencis, m aintained in  an indoor flow-through 
system under am bient tem peratures but reduced pH  values of 7 3 -7 .6  and 8.0-8.3 for a period of 12 
m onths, dem onstrated complete skeleton dissolution but m aintained basic functions w ithout the loss 
of algal symbionts, substrate attachm ent, or reproductive capabilities. Once transferred to am bient pH  
conditions, the soft-bodied polyps calcified and reform ed colonies, suggesting that corals m aybe capa­
ble o f surviving large-scale environm ental change214. However, this situation m ay not predom inate in 
the natural environm ent given additional energy dem ands on the organism , such as predation pressure 
and variable food availability.

A net loss of CaC 0 3  m aterial was observed as a result of decreased calcification and increased car­
bonate dissolution from  subtropical coral reef com m unities incubated in  continuous-flow  mesocosm s 
subject to future seawater conditions. The calcifying com m unity was dom inated by the coral Montipora 
capitata. Daily average com m unity calcification was positive at 3.3 m m ol CaCC>3 n r 2 t r 1 under am bi­
ent seawater pCC>2 conditions as opposed to negative at -0 .04  m m ol CaCC>3 n r 2 t r 1 under seawater 
conditions of double the am bient pCC>2 . These experim ental results support the conclusion that some 
net calcifying com m unities could becom e subject to net dissolution in  response to anthropogenic ocean 
acidification w ithin this century. Nevertheless, individual corals rem ained healthy, actively calcified 
(albeit slower than  at present rates), and deposited significant am ounts of CaCC>3 under the prevailing 
experim ental seawater conditions of elevated pCC>2215.

Crustose coralline algae, an ubiquitous red algae, is of key im portance in  coral reef ecosystems, stabiliz­
ing reef structures and providing an im portan t food source for benthic organism s such as sea urchins, 
parro t fish, and several species o f m ollusc216, including com mercially and culturally im portan t ab alone. 
Crustose coralline algae form  a m ajor calcifying com ponent of the m arine benthos from  polar to trop i­
cal regions and are considered to influence the settlem ent of coral recruits. Laboratory experim ents ex­
posing algae to elevated CO 2 of up to two tim es present-day values indicated up to a 40% reduction in 
growth rates, a 78% decrease in  the recruitm ent, and a 92% reduction in  areal coverage217. In tropical 
and subtropical environm ents, the dependence of calcareous algae, and other im portan t reef calcifiers, 
like echinoderm s and benthic foram inifera, on high-m agnesium  calcite, the m ost soluble of all calcium 
carbonate m inerals, would make these likely early casualties o f ocean acidification. These algae are 
critical to reef consolidation; their demise would seriously threaten net accretion of reefs even before 
reduced calcification was a significant issue for scleractinian corals218,219.

As the w orlds oceans becom e less saturated w ith respect to carbonate m inerals over tim e, corals are ex­
pected to build  weaker skeletons and experience slower growth rates, which will make it m ore difficult

214 Fine, M., Tchernov, D. (2007). Scleractinian Coral Species Survive and Recover from Décalcification. Science, Vol 315:1811.
215 Andersson, A. J., Kuffner, I. B., M ackenzie, F. T., Jokiel, R L., Rodgers, K. S., & Tan, A., 2009. Net Loss of C aC 03 from a subtropical 

calcifying com m unity due to seawater acidification: mesocosm-scale experimental evidence. Biogeosciences 6(8): 1811-1823
216 Chisholm, J. R. M. (2000). Calcification by crustose corraline algae on the northern  Great Barrier Reef, Australia. Limnol. 

Oceanogr. 45:1476-1484.
217 Kuffner, I. B., et al (2007). Decreased abundance of crustose coralline algae due to ocean acidification. Nature Geoscience. 

1:114-117.
218 Veron, J. E. N. (2008) Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral Reefs

27:459-472.
219 Kuffner, I. B., et al (2007). Decreased abundance of crustose coralline algae due to ocean acidification. Nature Geoscience. 

1:114-117.
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for corals to retain  com petitive advantage over other m arine organism s220,221. Increasingly brittle coral 
skeletons are at greater risk of storm  damage, and bioerosion, w hich will reduce the structural com ­
plexity o f the reef system, reducing habitat quality and diversity alongside the loss of coastal protection 
functions222. Coral reefs are threatened globally by a suite o f anthropogenic and natural threats includ­
ing hum an population growth, coral bleaching resulting from  high tem perature events, overfishing, 
coastal development, land-based pollution, nu trien t ru n  off and coral disease. A n estim ated 19% of 
the original global area of coral reefs has been effectively lost, with a further 35% threatened w ith loss 
w ithin the next half century223. The climatic effects o f rising ocean tem peratures and ocean acidification 
further exacerbate the pervasive threats to reef ecosystems224.

The response of tropical coral reefs to ocean acidification will range from  the point where reduced 
skeletal growth affects the coral’s ability to survive to the point where a reef loses the ability to m aintain 
its structure. These “thresholds” will vary from  coral to coral and from  reef to reef. For example, the 
reproductive success and sexual m aturity  o f som e coral species such as Goniastrea aspera is dependent 
on size of the colony rather than  age, and thus is likely to be reduced in  low pH  conditions where growth 
rates are slower225. It is suggested that skeletal growth of m ost corals will decrease by about 30% once 
atm ospheric CO 2 concentration reaches 560ppm 226 and that m any reefs will shift from  a reef growth to 
erosion state, particularly in  areas where other pervasive threats are prevalent227.

The analysis of multiple coral reef sites on the eastern seaboard of Panam a (Gulf of Panam a and Gulf of 
Chiriqui) and the Galapagos Islands indicates that site specific water chem istry has a profound effect on 
coral reef growth and development. W hen com pared to reefs in  the Gulf of Mexico, the eastern tropical 
Pacific (ETP) reef frameworks are very poorly cem ented and only held in  place by a th in  envelope of 
encrusting organisms. This makes them  highly susceptible to bioerosion — indeed, the bioerosion rates 
of the ETP reefs studied are am ong the highest m easured for any reef system to date. The study sug­
gests that ETP reefs represent a real-world example of coral reef growth in  low saturated waters that can 
provide an insight into how the biological-geological interface of coral reefs will change in  a high-CC>2 

world228.

Cold-water Coral Communities

Cold-water coral com m unities or bioherm s are found throughout the w orlds oceans between 200 and 
1000 m etres depth, in  tem peratures between 4°-12°C. Extensive carbonate reef fram eworks covering

220 Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., M organ, L., George, R. (2006). W ill hum an-induced changes in seawater chem istry 
alter the distribution of deep-sea scleractinian corals? Front Ecol Environ 4(3): 141 —146.

221 Atkinson, M . J., Cuet, P. (2008). Possible effects of ocean acidification on coral reef biogeochemistry: topics for research. M ar Ecol 
Prog Ser, Vol. 373:249-256.

222 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

223 W ilkinson, C. (2008). Status of Coral Reefs of the World: 2008. Global Coral Reef M onitoring Network and Reef and Rainforest 
Research Centre, Townsville, Australia, 296 p.

224 Gledhill, D. K., W anninkhof, R., Millero, F. J., Eakin, M . (2008). Ocean Acidification of the Greater Carbibbean Region 1996-2006. 
Journal of Geophysical Research Vol 113:C 10031.

225 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 M arine Calcifiers: A Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

226 Langdon, C., and M.J. Atkinson. 2005. Effect of elevated pC 02 on photosynthesis and calcification of corals and interactions 
w ith seasonal change in tem perature/irradiance and nutrient enrichm ent, Journal of Geophysical Research 110, CC09S07, 
doi:10.1029/2004JC002576.

227 TNC (2008). The Honolulu Declaration on Ocean Acidification and Reef M anagement: W orkshop Report 12-14 August 2008.
228 Manzello, D. P., Kleypas, J. A., Budd, D. A., Eakin, M., Glynn, P. W., Langdon, C. (2008). Poorly cem ented coral reefs of the eastern 

tropical Pacific: Possible insights into reef development in a high-C 02 world Proc Natl Acad Sei U S A .  2008 July 29; 105(30): 
10450-10455.
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areas of over 100 km 2 (e.g. Rost Reef, Norway) built by six of the 700+ know n species, play an im ­
portan t role as a refuge and feeding ground for organism s and com m ercial fish species229, supporting 
characteristic fauna several times as diverse as that found on the surrounding seabed230. An estim ated 
40% of current fishing grounds are located in  waters hosting cold-water coral com m unities231. These 
slow-growing, long-lived corals are especially vulnerable to stresses from  anthropogenic activities such 
as bottom  trawling, oil and gas exploration, and sub-m arine industry  activities (e.g. sub-m arine cables), 
w hich act in  tandem  with pervasive stress from  changes in  ocean circulation and chemistry.

The carbonate saturation state generally decreases with latitude and depth, and thus the conditions 
inhabited by cold-water corals are often less favourable for calcification, being bathed in  waters with 
naturally high levels o f CCH232. However, m ore than 95% of cold-water coral com m unities occur in  wa­
ters that are supersaturated w ith respect to aragonite, confining their global d istribution to ocean basins 
where the aragonite saturation horizon rem ains relatively deep (Figure 13). The predicted shoaling of 
the aragonite saturation horizon over tim e as atm ospheric CCb concentrations increase m ay make large 
areas of the oceans uninhabitable for cold-water corals m uch earlier than for their w arm  water counter­
parts233. Indeed, according to predictions, 70% of know n cold-water coral ecosystems could experience 
corrosive water conditions by the end of the century, although som e m ay experience aragonite under­
saturation as early as 20 2 0234,235.

FIGURE 1 3 : Cold-water corals (Version 2.0 2005, UNEP-WCMC). Sourced from  A. Freiwald, A lex Rogers and  
Jason Flall-Spencer, and  o ther contributors.236

229 Turley, C. M ., Roberts, J. M ., Guinotte, J. M . (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold- 
water ecosystems. Coral Reefs 26:445-448.

230 Ibid.
231 W W R 2004. Cold-water corals: fragile havens in the deep.
232 Guinotte. J., Fabry, V. J. (2009) The Threat of Acidification to Ocean Ecosystems. The Journal of M arine Education, Vol, 25 (l) :2 -7 .
233 Guinotte, J. M ., O rr, J., Cairns, S., Freiwald, A., M organ, L., George, R. (2006). W ill hum an-induced changes in seawater chem istry 

alter the distribution of deep-sea scleractinian corals? Front Ecol Environ 4(3): 141-146.
234 Ibid.
235 Ibid.
236 http://m aps.grida.no/go/graphic/coldwater-coral-reefs-distribution
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Deep-water corals have evolved in  cold, dark and nu trient-rich  environm ents and rely on the flux of 
particulate organic m atter from  surface waters. Rising tem perature and salinity changes caused by in ­
creasing CO 2 concentrations in  the global oceans could alter circulation patterns and thus food avail­
ability for corals, and physiology and biochem istry, with significant consequences for these im portant 
ecosystems237.

Cold-water coral com m unities have only recently been the focus of study following the developm ent 
of sufficiently sophisticated instrum entation  to explore deep-water environm ents. The first m easure­
m ents of calcification rates in  deep-sea coral conducted recently with Lophelia pertusa  showed clear 
patterns of calcification, w ith the youngest polyps calcifying m ost rapidly, at rates com parable to those 
of slow-growing reef-building corals. Dram atically reduced calcification rates were observed at lower 
pH  treatm ents as a clear response to increased pCC>2 and lower pH  with juveniles suffering m ore (59% 
reduction) than  older polyps (40% reduction)238. If the curren t rate o f increase in  CO 2 emissions con­
tinues unabated, ocean acidification could threaten  sensitive cold-water coral environm ents before their 
biological diversity and im portance has been effectively explored239.

Echinoderms, Crustaceans, Molluscs

The role of CaCC>3 in  echinoderm s, crustaceans, molluscs and foram inifera varies depending on lifecy­
cle stage, bu t CaCC>3 is essential to their existence and effective function. Physiological functions other 
than  structural and protective ones include passive defense through pigm entation of the shell, and pH  
regulation through sealing off the supply of am bient sea water, as seen in  the barnacle. Cuttlefish have 
an internal aragonite shell that serves as a structural support and a buoyancy control device240. The hard 
exoskeletons of crustaceans are form ed from  heavy deposits o f CaCC>3 . D uring the m oult cycle, crusta­
ceans conserve m inerals by absorbing CaCC>3 from  their shell before it is shed, into their blood stream  in 
order to strengthen the new  exoskeleton241, at which tim e they are vulnerable to predation and disease.

A growing body of inform ation is becom ing available on the effects o f increasing CO 2 on shallow-water 
m arine benthos. Recent studies have investigated the physiological and calcification effects o f long-term  
exposure (3-6  m onths) o f molluscs and sea urchins to high CO 2 environm ents, and results suggest 
that an increase in  atm ospheric CO 2 o f 200 ppm  would have significant im plications for the physiol­
ogy of certain  species, and is dependent on the internal pH  regulation m echanism s242. Specimens of 
the mussel M ytilus galloprovincialis243 and sea urchins Hemicentrotus pulcherrimus and Echinometra 
mathaei dem onstrated a significant reduction in  growth rate, size and body weights, and shell dissolu­
tion  when exposed to low pH 244. Calcification rates in  M ytilus edulis were observed to decline linearly 
with increasing CO 2 levels, and 70% of oyster Crassostrea gigas larvae reared under pH  7.4 were either

237 Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., M organ, L., George, R. (2006). W ill hum an-induced changes in seawater chem istry 
alter the distribution of deep-sea scleractinian corals? Front Ecol Environ 4(3): 141 —146.

238 Maier, C., Hegeman, J., Weinbauer, M. G., Gattuso, J.-R (2009). Calcification of the cold-water coral Lophelia pertusa under ambient 
and reduced pH. Biogeosciences, 6: 1671-1680.

239 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

240 Gutowska, M., Portner, H. O., Melzner, F. (2008). Growth and calcification in the cephalopod Sepia officinalis under elevated 
seawater pCÛ 2 . M ar Ecol Prog Ser 373:303-309.

241 Pechenik, J. A. (2000). Biology o f the Invertebrates, 4th ed. Boston: M cGraw-Hill http://www.biologyreference.com/Co-Dn/ 
Crustacean.html#ixzzOW5s4vpmJ

242 Shirayama, Y., Thornton, H. (2005). Effect of increased atmospheric CO 2 on shallow water m arine benthos. Journal of Geophysical 
Research, Vol, 110:C09S08.

243 Michaelidis, B., Ouzounis, C., Paleras, A., Portner, H. O. (2005). Effects of long-term  m oderate hypercapnia on acid-base balance 
and growth rate in m arine mussels M ytilus galloprovincialis. M ar Ecol Prog Ser 293:109-118.

244 Shirayama, Y., Thornton, H. (2005). Effect of increased atmospheric CO 2 on shallow water m arine benthos. Journal of Geophysical 
Research, Vol, 110:C09S08
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completely non-shelled, or only partially shelled, in  contrast to 70% successful developm ent in  control 
em bryos245. Additionally, a 40% reduction in  sperm  m obility of C. gigas was observed in  response to 
large pH  changes from  p H 8  to p H 6 . However, this is beyond any expected change in  pH  in  the oceans 
due to increases in  CO 2 concentrations in  the near future246.

M. edulis possesses strong physiological mechanism s by which it is able to protect body tissues against 
short-term  exposure to highly acidified seawater. However, these mechanism s come at an energetic cost, 
which can result in  reduced growth during long-term  exposures. The m edium -term  (32 days) exposure 
of M. edulis to elevated CO 2 levels disrupted im portant im m une responses and significantly reduced or­
ganism health by suppressing levels o f phagocytosis247 and elevating levels o f calcium ions in  the haemo- 
lymph following the dissolution of the CaCC>3 shells. Consequently, the predicted long-term  changes to 
seawater chem istry associated with ocean acidification are likely to have a significant effect on the health 
and survival of M. edulis populations248. Mussel beds are a dom inant coastal habitat along the northeast­
ern Pacific and northw estern Atlantic, and, in general are an im portant habitat on m ost tem perate rocky 
shores, providing food and structure for a diverse array of species in  an otherwise physically stressful 
environment.

Significant reductions (25%) in  sperm  sw im m ing speed, m otility and reproduction  success were ob­
served w ithin the sea urchin Heliocidaris erythrogramma  following exposure to CC>2 -induced acidifica­
tion  by 0.4 units, the upper lim it o f the IPCC predictions for 2100249. A delay in  the developm ental rate 
was also observed to increase m ortality  of em bryos during the planktonic period, due to predation250. 
However, H. erythrogramma fertilization and early developm ent were observed during one study to be 
robust to decreased pH  w ithin predicted values for environm ental change, but sensitive to tem perature, 
w hich caused developm ental failure. This is due in  part to the naturally low pH  associated with urchin 
fertilization (pH  7.6), and possible adaptations of this species to a broad range of pH  characteristic 
of intertidal habitats. This suggests that sea urchin  em bryos m ay not reach the calcifying stage in  a 
w arm  ocean and em phasizes the need for experim ents that concurrently address the two m ain stres­
sors set to change the global oceans: tem perature and acidification251. W hile the m echanism  of these 
effects rem ains poorly understood, these findings have im portan t im plications for the reproductive 
and population viability of broadcast spawning m arine species in  a future acidified and warm er ocean. 
Furtherm ore, sea urchin  tests are m ade of m agnesium  calcite, which is substantially m ore soluble than 
calcite, and their m orphology facilitates direct contact between the in ternal body cavity and am bient 
seawater, leading them  to be m ore sensitive to CC>2 -associated pH  decreases252.

Exposure of the brittlestar Ophiothrix fragilis to low pH  resulted in  a tem poral decrease in  larval size 
as well as abnorm al developm ent and skeletogenesis. Acidification of 0.2 units induced 100% larval

245 Kurihara, H. (2008). Effects of CO 2  driven ocean acidification on the early developmental stages of invertebrates. M ar Ecol Prog 
Ser, Vol. 373:275-284.

246 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

247 Bibby, R., W iddicombe, S., Parry, H., Spicer, J., Pipe, R. (2008). Effects of ocean acidification on the im m une response of the blue 
mussel M ytilus edulis. Aquatic Biology. Vol, 2:67-74.

248 Beesley, A., Lowe, D. M., Pascoe, C.K., W iddicombe, S. (2008). Effects of C 02-induced seawater acidification on the health of 
Mytilus edulis. Climate Research, Vol. 37:215-225.

249 Havenhand, J. N., Buttler, F. R., Thorndyke, M. C., W illiamson, J. E. (2008). Near-future levels of ocean acidification reduce 
fertilization success in a sea urchin. C urrent Biology. Vol, 18(5):651-652.

250 Kurihara, H., Shirayama, Y. (2004). Effects of increased atmospheric CO 2  on sea urchin early development. M ar Ecol Prog Ser.
Vol 274:161-169.

251 Byrne, M., Ho, M., Selvakumaraswamy, P., Nguyen, H. D., Dworjanyn, S. A., Davis, A. R. (2009). Temperature, but not pH, 
compromises sea urchin fertilization and early development under near future climate change scenarios. Proc. R. Soc. B. 
276:1883-1888.

252 Shirayama, Y., Thornton, H. (2005). Effect of increased atmospheric CO 2 on shallow water m arine benthos. Journal of Geophysical 
Research, Vol, 110:C09S08
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m ortality  w ithin an eight-day period. C ontrol larvae showed 70% survival over the same period. The 
calcite skeleton of the larval brittlestar has been proposed to aid key functions such as feeding and verti­
cal m igration, and defense against predators. A bnorm al developm ent of the skeleton would therefore 
be expected to have dram atic consequences for fitness. Ophiothrix fragilis, a keystone species, occur in 
high densities and stable populations through the shelf seas o f the eastern Atlantic253. The burrow ing 
ophiuroid Am phiura filiformis plays an im portan t role in  nu trien t cycling through b io turbation  and 
burro  w -irrigation activities in  sediments. Physiological changes to Am phiura filiformis as a result o f a 
CO 2 exposure study affected nitrate fluxes by changing the irrigation activities, either through an in ­
creased dem and for oxygen or food, or by muscle wastage that reduces the capacity to bioirrigate. This 
study suggests that ocean acidification-related im pairm ent of organism s can affect the relationships 
between the key com ponents driving ecosystem function254.

A study to investigate the synergistic effects o f ocean acidification and tem perature on the fertilization and 
em bryonic development o f the economically and ecologically im portant Sydney rock oyster (Saccostrea 
glomerata) dem onstrated that both pCCH increases and tem perature deviation from  the optim um  for 
fertilization (26°C) reduced fertilization significantly. Prolonged exposure of elevated pCC>2 and tem ­
perature across early developmental stages led to fewer D-veliger (shelled) larvae, m ore abnorm ality and 
smaller sizes in  elevated CO 2 environm ents and m ay lead to lethal effects at suboptim al tem peratures255.

Early life stages of organism s appear to be m ore sensitive to environm ental disturbances than adults256. 
For example, juveniles o f two snail species in  Ischia, a naturally acidified site, were absent in  areas 
w ith a m in im um  pH  of 7.4, and the shells o f adult specim ens were severely corroded and weakened 
by the acidified sea water, an effect which probably increases their risk of predation (Figure 14) 257. 
Investigations into the effects o f ocean acidification on developing em bryos of the intertidal gastropod, 
Littorina obtusata dem onstrated slower overall developm ent time, altered em bryonic m ovem ent, and 
m odification of shell shape in  hatchlings, suggesting that ocean acidification may affect em bryonic m a­
rine organism s in  subtle bu t significant ways258.

These results are in  contrast to one recent study of the effects o f ocean acidification over the life h istory 
of the barnacle Amphibalanus Amphitrite, which observed no effects o f reduced pH  on larval condi­
tion, cyprid (final larval stage) size, cyprid attachm ent and m etam orphosis, juvenile to adult growth, or 
egg production. Nonetheless, barnacles exposed to the CCb-driven acidification of seawater dow n to a 
pH  of 7.4 displayed a trend of larger basal shell diam eters during growth, suggestive of com pensatory 
calcification. Furtherm ore, greater force was required to cause shell breakage of adults raised at pH  7.4, 
indicating that the lower, active growth regions of the wall shells had becom e m ore heavily calcified259.

253 D upont S., H avenhand J., Thorndyke W., Peck L. & Thorndyke M ., 2008. N ear-future level of C02-driven ocean acidification 
radically affects larval survival and development in  the brittlestar Ophiothrix fragilis. Marine Ecology Progress Series 373:285-294

254 W ood, H . L., Spicer, J. I., W iddicom be, S. (2008). Ocean acidification may increase calcification -  but at a cost. Proc. R. Soc. Lond. 
B -  Biol. Sei., 275(1644): 1767-1773.

255 Parker, L. M., P. M . Ross, and W. A. O ’C onnor (2009), The effect of ocean acidification and tem perature on the fertilization and 
embryonic development of the Sydney rock oyster Saccostrea glomerata (G ould 1850), Global Change Biology, 15(9), 2123-2136, 
doi: 10.1111/j. 1365-2486.2009.01895.x.

256 Gazeau, R, Quiblier, C., Jansen, J., Gattuso, J. P., M iddleburg, J., Heip, C. (2007). Im pact of elevated CO 2  on shellfish calcification. 
Geophys Res Lett 34:L07603.

257 Hall-Spencer, J. M ., Rodolfo-M etalpa, R., M artin, S., Ransome, E., Fine, M ., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M . C. 
(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 454:96-99.

258 Ellis, R. P., Bersey, J., Rundle, S., Hall-Spencer, J. M ., Spicer, J. I. (2009). Subtle but significant effects of CO 2  acidified seawater on 
embryos of the intertidal snail, Littorina obtusata. A quatB iol 5:41-018.

259 M cDonald, M . R., M cClintock, J. B., Amsler, C. D., Rittschof, D., Angus, R. A., Orihuela, B., Lutostanski, K. (2008). Effects of ocean 
acidification over the life history of the barnacle A mphibalanus A m phitrite. M ar Ecol Prog Ser 385:179-187.
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FIGURE 1 4 : P. caerulea and H. truculus showing severely eroded, pitted shells in naturally acidified areas of 
minimum pH 7.4. Source:Hall-Spencer,2008260.

A study of the active cephalopod mollusc Sepia officinalis dem onstrated that this invertebrate is capable 
of not only m aintaining calcification, bu t also growth rates and m etabolism  when exposed to elevated 
partial pressures o f carbon dioxide (pCCH). D uring a six-week experim entation period, juvenile S. offi­
cinalis m aintained calcification rates under -4 ,000 and - 6 , 0 0 0  ppm  C O 2 and grew at the same rate with 
the same gross growth efficiency as control animals. They gained approxim ately 4% body mass daily and 
increased the mass of their calcified cuttlebone by over 500%. The study concluded that active cephalo- 
pods possess a certain level of pre-adaptation to long-term  increm ents in  carbon dioxide levels261.

Culture of the early larval stages of an economically im portan t crustacean, the European lobster Homarus 
gam m aru  in  CCH-acidified sea water led to a reduction in  carapace mass during the final stage of larval 
development. A reduction in  exoskeletal m ineral (calcium and m agnesium ) content o f the carapace was 
observed concurrently, despite treatm ent waters being saturated w ith respect to the calcium carbonate 
polym orphs m easured. The physiological alterations recorded were attributed to acidosis or hypercap- 
n ia interfering with norm al hom eostatic function. Despite there being no observed effect on survival, 
carapace length, or zoeal (larval stage) progression, the indirect disruption  of calcification and carapace 
mass by ocean acidification m ay still adversely affect the com petitive fitness and recruitm ent success of 
larval lobsters with serious consequences for population dynam ics and m arine ecosystem function262.

D. PELAGIC C O M M U N IT IE S

Calcified organism s are significant com ponents o f pelagic ecosystems, occupying the base of the m arine 
food chain, accounting for the m ajority of the organic carbon used by organism s in  m id and deep-water 
layers o f the oceans, and playing an im portan t role, in  the interactions of the surface oceans with the 
atm osphere, such as in  the exchange of C O 2263. Any changes in  the functioning of these organism s as a 
result of ocean acidification could have significant consequences for ecosystem functioning. Changes 
to the biological pum p and therefore the flux of particulate organic m atter from  overlying waters to 
benthic com m unities has the potential to significantly alter the cycling of nutrients between the bottom  
sedim ents and overlying water column. Table 3 sum m arizes the key pelagic groups, the role or influence 
of CaCO j, and the observed im pacts and im plications of exposure to elevated CO 2 and decreasing pH.

260 Hall-Spencer, J. M ., Rodolfo-M etalpa, R., M artin, S., Ransome, E., Fine, M ., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M . C. 
(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 454:96-99.

261 Gutowska, M., Portner, H. O., Melzner, F. (2008). Growth and calcification in the cephalopod Sepia officinalis under elevated 
seawater pCC>2 . M ar Ecol Prog Ser 373:303-309.

262 A rnold, K. E., Findlay, H . S., Spicer, J. I., Daniels, C. L., & Boothroyd, D., 2009. Effect o f C 02-related acidification on aspects of the 
larval development of the European lobster, Hom arus gam m arus (L.). Biogeosciences 6(8): 1747-1754.

263 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/document.asp?id=3249
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TABLE 3: Summary of observed and predicted (*) impacts of high CO2 and ocean acidification on pelagic marine organisms.

O rgan ism Function  o f  CaC0 3 O b serv ed  im p a c ts  o f  e le v a te d  CO2 O b se rv ed  im p a c ts  o f  lo w  pH S o c io -e c o lo g ic a l  im p lic a tio n s

:oraminifera

V'LU
[Image: UCMP

M echanical protection Reduction In shell m ass In foram inifera Orbulina uni­
versa  4 -8 %  and G lobigerinoides sacculifer  6-14%  266 
In Increased pC02 conditions;

30 -35%  reduction in shell m ass since 
the  pre-industrial Holocene In Globi­
gerina bu llo ides265

Lighter, thln-walled shells  observed In 
younger planktonic foraminifera Globi­
gerino ides ruger  from surface sed im ents  
com pared to shells  found d e ep e r In the 
sed im en t266.

Produce the  m ajority of pelagic CaC03 on 
a global b asis267

3teropods

i »  — ^

[Image: NOAAJ

M echanical protection 28%  reduction In calcification observed 
In Limacina helicina  In response  to 
d ecreas ing  pH observed a t  the  pH value 
expected  for 2100 com pared to p resen t 
pH268.

Pteropods, Clio pyram idata, from the 
subarctic Pacific th a t w ere exposed to 
a ragon ite  under-saturation  sim ilar to 
th a t projected for the  surface w aters  of 
the  Southern  Ocean by 2100 experienced 
shell dissolu tion  within 48 hours269.

Loss o f food source for key m arine 
p reda to rs  -  M ackerel, Salm on270;

Coccolithophores

j™r|
[Image: Celsias)

S tructural calcite p la tes 40%  decrease  In calcification ra tes  observed In Emili­
ania huxleyi with Increasing pC02271.

No significant change observed in Coccolithus p e la g i­
cus in response  to elevated  pC02.272

Initial Increase In calcification rate o f Calcidiscus 
lep toporus  followed by a d e c rea se273.

A doubling  o f cell-specific calcification ra tes  for E. 
Huxleyi observed a t  75opatm  com pared to  30opatm  
pC02276.

Shift In phytoplankton community 
structure;

Potential for varia tions In e lem ental 
stochlom etry  In cells a s  a resu lt o f 
Increased pC02 which Is known to  Influ­
ence food selection  by second trophic 
level g razers275.

Blooms su p p o rt the  global a lbedo  effect 
by up to 0.13%, reflecting sun ligh t back 
Into sp ace276.

Production o f D lm ethylsulphlde reduces 
the  radiative flux to the  Earth’s surface
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O rgan ism Function  o f  CaC0 3 O b serv ed  im p a c ts  o f  e le v a te d  CO2 O b se rv ed  im p a c ts  o f  lo w  pH S o c io -e c o lo g ic a l  im p lic a tio n s

M arin e  fish , 
in v e r te b r a te s  a n d  
m a r in e  m a m m a ls

Adult Japanese  am berjack , Seriola quinqueradiata, 
and bastard  halibut, Paralichthys olivaceus, died 
within 8 and 48 h, respectively, during  exposure  to 
seaw a ter equilibrated  with 5% C02.277

D eep-sea crab C hionoecetes tanneri, unable  to 
regu late  extracellular pH In resp o n se  to (24 hour) In­
creased  pC02, In con trast, shallow  living crab Cancer 
m agister  fully recovered Its hem olym ph pH278.

Increased energy b udget due to acid-base  regulation 
and cardiorespiratory  control In fish279

Enhanced calcification In aragonite  e a r bones (o to­
liths) o f fish Atractoscion nobilis  grown In seaw a ter 
with high pC02 (993 and 2558 patm o f C02) 280

Protracted em bryonic d evelopm ent281;

Reduced ability o f clownfish Am phiprion  
percula  larvae to d e te c t olfactory s e tt le ­
m ent cues w hen reared a t  levels of 
ocean pH 7.8282.

C02-enrlched seaw a ter more toxic to 
eggs and larvae o f m arine fish silver 
seab ream , Pagrus major, than  HCl- 
acldlfied seaw a ter w hen te sted  a t  the 
sam e seaw ater pH283.

Juveniles and early  d evelopm ent s tag e s  
m ore suscep tib le , leading to reduced 
population  size and ecosystem  structure  
changes289;

Little evidence o f respira tory  acclim ation 
In m arine fish285;

Seag rass  ecosystem s may benefit from 
enhanced  pC02 providing critical hab ita t 
for m arine m am m als. Eelgrass Zostera  
marina  Increased In biom ass and repro­
ductive o u tp u t286

264 Bijma, J., Hönisch, B., Zeebe, R. E. (2002). The im pact of the ocean carbonate chem istry on living foraminiferal shell weight: C om m ent on “Carbonate ion concentration in  glacial-age deep w aters of the 
Caribbean Sea” by W. S. Broecker and E. Clark. G eochem. Geophys. Geosyst. 3: 1064.

265 Moy, A. D., W. R. H oward, S. G. Bray, and T. W. Trull (2009), Reduced calcification in  m odern  Southern O cean planktonic foraminifera, Nature Geoscience, 2 ,276-280, doi:10.1038/ngeo460.
266 de Moei, H., Ganssen, G. M ., Peeters, F. J. C., Jung, S. J. A., K roon, D., Brummer, G. J. A., & Zeebe, R. E., 2009. Planktic foraminiferal shell th inning  in  the A rabian Sea due to anthropogenic ocean 

acidification? Biogeosciences 6(9): 1917-1925
267 Fabry, V. J., Seibel, B. A., Freely, R. A., O rr, J. C. (2008). Impacts of ocean acidification on m arine fauna and ecosystem processes. ICES Journal of M arine Science, 65:414-432.
268 Com eau, S., Gorsky, G., Jeffree, R., Teyssié, J.-L., and Gattuso, J.-P. (2009) Key Arctic pelagic m ollusc (Limacina helicina) threatened by ocean acidification, Biogeosciences Discuss., 6,2523-2537.
269 Guinotte, J. M ., Fabry, V. J. (2008). O cean acidification and its potential effects on m arine ecosystems. A nn. N. Y. Acad. Sei. 1134: 320.
270 Fabry, V. J., Seibel, B. A., Feely, R. A., Orr, J. C. (2008). Impacts of ocean acidification on m arine fauna and ecosystem processes. ICES Journal of M arine Science, 65:414-432.
271 Wolf-Gladrow, D. A., Riebesell, U., Burkhardt, S., Bjima, J. (1999). D irect effects of CO 2  concentration on growth and isotopic com position of m arine plankton. Tellus 51B:461-476.
272 Langer, M . R., et al. (2006). Species-specific responses of calcifying organisms to changing seawater carbonate chemistry. G eochem istry Geophysics Geosystems. 7:np.
273 Langer G., G eisen M ., B aum ann K.H., Kläs J., Riebesell U., Thoms S. and Young J.R., 2006. Species -  specific responses of calcifying algae to changing seawater carbonate chemistry. G eochem. Geophys. 

Geosyst., 7(9): 1-12.
274 Iglesias-Rodríguez, M . D., H alloran, P. R., Rickaby, R. E. M ., Haii, I. R., C olm enero-Hidalgo, E., Gittins, J. R., Green, D. R. H., Tyrell, T., Gibbs, S. J., von D as sow, P., Rehm, E., A rm brust, E. V., Boessenkool, K. 

P. (2008). Phytoplankton Calcification in a H igh-C 02 W orld. Science, 320:336-340.
275 Engel A., Zondervan I., Aerts K., Beaufort L., Benthien A., C hou L., Delille B., Gattuso J.P., Harlay J., Heem ann C., Hoffm ann L., Jacquet S., Nejstgaard J., Pizay M.D., Rochelle-Newall E., Schneider U., 

Terbrueggen A. and Riebesell U., 2005. Testing the direct effect of C 0 2  concentration on a bloom  of the coccolithophorid Em iliania huxleyi in  mesocosm  experiments. Limnol. Oceangr., 50: 493-507.
276 The Royal Society (2005). O cean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. http://royalsociety.org/document.asp?id=3249
277 Ishimatsu, A., Kikkawa, T., Hayashi, M ., Lee, K. S. (2004) Effects of CO 2  on M arine Fish: Larvae and Adults. Journal of O ceanography 60:731-741.
278 Pane, E. F., Barry, J. P. (2007). Extracellular acid-base regulation during short term  hypercapnia is effective in a shallow-water crab, but ineffective in a deep sea crab. M ar Ecol Prog Ser 334:1-9.
279 Ishimatsu, A., Hayashi, M ., Kikkawa, T. (2008) Fishes in  high CO 2  acidified oceans. M ar Ecol Prog Ser, Vol 373:295-302.
280 Checkley Jr., D. M ., D ickson, A. G., Takahashi, M ., Radich, J. A., Eisenkolb, N., Asch, R. (2009). Elevated CO 2  enhances otolith growth in young fish. Science 324: 1683.
281 Egilsdottir, H ., Spicer, J. I. & Rundle, S. D., in press. The effect of CO 2  acidified sea water and reduced salinity on aspects of the embryonic development of the am phipod Echinogammarus m arinus (Leach). 

M arine Pollution Bulletin in press.
282 Munday, P.L., S.L. Dixson, J.M. D onelson, G.P. Jones, M.S. Pratchett, G.V. Devitsina, and K.B. Doving 2009. O cean acidification impairs olfactory discrim ination and hom ing ability of a m arine fish. 

Proceedings of the National Academy of Sciences. 106 (6) 1848-1852
283 Ishimatsu, A., Kikkawa, T., Hayashi, M ., Lee, K. S. (2004) Effects of CO 2  on M arine Fish: Larvae and Adults. Journal of O ceanography 60:731-741.
284 Ibid.
285 Ishimatsu, A., Hayashi, M ., Kikkawa, T. (2008) Fishes in  high CO 2  acidified oceans. M ar Ecol Prog Ser, Vol 373:295-302.
286 Palacios, S., Zim m erm an, R. C. (2007). Response of eelgrass Zostera m arina to CO 2  enrichm ent: possible impacts of climate change and potential for rem ediation of coastal habitats. M ar Ecol Prog Ser, 

344:1-13.
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Foraminifera and Pteropods

Both planktonic foram inifera and pteropods are im portan t com ponents o f polar and sub-polar eco­
systems, providing a food source for m arine predators, including N orth  Pacific salm on, mackerel, her­
ring, cod and baleen whales287. Pteropods are the dom inant calcifier in  the Southern Ocean and can 
reach densities ofthousands to greater than  10,000 individuals n r 3 in  high-latitude areas. D ata from  the 
Southern Ocean show that planktonic foram inifera are already dem onstrating reduced calcification, 
consistent w ith laboratory experim ents and the degree of calcite saturation reduction measurable in 
the Southern O cean288. This study is the first field evidence for a reduction in  calcification in  nature 
in  response to ocean acidification. These findings are supported by an investigation into the effects of 
anthropogenic ocean acidification on shell weights and wall thickness of the planktonic foram inifer 
Globigerinoides ruber in  the W estern Arabian Sea. However, the authors o f the latter study suggest that 
a scenario with seasonal production  of thick and th in  shells could also explain the observed changes in 
shell weight and wall thickness289. A com panion study on pteropod calcification shows a high degree 
of inter-annual variability bu t sets a baseline for detecting future acidification im pacts on these pelagic 
molluscs290.

Live pteropods, Clio pyramidata , from  the subarctic Pacific that were exposed through laboratory ex­
perim ents to a level o f aragonite under-saturation  sim ilar to that projected for the surface waters of the 
Southern Ocean by the end of the century, experienced shell dissolution w ithin 48 hours, even though 
animals were actively sw im m ing291. The im pact o f changes in  the carbonate chem istry was investigated 
recently on the pteropod Limacina helicina, a key species of Arctic ecosystems. The pteropods were kept 
in  culture under controlled pH  conditions corresponding to pCC>2 levels o f 350 and 760 patm . A 28% 
decrease in  calcification was observed at the pH  value expected for 2100 com pared to the present pH  
value292.

W hen grown in laboratory experim ents in  seawater equivalent to pCC>2 values of 560 and 740 ppmv, 
the shell mass of foram inifera Orbulina univera and Globigerinoides saccuifer declined by 4-8%  and 
6-14%  respectively, com pared to the shell mass secreted at the preindustrial pCC>2 value293. Though 
bo th  groups have proved difficult to grow in laboratory culture, data suggest that bo th  groups reduce 
calcification in  response to ocean acidification, however the small num ber of species studied precludes 
the extrapolation of general trends. Pteropods produce CaCC>3 in  its aragonite form , and thus are likely 
to be particularly sensitive to ocean acidification, m ore so than  coccolithophores and foraminifera, 
which produce less soluble calcite294.

287 Fabry, V. J., Seibel, B. A., Freely, R. A., Orr, J. C. (2008). Impacts of ocean acidification on m arine fauna and ecosystem processes. 
ICES Journal o f Marine Science 65:414-432.

288 Moy, A. D., W. R. Howard, S. G. Bray, and T. W. Trull (2009), Reduced calcification in m odern Southern Ocean planktonic 
foraminifera, Nature Geoscience, 2, 276-280, doi:10.1038/ngeo460

289 de Moei, H., Ganssen, G. M., Peeters, F. J. C., Jung, S. J. A., Kroon, D., Brummer, G. J. A., & Zeebe, R. E., 2009. Planktic 
foraminiferal shell th inning  in the Arabian Sea due to anthropogenic ocean acidification? Biogeosciences 6(9): 1917-1925.

290 Roberts, D., Howard, W. R., Moy, A. D., Roberts, J. L., Trull, T. W., Bray, S. G, and Hopcroft, R. R. (2008). Interannual variability of 
pteropod shell weights in the high-C 02 Southern Ocean, Biogeosciences Discuss., 5(6), 4453-4480

291 Guinotte, J. M., Fabry, V. J. (2008). Ocean acidification and its potential effects on m arine ecosystems. A nn. N. Y. Acad. Sei.
1134: 320.

292 Comeau, S., Gorsky, G., Jeffree, R., Teyssié, J.-L., and Gattuso, J.-P. (2009) Key Arctic pelagic mollusc (Limacina helicina) threatened 
by ocean acidification, Biogeosciences Discuss., 6, 2523-2537.

293 Bijma, J., Honisch, B., Zeebe, R. E. (2002). The im pact of the ocean carbonate chem istry on living foraminiferal shell weight: 
C om m ent on “Carbonate ion concentration in glacial-age deep waters of the Caribbean Sea” by W. S. Broecker and E. Clark. 
Geochem. Geophys. Geosyst. 3: 1064.

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

Coccolithophores are a dom inant or com m on com ponent of the phytoplankton com m unity in  the 
sunlit euphotic zone, distributed in  accordance with areas of high calcite saturation. Coccolithophores 
secrete tests or plates m ade of calcite and can form  massive bloom s covering hundreds of thousands of 
square kilom etres, significantly influencing the carbon cycle and seawater alkalinity295. These bloom s 
can produce up to one m illion tonnes of calcite and are visible from  satellites in  tem perate and sub-polar 
regions. There have been controversial results from  culture experim ents on the im pact of increased 
CO 2 on coccolithophore calcification296. Decreasing rates of calcification of 40% have been observed 
in  the coccolithophorid Emiliania huxleyi with increasing pCCH297, and up to 6 6 % with pCCH values of 
800ppm 15. However, the m ajority of studies have focused on only this species o f coccolithophore and 
variable results have been returned  from  observations of Coccolithus pelagicus, which did not dem on­
strate a significant change in  calcification rates w ith increased CO 2298.

Experim ental evidence suggests large variation in  the CO 2 requirem ents, sensitivity and m etabolism  of 
phytoplankton taxonom ic groups and highlights that som e groups such as calcifying coccolithophorids, 
m ay benefit m ore from  the present increase in  atm ospheric CO 2 com pared to non-calcifying diatom s299. 
Emiliania huxleyi, for example, generally exhibits an increase in  photosynthetic rates in  response to 
elevated C O 2 levels in  bo th  laboratory studies and natural com m unities. However, a reduction in  the 
degree of calcification as a result o f increasing acidification is assum ed to put coccolithophores at an 
ecological disadvantage in  future oceans300.

Large vertical gradients in  environm ental variables exist in  the upper 1000m ,and m ost Zooplankton 
m igrate daily from  near-surface water depths to depths of 200-700m . These m igrations expose Zoo­
plankton to wide variations in  pCCH, values greater than those expected for average surface waters as a 
result of anthropogenic acidification over the next 100 years. Therefore, vertically m igrating species, like 
those living intertidally or near hydrotherm al vents, experience oscillating periods of sim ultaneous hy­
poxia and high pCCH that require specific adaptation for tolerance. These species m aybe  m ore tolerant 
of elevated pCCH, at least on short tim e scales, than those in  well-oxygenated regions. However, there is 
no evidence that adaptation to this variability prom otes tolerance of chronic ocean acidification such as 
that expected over the next century301.

Marine Fish and Marine Mammals

In addition to using C aC O j for strengthening skeletal structures, the use of calcium m inerals in  gravity 
sensory organs is w idespread am ong ocean fauna, with, for example, an active role in  the m otor neural 
program m e that underlies search m ovem ents for prey during hunting behaviour302. In squid and fish for 
example, these organs are com posed of aragonite.

295 Rost, B., Zondervan, I., Wolf-Gladrow, D. (200*) Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: 
current knowledge, contradictions and research directions. M ar Ecol Prog Ser, Vol. 373:227-237.

296 CIESM, 2008. Im pacts of acidification on biological, chemical and physical systems in the M editerranean and Black Seas. N° 36 in 
CIESM Workshop Monographs [F. Briand Ed.], 124 pages, M onaco

297 Wolf-Gladrow, D. A., Riebesell, U., Burkhardt, S., Bjima, J. (1999). D irect effects of CO 2  concentration on growth and isotopic 
com position of m arine plankton. Tellus 51B:461-476.

298 Langer, M . R., et al. (2006). Species-specific responses of calcifying organisms to changing seawater carbonate chemistry. 
G eochem istry Geophysics Geosystems. 7:np.

299 Riebesell, U. (2004). Effects of CO 2  enrichm ent on M arine Phytoplankton. Journal of Oceanography, Vol 60:719-729.
300 Rost, B., Zondervan, I., Wolf-Gladrow, D. (200*) Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: 

current knowledge, contradictions and research directions. M ar Ecol Prog Ser, Vol. 373:227-237.
301 Fabry, V. J., Seibel, B. A., Feely, R. A., Orr, J. C. (2008). Impacts of ocean acidification on m arine fauna and ecosystem processes. 

ICES Journal o f  Marine Science 65:414-432
302 Ibid.
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W hen p C 0 2 levels increase in  seawater, dissolved CO 2 m ore readily diffuses across anim al surfaces and 
cellular spaces, causing pH  levels to decrease. Acidification of the body tissues (acidosis), which can oc­
cur in  a m atter of hours in  fish and invertebrates, reduces the oxygen carrying capacity of the blood, and 
is shown to reduce cellular energy and lower respiratory activity303. Evidence is also available of longer 
term  effects, including lower rates of protein synthesis affecting growth and reproduction functions. 
Fish in  early developm ental stages are m ore susceptible to environm ental toxicants than adults, leading 
to a gradual reduction in  population sizes and changes to ecosystem structures304.

Accum ulating evidence for reef fishes suggest that bo th  reef sounds and olfactory cues are used by larvae 
to locate appropriate adult reef habitat at the end of their pelagic phase. A n investigation into the effects 
of CCH-driven ocean acidification on the ability of settlem ent stage clownfish Am phiprion percula larvae 
to detect olfactory cues (e.g. anemones, parents, leaves) revealed that larvae becam e strongly attracted 
to olfactory cues that they would norm ally avoid when reared at levels o f ocean pH  7.8. Furtherm ore, 
larvae no longer responded to any olfactory cues w hen reared at pH  7.6. These results suggest that the 
elevated pCCH conditions that could occur in  the w orlds oceans early next century can dram atically af­
fect the behavioural decisions of m arine organism s during critical stages of their life history305.

Elevations of am bient pCCH m ay require fishes to spend m ore energy for physiological adaptations, in 
particular acid-base regulation and cardio-respiratory control. The cost o f osm oregulation in  seawater 
fish is estim ated to be 6-15%  of resting oxygen consum ption, and an elevation in  pCCb would require 
additional energy expenditure on top of this baseline. There is little evidence that fish would show res­
piratory acclimation during long-term  exposure to a high pCCH environm ent306.

Most studies have show n a slowing of structural calcification under enhanced pCCH307. However, in 
a recent experim ent, the eggs and pre-feeding larvae of the white sea bass (Atractoscion nobilis) were 
grown in seawater with high pCCb to determ ine the influence on bony aragonite-protein structures 
used by fish to sense orientation and acceleration (otoliths). C ontrary  to expectations, the otoliths of fish 
grown in seawater with high pCCH (993 and 2558 patm  of CO 2 ), and therefore lower pH  and aragonite 
saturation state, had significantly larger otoliths than those of fish grown under sim ulations of present- 
day conditions (380 patm  of CO 2 ). The results are consistent w ith young fish being able to control the 
concentration of ions (H + and Ca2+), bu t not the neutral molecule CO 2 , in  the endolym ph surrounding 
the otolith. It is n o t know n w hether these results apply to other taxa w ith aragonite sensory organs, such 
as squid and mysids (statoliths) or other fish species. N or is it know n if larger otoliths have a deleterious 
effect, although it is understood that asym m etrybetw een otoliths can be harm ful308.

Faboratory studies to assess the short-term  tolerance of the deep-sea Tanner crab Chionoecetes tanneri 
to increased pCCH, revealed that this species is unable to regulate extracellular pH  during short-term  
(24-hour) CO 2 exposure. In contrast, Cancer magister, a shallow-living crab, fully recovered its hem o- 
lymph (blood analogue in  arthropods) pH  over 24 hours o f elevated pCCH (hypercapnia) exposure 
through the net accum ulation of bicarbonate from  the surrounding m edium . These results support

303 Ibid.
304 Ishimatsu, A., Kikkawa, T., Hayashi, M ., Lee, K. S. (2004) Effects of CO 2  on M arine Fish: Larvae and Adults. Journal o f  

Oceanography 60:731-741.
305 M unday, P.L., S.L. Dixson, J.M. D onelson, G.P. Jones, M.S. Pratchett, G.V. Devitsina, and K.B. Doving 2009. O cean acidification 

im pairs olfactory discrim ination and hom ing ability of a m arine fish. Proceedings o f the National Academy o f  Sciences. 106 (6) 
1848-1852.

306 Ishimatsu, A., Hayashi, M ., Kikkawa, T. (2008) Fishes in h igh CO 2  acidified oceans. M ar Ecol Prog Ser, Vol 373:295-302.
307 Doney, S. C., Fabry, V. J., Feely, R. A., Kleypas, J. A. (2009). O cean Acidification: The O ther CO 2  problem. Annu. Rev. Mar. Sei. 

1:169-192.
308 Checkley Jr., D. M ., Dickson, A. G., Takahashi, M ., Radich, J. A., Eisenkolb, N., Asch, R. (2009). Elevated CO 2  enhances otolith 

growth in young fish. Science 324: 1683.
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the hypothesis that hypercapnia will have a profound physiological im pact on deep-sea organism s that 
exhibit reduced m etabolic rates and lack the short-term  acid base regulatory capacity to cope w ith acute 
hypercapnie stress309.

Several higher order and endangered m arine m am m als rely on seagrasses for a significant portion  of 
their diet (e.g. dugongs, manatees). Seagrass ecosystems m ay be one of the few ecosystems to benefit 
from  increasing pCCH in seawater310. In experim ents w ith the eelgrass Zostera marina, an increase in 
biom ass and reproductive output is reported  under high CCb conditions, suggesting potentially higher 
productivity of critical seagrass habitat311.

E. ECOLOGICAL CO NSEQUENCES

Ocean acidification is expected to have m ajor negative im pacts on corals and other m arine organisms 
that build  C aC O j skeletons and shells, and whose success is largely controlled by carbonate chem is­
try. M any calcifying species are located at the bottom  or m iddle of global ocean food webs, therefore 
loss of shelled organism s to ocean acidification will alter p reda to r-p rey  relationships and the effects 
will be transm itted throughout the ecosystem312. In addition to the likely disruptions through large 
com ponents o f the m arine food web, a loss or change in  biodiversity could have significant ecological 
consequences313.

The shoaling of the saturation horizon for aragonite and calcite has im plications for calcifying organ­
isms across the globe, which form  a significant com ponent of pelagic and benthic ecosystems. The 
concern is especially high in  polar regions, where saturation states are naturally low. The reduction  and 
possibly regional cessation of calcification by organism s in  the oceans would strongly affect ecosystem 
regulation and the flow of organic m aterial to the seafloor, through the rem oval of C aC O j m ineral bal­
last and the reduced efficiency of the biological pum p to transfer carbon into the ocean interior314, 315.

The global standing stock of particulate inorganic carbon (PIC) depends on calcium carbonate produc­
tion and dissolution, bo th  of which will be affected by ocean acidification. A host o f m arine organism s 
contribute to PIC, which m eans that the com bined effects of climate change and ocean acidification on 
PIC are hard  to predict316. Experim ents to date have not been undertaken over long enough tim e scales 
to dem onstrate adaptation or evolution in  existing species. However, any reduction in  total biomass 
production  either through reduced photosynthesis or from  greater energy dem and to obtain critical 
nutrients will have significant im plications for global m arine food webs. The foodweb of polar areas, 
such as the Beaufort Sea, dem onstrates the com plex interconnections that are at risk from  ocean acidi­
fication (Figure 15).

309 Pane, E. F., Barry, J. P. (2007). Extracellular acid-base regulation during short term  hypercapnia is effective in  a shallow-water crab, 
but ineffective in a deep sea crab. M arEcol Prog Ser, 334:1-9.

310 Guinotte, J. M ., Fabry, V. J. (2008). O cean acidification and its potential effects on m arine ecosystems. Ann. N. Y. Acad. Sei. 1134: 
320.

311 Palacios, S., Zim m erm an, R. C. (2007). Response of eelgrass Zostera marina  to CO 2  enrichm ent: possible impacts of climate change 
and potential for rem ediation of coastal habitats. M ar Ecol Prog Ser, 344:1-13.

312 Cooley, S. R., Doney, S. C. (2009). O cean Acidifications im pact on Fisheries and Societies: A  U.S Perspective. Journal o f  Marine 
Education, 25(1): 15-19.

313 OSPAR Com m ission (2006). Effects of the m arine environm ent of ocean acidification resulting from  elevated levels of CO 2  in  the 
atmosphere.

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

315 Wolf-Gladrow, D. A., Riebe sell, U., Burkhardt, S., Bjima, J. (1999). D irect effects of CO 2  concentration on growth and isotopic 
com position of m arine plankton. Tellus 51B:461-476.

316 Balch, W. M., Fabry, V. J. (2008) Ocean acidification: docum enting its im pact on calcifying phytoplankton at basin scales. M ar Ecol 
Prog Ser 373: 239-247.
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FIGURE 15: Trophic linkages in the Beaufort Sea. Source: A rctic Climate Impacts Assessment (ACIA) Impacts o f  a 
W arming Arctic: A rctic C limate Im pac t Assessment. Cambridge University Press, 2007.

D epth offers no protection from  ocean acidification. Indeed, im portan t cold-water coral com m unities 
will likely be the first casualties o f increasing ocean acidity. In contrast to the contraction of tropical 
coral reefs towards the equator, it is the depth d istribution of deep water coral com m unities that will 
contract; the deepest com m unities in  each ocean will be the first to experience a shift from  saturated to 
unsaturated conditions317. The predicted decline in  carbonate saturation levels will severely affect cold- 
water corals and the continued provision of services such as shelter and food for hundreds of associated 
species, including com m ercial fish and shellfish. M any com mercially exploited species rely on m igra­
tion  between deep and shallower waters at different life cycle stages. Furtherm ore, deep-sea organism s 
are responsible for alm ost the entire regeneration of nutrients in  the oceans—w ithout these processes 
the p rim ary  production  in  the photic zone of the oceans would collapse318.

Calcified m acroalgae (e.g. Udotea, Amphiroa, Halimeda) are distributed in  m arine habitats from  polar 
to tropical latitudes and from  intertidal shores to the deepest reaches of the euphotic zone. These algae 
play critical ecological roles, including being key to a range of invertebrate recruitm ent processes, func­
tioning as ecosystem engineers through the provision of three-dim ensional habitat structure, as well as 
contributing critical structural strength in  coral reef ecosystems319. Calcified m acroalgae contribute sig­
nificantly to the deposition of carbonates in  coastal environm ents. Calcifying m acroalgae produce b io­
genic CaCO j in  three forms: high-m agnesium  calcite, aragonite and calcite, all of which are susceptible

317 Doney, S. C., Fabry, V. J., Feely R. A., Kleypas, J. A. (2009). O cean Acidification: The O ther CO 2  problem. Annu. Rev. Mar. Sei. 
1:169-192.

318 UNEP. (2007). Deep-Sea Biodiversity and Ecosystems: A  scoping report on their socio-econom y m anagem ent and governance.
319 Nelson, W. A., 2009. Calcified m acroalgae -  critical to coastal ecosystems and vulnerable to change: a review. M arine and  

Freshwater Research 60(8): 787-801
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to the negative effects o f decreasing carbonate saturation states. Loss of this functional group would 
result in  the subsequent loss of im portan t habitat for adult fishes and invertebrates320.

Calcifying pteropods are a key food for carnivorous Zooplankton and fish. The decline of pteropod den­
sities, as predicted for high latitude regions in  the near future, will influence the predator-prey relation­
ships of m any species (e.g. cod, Pollock, haddock, mackerel) and could result in  greater predation pres­
sure on juvenile fish, such as salm on321. In contrast, species such as gym nosom es (unshelled pteropods), 
who prey exclusively on shelled pteropods would likely shift their geographic distribution in  concert 
with their prey, assum ing that bo th  are able to overcome therm al tolerance lim itations322.

The m echanism s available to counteract acidification of body tissues are lim ited and conserved across 
anim al phyla. Those species adapted to environm ents with steep CO 2 gradients, such as hydrother­
m al vents, and those species with high capacity for m etabolic production  of CO 2 have evolved greater 
capacities for buffering ion exchange and CO 2 transport323. However, w hether such elevated capacity 
translates into greater tolerance to chronic ocean acidification is not known. The loss of key predators or 
grazing species from  ecosystems could lead to environm ental phase shifts (e.g. coral to algal-dom inated 
reefs), or favour the proliferation o f non-food organisms: a negative relationship between jellyfish abun­
dance and ocean pH  has been suggested for the western central N orth  Sea, which will allow jellyfish 
to take advantage of vacant niches m ade available by the negative effects o f acidification on calcifying 
plankton, although this has no t been substantiated324. In som e systems jellyfish are com petitors and 
predators of fish and can replace fish as the dom inant higher trophic level, negatively affecting com ­
m ercial fish recruitm ent325.

Evidence from  a naturally acidified location confirms a reduced diversity am ong biological com m uni­
ties under-acidified seawater conditions. A round the CO 2 vents in  Ischia, seagrasses and algae, includ­
ing invasive species, dom inate the m arine com m unity while species that rely on CaCC>3 to build  their 
shells are completely absent. These observations provide valuable insight into the likely ecosystem-level 
im pacts of ocean acidification326.

Non-calcifying species are also affected through food web control and pH -dependent m etabolic proc­
esses. O bservations of two key m arine photosynthetic cyanobacteria to warmer, m ore C 0 2 -rich re­
vealed a variable physiological response reporting  m inim al influence for Prochlorococcus, but greatly 
elevated photosynthesis rates in  Synechococcus327. N itrogen-fixing cyanobacteria Trichodesmium, which 
support a large fraction of p rim ary  productivity in  low nutrien t areas of the w orlds oceans, show elevat­
ed rates o f carbon and nitrogen fixation under increased pCC>2 conditions328. These results suggest that 
by the end of this century, elevated CO 2 could substantially increase global Trichodesmium  N 2 and CO 2

320 Beck, M. W. et al. (2003). The role of nearshore ecosystems as fish and shellfish nurseries. Issues Ecol., 11:1-12.
321 Fabry, V. J., Seibel, B. A., Feely, R. A., Orr, J. C. (2008). Impacts of ocean acidification on m arine fauna and ecosystem processes. 

ICES Journal of M arine Science, 65:414-432.
322 Ibid.
323 Ibid.
324 Richardson, A. J., Gibbons, M . J. (2008). Are jellyfish increasing in response to ocean acidification? Limnol Oceanogr.

53(5):2040-2045.
325 Purcell, J. E., Uye, S., Lo, W-T. (2007). A nthropogenic causes of jellyfish blooms and their direct consequences for hum ans. A 

Review. M ar Ecol Prog Ser, 350:153-174.
326 Hall-Spencer, J. M., Rauer, E. (2009) Assessing the ecological impacts of ocean acidification - from  field observations to in situ 

experimentation. Journal ofM arine Education, 25 (1): 11-12.
327 Fu, F. X., Warner, M. E., Zhang, Y., Feng, Y., Hutchins, D. A. (2007). Effects of increased tem perature and CO 2  on photosynthesis, 

growth and elemental ratios of m arine Synechococcus and Prochlorococcus (cyanobacteria). J. Phycol. 43:485-496.
328 Hutchins, D. A., Fe, F-X., Zhang, Y., W arner, M . E., Feng, Y., et al. (2007). CO 2  control of Trichodesmium  N 2 fixation, 

photosynthesis, growth rates and elemental ratios: implications for past, present and future ocean biogeochemistry. Limnol. 
Oceanogr. 52(4):1293-1304.
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fixation, fundam entally altering the current m arine n itrogen and carbon cycles and potentially driving 
some oceanic regim es towards phosphate lim itation. The abundance of fleshy algae (Halosaccion glandi­
form e), ephem eral algae, filamentous red algae, and foliose red algae have also been observed to increase 
w ith declining pH 329, suggesting that significant shifts in  the com m unity com position could be expected 
in  future acidified oceans, with effects across the global m arine food chain.

In order to accurately predict the consequences of ocean acidification for m arine biodiversity and eco­
systems, the ecological effects m ust be considered in  relation to other environm ental changes associated 
with global climate change, and the interplay between the complex biological and chemical feedbacks330. 
Surface water tem perature is already increasing and predicted to increase further, while changes in  ra in ­
fall and land runoff will im pact salinity and nu trien t input to coastal seas. The com bined influences of 
increasing tem perature, salinity and nutrien t fluxes m ay increase the potential risk of hypoxia or anoxia 
in  shelf sea systems331. W arming, the accum ulation of C O 2 in  surface layers and a decrease in  oxygen 
content com bine in  their effects on m arine fauna, depressing the aerobic capacity of organism s and re­
sulting in  a narrow ing of therm al tolerances, which, under a climate gradient, will result in  a decreasing 
range of bio-geographical d istribution for organism s332. The negative interactions between tem perature 
extremes and CO 2 are particularly acute in  coral reefs. Even if the atm ospheric C O 2 content stabilizes at 
550ppm, these ecologically and econom ically im portan t habitats will already be marginalized.

Significant feedback systems also stand to be influenced. Coccolithophore bloom s have an albedo ef­
fect, reflecting significant am ounts of sunlight back into space, which cannot then  contribute to global 
warm ing. The loss of bloom s could reduce the global albedo effect by up to 0.13%333. Additionally, coc- 
colithophores are m ajor producers o f D im ethylsulphide (DMS), which, on release to the atm osphere, 
is oxidized to SO4 , an im portan t com ponent of aerosols, thought to influence the lifetimes and optical 
properties o f clouds. DMS is supersaturated in  surface waters, and emissions to the atm osphere by m a­
rine phytoplankton have been proposed to reduce the radiative flux to the Earths surface334. The complex 
logistics of m onitoring DMS cycling have prevented its effective characterization335, however, it is clear 
that changes in  the com position of the phytoplankton com m unity would affect the size of this feedback 
to the global climate336. A shipboard incubation experim ent was conducted to investigate the effects of 
increased tem perature and pCC>2 on the algal com m unity structure of the N orth  A tlantic spring bloom, 
one of the largest annually occurring phytoplankton bloom s in  the world ocean, and their subsequent 
im pact on particulate (DMSPp) and dissolved (DMSPd) DMSP concentrations. U nder elevated pCC>2 

(690 ppm ) and elevated tem perature (am bient + 4°C), coccolithophorid and pelagophyte abundances 
were significantly higher than  under control conditions (390 ppm  CO 2 and am bient tem perature). This 
shift in  phytoplankton com m unity structure also resulted in  an increase in  DMSPp concentrations337.

329 W ootton, T. J., Pfister, C. A., Forester, D. (2008). Dynamic patterns and ecological impacts of declining ocean pH  in a high- 
resolution multi-year dataset. PNAS,Vol. 105(48): 18848-18853.

330 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

331 OSPAR Commission (2006). Effects of the m arine environm ent of ocean acidification resulting from elevated levels of CO 2  in the 
atmosphere.

332 Kite-Powell, H. L. (2009). A Global Perspective on the Economics of Ocean Acidification. The Journal of M arine Education, Vol 25
(1):25 -  29.

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

334 Levasseur, M., Scarratt, M. G., M ichaud, S., et al. (2006). DMSP and DMS dynamics during a mesoscale iron fertilization 
experim ent in the Northeast Pacific -  Part 1: Termporal and vertical distributions. Deep-Sea Research II 53, 2353-2369.

335 Fuhrm an, J. A. (1991). Possible biogeochemical consequences of ocean fertilization. Limnol. Oceanogr., 36(8), 1951-1959.
336 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. http :// 

royalsociety.org/document.asp?id=3249
337 Lee, P. A., Rudisill, J. R., Neeley, A. R., Maucher, J. M., Hutchins, D. A., Feng, Y., Hare, C. E., Leblanc, K., Rose, J. M., Wilhelm,

S. W., Rowe, J. M., DiTullio, G. R., 2009. Effects of increased pC 02 and tem perature on the N orth Atlantic spring bloom. III. 
Dimethylsulfoniopropionate. M arine Ecology Progress Series, 388: 41-49
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F. IM PACTS ON ECOSYSTEM SERVICES A N D  L IV E L IH O O D S

The oceans provide num erous ecosystem services that benefit hum ankind. These services, such as fish­
eries, contribute significantly to global em ploym ent and econom ic activity. O ther services provided by 
the oceans, for example providing a site for the release of wastes and pollutants, are less well accounted 
for by standard econom ic measures. Attempts to quantify som e of these services have produced esti­
mates of m any billions of dollars338. In contrast to the terrestrial biosphere, m arine ecosystems have 
evolved in  a com paratively hom ogenous environm ent under relatively stable conditions and over evo­
lutionary timescales. Therefore, even subtle changes in  the environm ental conditions may have strong 
effects on ecosystem functioning, with yet unforeseen consequences for the continued provision of key 
services. Furtherm ore, m arine ecosystems are likely to becom e less robust as a result o f the projected 
changes to ocean chem istry and m ore vulnerable to other environm ental im pacts, such as large-scale 
fishing and increasing sea-surface tem peratures.

Tropical coral reefs provide ecosystem services that are vital to hum an societies and industries, includ­
ing building m aterials and reef-based tourism  (direct use values); habitat and nursery  functions for 
com m ercial and recreational fisheries, and coastal protection (indirect use values); and the welfare as­
sociated w ith the existence of diverse natural ecosystems (preservation values)339. Coral reefs produce 
10-12% of the fish caught in  the tropics and 20-25%  of the fish caught by developing nations340. Many 
developing countries have tourism  as their p rim ary  incom e earner and are at risk  if their coral reefs 
deteriorate. For example, reef-based tourism  is a m ajor foreign exchange earner in  the Caribbean basin, 
accounting for m any billions of USS per year from  visitors who are increasingly responsive to the qual­
ity o f the natural environm ent341.

Reefs in  acidified waters are predicted to decline in  the following sequence: (a) loss of coralline algae 
causing decreased reef consolidation; (b) loss of carbonate production  by corals resulting in  loss of 
habitat; (c) loss o f biodiversity with extinctions. The failure of coral com m unities to com pete with algae 
com m unities that will not be sim ilarly affected by ocean acidification will result in  an ecological phase 
shift to a stable new  ecosystem state dom inated by less com mercially valuable species342. The annual 
econom ic damage of ocean acidification-induced coral reef loss is estim ated to rapidly escalate over 
tim e due to econom ic growth, reaching USS 870 billion by 2100, under the A l SRES global emissions 
scenario343.

Overall im pacts on ecosystem services will be a result o f synergistic effects o f several pressures in  co-ac­
tion, such as ocean exploitation and pollution344. It is anticipated that decreasing rates of reef accretion, 
increasing rates o f bio-erosion, rising sea levels, and intensifying storm s due to future climate change 
influences m ay com bine to jeopardize the coastal protection function of coral reefs. People, in frastruc­
ture, and lagoon and estuarine ecosystems, including mangroves, seagrass meadows, and salt marshes,

338 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/docum ent.asp?id=3249

339 M oberg, Fredrik and Folke, Cari (1999). Ecological goods and services of coral reef ecosystems. Ecological Economics 29, 215-233.
340 Garcia, S. M., M oreno, D. (2001). Global overview of m arine fisheries. Report of the conference on Responsible Fisheries in the 

M arine Ecosystem. (ftp://ftp.fao.org/fi/DOCUM ENT/reykjavik/Default.htm), Reykjavik, Iceland, 1-4 October 2001.
341 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 

Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

342 Veron, J. E. N. 2009. The future of the Great Barrier Reef: highlighting the global threat to coral reefs. Briefing notes for the Royal 
Society W orkshop July 6 2009.

343 Brander, L. M., Rehdanz, K., Tol, R. S. J., and van Beukering, P. J. H. (2009). The Economic Im pact of Ocean Acidification on Coral 
Reefs. Working Paper No. 282 . ESRI: Dublin, Ireland.

344 Jackson, J. B. C. (2008). Ecological extinction and evolution in the brave new ocean. Proceedings o f the National Academy o f Sciences 
o f the United States o f  America  105, 11458-11465.

5 3

http://royalsociety.org/document.asp?id=3249
ftp://ftp.fao.org/fi/DOCUMENT/reykjavik/Default.htm


Scientific Synthesis o f the Impacts o f Ocean Acidification on Marine Biodiversity

will becom e increasingly vulnerable to growing wave and storm  im pacts345. These changes could fun­
dam entally alter the nature of coastlines and the resources available to hum an societies that depend on 
them . A m ore thorough understanding of the specific im pacts o f ocean acidification is urgently needed 
in  the face of the im portance of the oceans ecosystem services to aid p lanning and inform ed responses 
to the em erging challenges346.

Ocean acidification will slow or reverse m arine plant and anim al carbonate shell and skeleton growth, 
with a corresponding decrease in  fishing revenues with significant impacts for com m unities that depend 
on the resources for income and livelihoods347. The economic consequences will depend on the com bined 
adaptation of m arine ecosystems and hum an resource m anagem ent efforts. In 2006, shellfish and crus­
taceans provided 50% of the USS 4 billion domestic com mercial harvest value in  the USA. Processing, 
wholesale, and retail activities led to sales of USS 69.5 billion, contributing USS 35 billion in  value added 
to the U.S gross national product, and providing an estimated 70,000 jobs348. Ocean acidification-driven 
declines in  com mercial shellfish and crustacean harvests from  present day to 2060 could decrease U.S. p ri­
m ary com mercial revenues by USS 860 million to USS 14 billion, depending on CO 2 emissions, discount 
rates, biological responses and fishery structure. This estimate excludes losses from  coral reef damage and 
possible fishery collapses if ocean acidification pushes ecosystems past ecological tipping points349.

Econom ic changes resulting from  fishery losses on a local scale could alter the dom inant economic 
activities and dem ographics, and accelerate the proportion  of the population living below the poverty 
line in  dependent com m unities that have little econom ic resilience or few alternatives350. For example, 
coastal and m arine related industries com prise approxim ately 25% of Indonesia’s gross dom estic p rod ­
uct and em ploy nearly 15% of that country’s workforce351.

The total value of world fisheries production  is presently around USS 150 billion per year. Approximately 
50% of all food fish comes from  aquaculture industries, which depend heavily on carbonate-form ing 
organism s like shellfish and crustaceans as a source of b roodstock for hatcheries352. M ost aquaculture 
facilities are located in  coastal areas, which will likely experience ocean acidification353. Reduced calci­
fication and reproduction  success in  calcifying organism s will represent a significant loss of econom ic 
and livelihood opportunities from  aquaculture and com m ercial fisheries sectors, and are likely to af­
fect developing countries that are m ore reliant on aquaculture sources for the provision of protein and 
revenue. W hile hard to predict, early estimates of the direct im pacts of ocean acidification on m arine 
fishery production  are in  the order of USS 10 billion per year354.

345 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

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

347 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 M arine Calcifiers: A Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

348 Cooley, S. R., Doney, S. C. (2009). Ocean Acidification’s im pact on Fisheries and Societies: A U.S Perspective. Journal o f  Marine 
Education, 25( 1): 15—19.

349 Cooley, S. R., Doney, S. C. (2009). Economic vulnerability assessment of U.S. fishery revenues to ocean acidification. Submitted to 
Proceedings of the National Academy of Sciences of the United States of America, www.pnas.org/cgi/doi/10.1073/pnas.0709640104.

350 Cooley, S. R., Doney, S. C. (2009). Ocean Acidification’s im pact on Fisheries and Societies: A U.S Perspective. Journal o f  Marine 
Education, 25( 1): 15—19.

351 Kite-Powell, H. L. (2009). A Global Perspective on the Economics of Ocean Acidification. Journal o f Marine Education, Vol 25 
(1):25 -  29.

352 Ibid.
353 Cooley, S. R., Doney, S. C. (2009). Ocean Acidification’s im pact on Fisheries and Societies: A U.S Perspective. Journal o f  Marine 

Education, 25( 1): 15—19.
354 Kite-Powell, H. L. (2009). A Global Perspective on the Economics of Ocean Acidification. Journal o f Marine Education, Vol 25 

(1):25 -  29.
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IV. UNCERTAINTIES AND OTHER CONSIDERATIONS

How is calcification affected in organisms at different stages of their life cycle?

M arine organism s use ions in  seawater to form  a variety of shells, exoskeletons, and internal structures 
m ade of carbonate minerals. Structures can contain several m inerals, non-m ineral layers, or both , and 
the m inerals used can vary by organism s’ developm ental stage. Different life cycle stages o fben th ic  cal- 
cifiers display different m orphologies and m odes of calcification, which can influence the response of 
the organism  to changes in  CCb concentration and p H 355. Larval and juvenile stages m aybe particularly 
sensitive, in  part because they form  their internal skeletons out o f am orphous calcite, which is more 
soluble that other form s of carbonate356. Low pH  can cause decreased C aCO j skeleton assimilation, and 
a corresponding decrease in  the length of free sw im m ing pluteus larvae in  phytoplankton and coral. A 
reduction in  protein synthesis is observed following fertilization of sea urchin Hemicentrotus pulcher­
rimus, which leads to decreased growth and cleavage rates357. Any delay in  the developm ental rate of 
organism s increases the m ortality  of em bryos during the planktonic period due to predation. The m or­
phology of pluteus larvae grown at pH  6 . 8  was observed to be extremely abnorm al, lacking arms, which 
have an im portan t function for sw im m ing and feeding, and therefore survival rates. Fertilization rates, 
reproduction, fertilization, planktonic larva, settlem ent, m etam orphosis, and juvenile and benthic adult 
stages, are potentially affected in  different ways by ocean acidification (Figure 16).
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FIGURE 1 6 : Effects of CCk-drlven ocean acidification on the early developm ent stages of Invertebrates.
Source: Kurihara, H. (2008)3SS.

355 Rost, B., Zondervan, I., Wolf-Gladrow, D. (200*) Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: 
current knowledge, contradictions and research directions. M ar Ecol Prog Ser, Vol. 373:227-237.

356 Vezina, A. R, Hoegh-Guldberg, O. (2008). Introduction to: Effects of ocean acidification on m arine ecosystems. M ar Ecol Prog Se, 
Vol 373:199-201.

357 Kurihara, H., Shirayama, Y. (2004). Effects of increased atmospheric CO 2  on sea urchin early development. M ar Ecol Prog Ser. 
274:161-169.

358 Kurihara, H . (2008). Effects of CO 2  driven ocean acidification on the early developmental stages of invertebrates. M ar Ecol Prog Ser. 
373:275-284.
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Why do some calcifying organisms seem to be less affected than others?

C ontrary  to expectation, elevated pC 0 2  levels have been reported to enhance structural calcification 
in  species of coccolithophores, some invertebrates, e.g. juvenile cephalopod m ollusc359, and juvenile 
fish360. This follows recent suggestions that the biological responses to ocean acidification, especially in 
calcifying biota, will be species-specific and therefore m uch m ore variable and complex than  previously 
reported361.

To alleviate the risk  of carbon lim itation, m any m arine phytoplankton are thought to have developed 
physiological m echanism s to actively concentrate CO 2 in  their cells so that changes in  seawater pH  and 
CO 2 have little if  any direct effect on their growth rate or their elemental com position. Taxon-specific 
differences in  CO 2 sensitivity have been observed in  laboratory culture but it is currently unknow n 
w hether energetic dem ands of this com pensatory m echanism  will im pact phytoplankton species diver­
sity, or the contribution of different functional groups in  the natural environm ent362. In general, species 
relying on diffusive CO 2 uptake or those with inefficient CC>2 -concentrating m echanism s (CCM ) are 
highly CO 2 sensitive in  photosynthesis and may benefit from  the increase in  CO 2 in  future oceans. 
Those species operating highly efficient CCM s are at rate saturation under present-day CO 2 concen­
trations. However, a dow n regulation of the CCM  under elevated CO 2 levels m ay allow for optim ized 
energy and resource allocation in  these species363. CCM s are thought to be less widespread in  benthic 
photosynthetic organism s364.

Some experiments have shown both increasing365 and decreasing366 coccolithophore calcification under 
elevated CO 2 conditions, even in  the same species. These conflicting results m aybe caused by genetic dif­
ferences between the strains used, or differences in  laboratory and experim ental procedures, highlighting 
the need for standardised m ethods and protocols, and accurate interpretations of the available data367.

How is adaptation and survival influenced by the different mechanisms of calcification or 
other physiological factors?

The high rate o f increase in  CO 2 concentration m eans that organism s are being exposed to changes that 
are faster than they have encountered in  their recent evolutionary history368. The capacity of calcifying 
m arine organism s to adapt to progressively acidified oceans is no t know n, but m ay be a function of 
species generation tim e, which suggests that long-lived species, such as warm - and cold-water corals,

359 G utowskaM ., A., Pörtner H.-O., M elzner F., (2008). Growth and calcification in the cephalopod Sepia officinalis under elevated 
seawater pCC>2 . Marine Ecology Progress Series 373:303-309.

360 Checkley Jr., D. M., Dickson, A. G., Takahashi, M., Radich, J. A., Eisenkolb, N., Asch, R. (2009). Elevated CO 2  enhances otolith 
growth in young fish. Science 324: 1683.

361 Miller, A. W., Reynolds, A. C., Sobrino, C., Reidel, G. E (2009). Shellfish Face Uncertain Future in High CO 2  World: Influence of 
Acidification on Oyster Larvae Calcification and G rowth in Estuaries. PLOSOne, 4(5) e5561.

362 OSPAR Commission (2006). Effects of the m arine environm ent of ocean acidification resulting from elevated levels of CO 2  in the 
atmosphere.

363 Rost, B., Zondervan, I., Wolf-Gladrow, D. (200*) Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: 
current knowledge, contradictions and research directions. M ar Ecol Prog Ser, Vol. 373:227-237.

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

365 Iglesias-Rodriguez, M. D., Halloran, P. R., Rickaby, R. E. M., Haii, I. R., Colmenero-Hidalgo, E., Gittins, J. R., Green, D. R. H., 
Tyrell, T., Gibbs, S. J., von Dassow, P., Rehm, E., A rm brust, E. V., Boessenkool, K. P. (2008). Phytoplankton Calcification in a High- 
CO 2  W orld. Science, 320:336-340.

366 Wolf-Gladrow, D. A., Riebesell, U., Burkhardt, S., Bjima, J. (1999). Direct effects of CO 2  concentration on growth and isotopic 
composition of m arine plankton. Tellus 51B:461-476.

367 Reibeseil, U., Bellerby, R. G. J., Engel, A., Fabry, A., Hutchins, D. A., Reusch, T. B. H., Schulz, K. G., Morel, F. M . M. (2008) 
C om m ent on “Phytoplankton Calcification in a High-CCU W orld”. Science, 322 (5907):1466.

368 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 
http://royalsociety.org/document.asp?id=3249
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will be less able to respond. Shorter generation tim es m ay afford increased opportunities for m icro- 
evolutionary adaptation369.

Com m ercially valuable molluscs, such as bivalves and som e gastropods, exert low biological control 
over the calcification process and depend on specific am bient seawater chem istry that prom otes CaCC>3 

deposition. Sea urchins and crustaceans, including lobsters and shrim p, exert higher biological con­
trol by gradually accum ulating intracellular stocks of ions; between m oults, crustaceans are thought 
to harden their chitin and protein exoskeletons by continually depositing calcite minerals. The shell 
chem istry and m ineralization of crustaceans suggest that they m ay w ithstand ocean acidification and 
saturation state decreases better than  molluscs, however the response of organism s is likely to be a func­
tion  of individual history and genetic variability370.

Owing to their highly soluble aragonitic shells and high population densities in  polar and sub-polar 
waters, which will be the first regions of the oceans to experience under-saturation  with regards to 
aragonite, pteropods m ay be particularly sensitive to ocean acidification. It is likely that given the rate 
of change, pteropods will no t be able to adapt quickly enough to live in  the under-saturated conditions 
that will occur over m uch of the high-latitude surface ocean during the 21st century. Their distributional 
ranges will be reduced bo th  w ithin the water colum n, disrupting vertical m igration patterns, and latitu- 
dinally, im posing a shift towards lower latitude surface waters that rem ain supersaturated with respect 
to aragonite371. Few experim ents have been conducted for long enough to indicate whether organisms 
will be able to genetically adapt to these changes.

How do other environmental factors such as carbonate concentration, light levels, 
temperature and nutrients affect calcification processes?

Substances other than  the com ponents o f the carbonate system are im portan t for supporting life in 
the oceans, such as m acro- and m icro-nutrients and trace elements. Ocean acidification is expected to 
produce changes in  ocean chem istry that m ay affect the availability of nutrients and the toxicity and 
spéciation of trace elements to m arine organisms, however the extent of the pH -induced changes are 
difficult to determ ine. Variation in  the availability o f nutrients may have an indirect effect on cellular 
acquisition, the growth of photosynthetic organism s, or the nutritional value of m icro-organism s to 
higher orders of the food chain372. Additionally, non-photosynthetic m icro organism s, such as bacteria, 
fungi and protists, m ay benefit from  increased CO 2 concentrations and altered spéciation.

The pH  of the oceans fluctuates w ith available sunlight, increasing phytoplankton abundance, upwelling, 
alkalinity, and water tem perature, indicating that biological processes influence ocean pH . Indeed, the 
ionisation o f nutrients supplied as solutes, and critical for phytoplankton nutrition , varies across a range 
of pH  values373. It is im portan t therefore that future models and experim ents o f ocean pH  capture the 
influence of these other variables on calcification processes, which have not always been accounted for 
in  previous w ork374.

369 Ibid.
370 Cooley, S. R., Doney, S. C. (2009??). Economic vulnerability assessment of U.S. fishery revenues to ocean acidification. Submitted to 

Proceedings of the National Academy of Sciences of the United States of America, www.pnas.org/cgi/doi/10.1073/pnas.0709640104.
371 Orr, J. C., Fabry, V. J., A umont, O., Bopp, L., Doney, S. C., et al. (2005). A nthropogenic ocean acidification over the twenty-first 

century and its im pact on calcifying organisms. Nature 437:681-686.
372 The Royal Society (2005). Ocean Acidification due to increasing atmospheric carbon dioxide. Policy D ocum ent 12/05. 

http://royalsociety.org/docum ent.asp?id=3249
373 Ibid.
374 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 M arine Calcifiers: A Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.
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How will communities with a mixture of calcifying and non-calcifying organisms respond 
to decreased calcification rates, and what impact will this have on the marine food chain?

The complex and non-linear effects of ocean acidification, and the lim ited available data on the change 
in  relative abundance of species as CO 2 increases in  the oceans, makes the accurate prediction of com ­
m unity  responses challenging. Observations from  naturally acidified m arine environm ents, such as 
Ischia in  Italy, reveal that low pH  causes m ajor ecological shifts, dram atically im pacting the su rround­
ing biological com m unities, and provides invaluable inform ation about the ecosystem-level im pacts of 
ocean acidification375.

In Ischia waters with a m ean pH  of 7.8, the num ber of species is 30% lower than  at sites with a n o r­
m al pH . O rganism s with calcareous structures (e.g. epiphytic worm s com m only found on sea-grass 
leafs), or shells (snails, mussels, sea urchins, barnacles) are absent or severely reduced in  low pH  areas. 
Furtherm ore, the abundance of sea urchins, the m ost com m on large invertebrates on sub-littoral rock 
outside the vents, is significantly reduced where pH  reaches m inim a of 7.4-7.5 units. Instead, areas 
close to CO 2 vents are covered by lush sea-grass meadows and algal com m unities, which use dissolved 
CO 2 directly, and thrive in  or are resilient to, high CO 2 concentrations376.

The net effect of increasing CO 2 on sea grass ecosystems will be increased sea grass biom ass and p ro­
ductivity. It is probable that an increase in  total sea grass area will lead to m ore favourable habitat and 
conditions for associated invertebrate species and fish species. However, the net effect o f ocean acidifica­
tion  on coral reef ecosystems will be negative as m any w arm -water corals will be heavily im pacted by 
the com bined effects o f increasing sea surface tem peratures and decreasing carbonate saturation states 
of surface waters in  the com ing decades.

375 Haii Spencer, J., Rauer, E. (2009). Cham pagne Seas -  Fortelling the Oceans Future? Current: The Journal o f  Marine Education , 
Vol. 25( 1): 11 — 12

376 Hall-Spencer, J. M., Rodolfo-Metalpa, R., M artin, S., Ransome, E., Fine, M., Turner, S. M., Rowley, S. J., Tedesco, D., Buia, M. C. 
(2008). Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 454:96-99.
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V. CONCLUSIONS

The global atm ospheric concentration of CO 2 has increased from  a pre-industrial value of 280 ppm  to 
384 ppm 377, leading to a 30% increase in  the acidity of the oceans. This significant increase is 100 tim es 
faster than  any change in  acidity experienced in  the m arine environm ent for the last 2 0  m illion years 
and represents a rare geological event in  the Earths history378,379.

A tm ospheric CO 2 concentrations are predicted to increase th roughout the 21st century and could ex­
ceed 800 ppm  by 2100 if anthropogenic emissions continue along curren t trends380. Ocean acidification 
is a direct consequence of increasing atm ospheric CO 2 concentrations that is occurring independently  
of climate change. It can be predicted w ith a high level o f certainty based on the complex but predictable 
m arine carbonate chem istry reactions and cycles o f CO 2 as it dissolves in  seawater. Ocean acidification 
will follow the accelerating trend  in  world CO 2 emissions, leading to a 150-185% increase in  acidity by 
2100, under curren t emission rates (a decrease of 0.4-0.45 pH  units)381.

Increasing ocean acidification reduces the availability of carbonate m inerals (aragonite and calcite) in 
seawater, im portan t building blocks for m arine plants and animals. Carbonate ion concentrations are 
now  lower than  at any other tim e during the last 800,000 years382. Experim ental evidence has dem on­
strated that increased pCC>2 (560ppm) has a negative effect on calcification, causing a decrease in  cal­
cification rates o f between 5-60%  in corals, coccolithophores, and foram inifera383,384,385. As the w orlds 
oceans becom e less saturated with carbonate m inerals over tim e, m arine organism s are expected to 
build  weaker skeletons and shells, and experience slower growth rates which will make it increasingly 
difficult to retain  a com petitive advantage over other m arine organisms.

The CaCC>3 saturation horizon above which CaCC>3 can form, and below which it readily dissolves, has sho­
aled significantly in  certain parts of the ocean, by up to 150 m  in the Atlantic, reducing the available habitat 
for im portant calcifying organisms386. As seawater becomes under-saturated with respect to these minerals 
it becomes corrosive, and the shells of calcifying organisms are increasingly prone to dissolution. Indeed, by 
2100,70% of cold-water corals will be exposed to corrosive waters387. Cold-water coral reef ecosystems pro­
vide habitat, feeding grounds and nursery areas for many deep-water organisms, and support characteristic 
and commercially im portant fauna several times as diverse as that found on the surrounding seabed388.

377 Solomon, S., Q uinn, D., M anning, M., Chen, Z., M arquis, M., Averyt, K. B., Tignor, M., Miller, H. (eds) (2007). Climate Change 
2007: The Physical Science Basis. C ontribution of W orking Group I to the Fourth Assessment Report of the Intergovernm ental 
Panel on Climate Change. New York: Cambridge University Press.

378 Turley, C. M., Roberts, J. M., Guinotte, J. M . (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold- 
water ecosystems. Coral Reefs 26:445-448.

379 UNESCO, IGBP, MEL, SCOR. (2009). Ocean Acidification: A Sum m ary for Policymakers from  the Second Symposium on the 
Ocean in a H igh-C 02 World, www.ocean-acidification.net

380 Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., Lanson, D., Hales, B. (2008). Evidence for Upwelling of Corrosive ‘Acidified” 
Water onto the C ontinental Shelf. Science 320:1490 -1492.

381 Steinacher, M., Joos, F., Frölicher, T. L., Plattner, G.-K., Doney, S. C. (2009). Im m inent ocean acidification in the Arctic project with 
the NCAR global coupled carbon cycle-climate model. Biogeosciences 6:515-533.

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

383 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., M illero, F. J. (2004). Im pact of anthropogenic CO 2  on the 
CaCÛ 3 system in the oceans. Science 305:362-365.

384 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 M arine Calcifiers: A Guide for Future Research, report of a workshop held 18-20 April 2005, St Petersburg, FL, 
sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.

385 Fine, M., Tchernov, D. (2007). Scleractinian Coral Species Survive and Recover from Décalcification. Science 315:1811.
386 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., M illero, F. J. (2004). Im pact of anthropogenic CO 2  on the 

CaCC>3 system in the oceans. Science 305:362-365.
387 Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., M organ, L., George, R. (2006). W ill hum an-induced changes in seawater chem istry 

alter the distribution of deep-sea scleractinian corals? Front Ecol Environ 4(3): 141-146.
388 Turley, C. M., Roberts, J. M., Guinotte, J. M . (2007). Corals in deepwater: will the unseen hand of ocean acidification destroy cold- 

water ecosystems. Coral Reefs 26:445-448.
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Tropical coral reefs provide in  excess of USS 30 billion annually in  global goods and services, such as 
shoreline protection, tourism  and food security389. The Great Barrier Reef, Coral Sea, and Caribbean 
Sea are predicted to experience low aragonite saturation levels m ore rapidly than  other tropical regions 
as p C 0 2 increases, m aking large areas of the oceans inhospitable to coral reefs, and im pacting the con­
tinued provision of the goods and services that these reefs provide to millions of the w orlds poorest 
people390, and will therefore have negative im pacts on m arine ecosystems.

Ocean acidification research is still in  its infancy, and m any questions rem ain related to its biological and 
biogeochem ical consequences, and the accurate determ ination of sub-critical levels, or tipping points 
for global m arine species, ecosystems and the services and functions provided. The im pacts will depend 
to some extent on the specific physiological adaptation m echanism s of species, and the energetic costs 
of m aintaining these over the long term . Future changes in  ocean acidity will potentially im pact the 
population size, dynam ics as well as com m unity structure of calcifiers in  favour of those that rely less on 
calcium391; it will negatively affect shellfish; it will im pact fish; it m ay benefit highly invasive non-native 
algal and invertebrate (such as tunicate) species; and it will reduce coral calcification392. However, while 
the initial im pact o f ocean acidification is relatively clear, the eventual im pact depends on the complex 
in teraction of m any other variables. The estim ation of resulting changes in  econom ic values, which 
generally derive from  the higher tropic levels, is therefore also pervaded by uncertainty. W hat is clear is 
that the goods and services provided by the ocean, upon which hum an populations are dependent, will 
be different under future acidified oceans as increasing p C 0 2 concentrations influence the physiology, 
developm ent and survival o f m arine organism s393. There is an urgent need for m ore spatially distributed 
and tem porally intensive studies o f ocean pH  dynam ics and their underlying causal m echanism s and 
consequences,394 and a focus on the adaptive capacities of m arine organisms, which will be crucial to 
forecasting how  organism s and ecosystems will respond as the w orlds oceans w arm  and acidify395.

Theory and an emerging body of research suggest that m any of the effects of ocean acidification may be 
non-linear, and both positive and negative feedback mechanism s on m arine ecosystems seem to exist, im ­
peding the ability to make reliable predictions of the consequences of changing C 0 2 levels396. The ocean 
is one of the largest natural reservoirs o f carbon, absorbing -26-29%  of anthropogenic carbon emissions 
each year. However, the oceans’ capacity to absorb atm ospheric C 0 2 is being degraded by ocean acidifica­
tion, which will make it m ore difficult to stabilize atm ospheric C 0 2 concentrations. Even with stabilisa­
tion of atm ospheric C 0 2 at 450 ppm , ocean acidification will have profound impacts on m any m arine 
ecosystems. The interactive effects o f saturation state, tem perature, light and nutrients are all im portant 
factors in  calcification rates o f organisms. H um an activities are causing changes in  all o f these factors397.

389 Kite-Powell, H. L. (2009). A Global Perspective on the Economics of Ocean Acidification. Journal o f Marine Education 25 
(1):25 -  29.

390 OSPAR Commission (2006). Effects of the m arine environm ent of ocean acidification resulting from elevated levels of CO 2  in the 
atmosphere.

391 Guinotte, J. M., Fabry, V. J. (2008). Ocean acidification and its potential effects on m arine ecosystems. Ann. N. Y. Acad. Sei. 1134: 
320.

392 Brander, L. M., Rehdanz, K., Tol, R. S. J., and van Beukering, P. J. H. (2009). The Economic Im pact of Ocean Acidification on Coral 
Reefs. W orking Paper No. 282 . ESRI: Dublin, Ireland.

393 Andersson, A. J., Mackenzie, F. T., Bates, N. R. (2008). Life of the margin: implications of ocean acidification on Mg-calcite, high 
latitude and cold-water m arine calcifiers. M ar Ecol Prog Ser. 373:265-273.

394 W ootton, T. J., Pfister, C. A., Forester, D. (2008). Dynamic patterns and ecological impacts of declining ocean pH  in a high- 
resolution multi-year dataset. PNAS,Vol. 105(48): 18848-18853.

395 Kurihara, H. (2008). Effects of CO 2  driven ocean acidification on the early developmental stages of invertebrates. M ar Ecol Prog Ser 
373:275-284.

396 Turley, C., Blackford, J. C., W iddicombe, S., Lowe, D., Nightingale, P. D., and Rees, A. P. (2006). Reviewing the Im pact of Increased 
Atmospheric CO 2  on Oceanic Ph and the M arine Ecosystem. In: Avoiding Dangerous Climate Change. (H. J. Schellnhuber, W. 
Cramer, N. Nakicenovic, T. Wigley, and G. Yohe, Eds.) Cam bridge University Press: Cambridge, UK. pp. 65-70.
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sponsored by NSF, NOAA and the U.S Geological Survey, 88 pp.
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A host of pervasive stressors are im pacting the oceans, such as rising ocean tem peratures, over-fishing 
and land-based sources of pollution, which operate in  synergy w ith increasing acidification to com pro­
mise the health and continued function of m any m arine organisms. If pushed far enough, ecosystems 
m ay exceed a tipping poin t” and change rapidly into an alternative state with reduced biodiversity, value 
and function398. The cumulative im pacts or interactive effects of multiple stressors will have m ore sig­
nificant consequences for b iota that any single stressor399. W hen considered in  the light of global climate 
change and increasing therm al anom alies, coral reef acidification and bleaching enhance deleterious 
ecosystem feedbacks, driving the coral ecosystems toward dom ination by m acroalgae and non-coral 
com m unities400.

Ocean acidification is irreversible on short-term  tim efram es, and substantial damage to ocean ecosys­
tem s can only be avoided th rough urgent and rapid reductions in  global emissions of C O 2 by at least 
50% by 2050, and m uch m ore thereafter401. Ocean acidification is an already observable and predictable 
consequence of increasing atm ospheric CO 2 concentrations, w ith biological im pacts, and will need to 
be recognized and integrated into the global climate change debate.

398 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

399 Guinotte, J. M., Fabry, V. J. (2008). Ocean acidification and its potential effects on m arine ecosystems. A nn. N. Y. Acad. Sei. 1134: 
320.

400 Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harveii, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., M uthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E. (2007). 
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742.

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