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SCIENTIFIC SYNTHESIS ON THE IMPACTS OF OCEAN ACIDIFICATION ON MARINE BIODIVERSITY
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Executive Summary
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I. Background and introduction

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

Ocean acidification is an observable and predictable consequence of increasing atmospheric CO2 concentrations2 now and in the future, given the well-known physio-chemical pathways and reactions of CO2 as it dissolves in seawater.  However, given the nascent recognition of ocean acidification as a global threat, the resulting impacts on marine species and ecosystem processes are still poorly understood
.  The predicted consequences for marine plants and animals, food security and human health are profound, including disruption to fundamental biogeochemical processes, regulatory ocean cycles, marine food chains and production, and ecosystem structure and function
, 
.  

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

Ocean acidification research is still in its infancy and many questions remain related to its biological and biogeochemical consequences, and the accurate determination of sub critical levels, or ‘tipping points’ for global marine species, ecosystems and services.  
A. Objectives of the report

In its decision IX/20 (Marine and Coastal Biodiversity), the Conference of the Parties to the Convention on Biological Diversity “... requests the Executive Secretary, in collaboration with Parties, other Governments, and relevant organizations, to compile and synthesize available scientific information on ocean acidification and its impacts on marine biodiversity and habitats, which is identified as a potentially serious threat to cold-water corals and other marine biodiversity, and to make such information available for consideration at a future meeting of the Subsidiary Body on Scientific, Technical and Technological Advice (SBSTTA) prior to the tenth meeting of the Conference of Parties.”
  Pursuant to this request, this report was prepared to present a review and synthesis of existing literature and other scientific information on the potential impacts of ocean acidification on marine biodiversity in support of decision IX/20.  [The report takes into consideration comments and feedback submitted by Parties, other Governments and organizations as well as experts who kindly peer reviewed the report.]
The research for this report was conducted in collaboration with the UNEP World Conservation Monitoring Centre (UNEP-WCMC) with the kind financial support by the Government of Spain.

B. Definition(s) of Ocean Acidification
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Figure 4. The change in ocean acidity according to the four SRES marker scenarios as
implemented in FUND and Equation (1).



The measure used to define the acidity or alkalinity of a solution is pH units.  On this logarithmic scale, a decrease of 1 unit corresponds to a 10-fold increase in the concentration of Hydrogen (H+) ions and represents significant acidification.  Currently, the surface waters of the oceans are slightly alkaline with an average pH of 8.2 units, approximately 0.1 pH units less than the estimated preindustrial values.  

The dissolution of CO2 into the oceans has, and continues to increase the concentration of H+ ions, which reduces pH, making the oceans more acidic.  It is important to note that the pH of the oceans is currently greater than pH=7 (neutral pH), and thus the term ocean acidification refers to the oceans becoming progressively less alkaline along the pH scale (see Fig 1).
Figure 1. The pH scale. Source: US Environmental Protection Agency

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

There are numerous more detailed definitions and descriptions (see also Section C below) of the term ocean acidification in the scientific literature, including:

“... The addition of carbon dioxide in seawater that causes a reduction in ocean pH and shifts in carbonate speciation”, with pH defined as “a measure of ocean acidity and hydrogen ion H+ concentration; pH = −log10[H+]” 2
 “...Oceanic uptake of CO2 drives the carbonate system to lower pH and lower saturation states of the carbonate minerals calcite, aragonite, and high-magnesium calcite, the materials used to form supporting skeletal structures in many major groups of marine organisms. ...”

C. Scientific description of Ocean Acidification

The ocean is one of the largest natural reservoirs of carbon, with an estimated daily uptake of 22 million metric tons of CO2
.  The gas equilibrium at the ocean-atmosphere interface facilitates the constant exchange of gases in both directions, making the oceans of considerable importance in the global carbon cycle
.  There are important interactions and feedbacks between changes in the state of the oceans and changes in the global climate and atmospheric chemistry, which can influence the ability of the oceans to absorb additional CO2 from the atmosphere, affecting the rate and scale of global climate change12.  

Solubility and distribution of CO2 in the oceans

The solubility and distribution of CO2 in the oceans depends on climatological conditions and a number of physical (e.g. water column mixing, temperature), chemical (e.g. carbonate chemistry) and biological (e.g. biological productivity) factors.  Figure 2 shows the calculated mean annual sea-air CO2 flux, with yellow-red colours indicating a net release of C02 to the atmosphere, and blue-purple colours indicating a net up-take of CO2 from the atmosphere.

[image: image24.emf]
Figure 2. Mean Annual Air-Sea CO2 Flux for 1995. Source: Lamont-Doherty Earth Observatory.

Distribution of the climatological mean annual sea-air CO2 flux (moles CO2 m-2 yr-1) for the reference year 1995 representing non-El Niño conditions. Compiled using the mean monthly distribution of sea-air pCO2 difference, the climatological NCEP 41 year mean wind speed and the wind-speed dependence of the CO2 gas transfer velocity of Kanninkhof (1992). This map yields an annual oceanic uptake flux for CO2 of 2.2 ± 0.4 Pg C yr-1.

Once CO2 has been absorbed into surface waters, it is transported horizontally and vertically to the ocean interior by a suite of biologically and physically mediated processes.  Three basic mechanisms control this distribution: the ‘solubility pump’, the ‘organic carbon pump’ and the ‘CaCO3 counter pump’ – the latter two are often summarized as the ‘biological pump’ (Fig. 3)9.  

[image: image25.png]



Figure 3. Three main ocean carbon pumps govern the regulation of natural atmospheric CO2 changes by the ocean.  Source: American Geophysical Union, 1991.

Biological Pump: The ‘organic carbon pump’ is driven by the primary production of marine phytoplankton, which converts dissolved inorganic carbon (DIC) and nutrients into bio-available organic matter through photosynthesis
.  This process is limited by the availability of light and nutrients, e.g. phosphate, nitrate, silicic acid and micronutrients such as iron.  The uptake of CO2 through photosynthesis, prompts the ‘draw down’ of additional CO2 from the atmosphere, fuels the flux of sinking particulate organic carbon into the ocean interior as organisms die or are consumed, and drives global marine food webs.  This cycle maintains a vertical gradient in the concentration of DIC, with higher values at depth and lower values at the surface
.  
Although most of the CO2 taken up by phytoplankton is recycled near the surface, a substantial fraction, perhaps 30%, sinks into the deeper waters before being converted back (remineralized) into CO2 by marine bacteria.  Only about 0.1% reaches the seafloor to be buried in the sediments
.  Of note, the removal of CO2 via primary production increases pH, whereas adding CO2 via respiration decreases pH, leading to an observed diurnal variation in pH within highly productive systems
.  

Solubility Pump: In addition to the absorption or release of CO2 due to biological processes, changes in the solubility of gaseous CO2 can alter CO2 concentrations in the oceans and the overlying atmosphere.  The overall process of carbon uptake, down-welling, up-welling and out-gassing in the oceans is known as the solubility pump.  The more DIC the ocean water contains, the heavier it gets, causing DIC loaded water to sink down to the deep ocean, forming intermediate and bottom water masses.  Since these deep water masses are formed under the same surface conditions that promote carbon dioxide solubility, they contain a high concentration of dissolved inorganic carbon, accumulated at the surface, which is transported to the deeper parts of the oceans as the water mass sinks.  

Large scale ocean circulation processes slowly transport CO2 rich bottom waters over long distances from the Atlantic to the Indian and Pacific oceans, which accumulate further DIC as they travel.  As such, concentrations of DIC are approximately 10-15% higher in deep waters than at the surface, and lower in the Atlantic than the Indian Ocean, with the highest concentrations found in the older deep waters of the North Pacific Ocean.  Figure 4 shows the mean pre-industrial distribution of dissolved inorganic carbon along north-south transects in the Atlantic, Indian and Pacific Oceans.  Figure 5 shows the estimated mean distributions of anthropogenic CO2 concentrations along the same transects.  
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Figure 4. Zonal mean pre-industrial distributions of dissolved inorganic carbon (in units of µmol kg ) along north-south transects in the Atlantic, Indian and Pacific oceans. The Pacific and Indian Ocean data are from the Global CO2 Survey (this study), and the Atlantic Ocean data are from Gruber (1998)

Figure 5. Zonal mean distributions of estimated anthropogenic CO concentrations (in units of µmol kg ) along north-south transects in the Atlantic, Indian and Pacific oceans. The Pacific and Indian Ocean data are from the Global CO2 Survey (this study), and the Atlantic Ocean data are from Gruber (1998)

Data-based estimates indicate that globally, the oceans have accumulated carbon in the range of 112-118 (+/- 17-19) gigatonnes of Carbon (Gt C) since the beginning of the industrial era, corresponding to an uptake of about 29% of the total CO2 emissions from burning fossil fuels, land use change and cement production within the last 250 years
, 
.  The deepest penetrations of this anthropogenic carbon are observed in areas of deep and intermediate water formation, such as the North Atlantic, and the Southern Ocean, 40-50°S.  Figure 5 shows that the anthropogenic CO2 signal can be found in depths of up to 2500m in certain areas, although newer studies in the North Atlantic have revealed large changes in CO2 concentrations in deep-water masses between 3,000 and 5,000 metres depth, indicating that the CO2 signal might already have penetrated to this depth in certain locations
.  

Depending on the location and ocean currents, CO2 can be retained in deep waters for several hundred (up to a 1,000) years
, 
.  This means that the equivalent CO2 content is temporarily removed (sequestered) from the atmosphere for this time period, until ocean upwelling in lower latitudes drives water from the deep ocean back to the surface.  Upwelling water warms during its rise to the surface, reducing the solubility of the CO2 it holds and consequently causing the release of some of it back to the atmosphere (see areas of CO2 net release in Figure 9).  Concurrently, upwelling areas like the high-latitude waters around Antarctica and Equatorial Pacific waters, show relatively shallow penetrations of anthropogenic carbon.  

The solubility pump has been estimated to contribute about 20% to the vertical distribution/gradient of DIC, the remaining 80% originates from the biological pump(s)15.  It should be noted that increasing sea surface temperatures as a result of climate change will decrease the solubility of CO2.  Different climate models predict ocean temperature increases throughout this century
, which means that less CO2 will be absorbed at the surface.  Model outcomes suggest that not only surface water temperature, but also mean deep ocean temperatures, are highly correlated with the strength of the solubility pump described above
.  In the long term, climate change may slow down, or in the worst-case even interrupt, the ocean’s 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 contact with anthropogenic CO29.  This would seriously influence the ocean’s carbon uptake capacity and lead to a still more rapid increase of the concentration of CO2 in the atmosphere. 
Ocean Carbonate System

In seawater, CO2 molecules are present in three major forms: the undissociated form (CO2 (aq)) and two ionic forms, bicarbonate (HCO3-) and carbonate (CO32-) - see Table 1 and Figure 7.  The proportion of each of these carbon components in seawater is sensitive to temperature, chemical composition, and pressure, and thus to latitude and depth creating a varied carbonate chemistry response to CO2 uptake across the oceans
.  

The amount of CO2 (aq) is proportional to the partial pressure of CO2 exerted by seawater (pCO2).  The difference between the pCO2 in surface seawater and that in the overlying air represents the thermodynamic driving potential for the CO2 transfer across the sea surface15. 

When CO2 dissolves in surface seawater it reacts with water to form a weak carbonic acid (H2CO3).

CO2 + H2O
(
H2CO3
Carbonic acid dissociates into bicarbonate ions (HCO3-) and hydrogen ions (H+).  The release of hydrogen ions decreases the pH (i.e. increases the acidity) of surrounding waters.

H2CO3
(
HCO3- + H+
Excess hydrogen ions (H+) react with carbonate ions (CO32-) to form further bicarbonate ions.

H+ + CO3₂-
(
HCO3-
The acidity of the oceans is determined by the concentration of hydrogen ions; a greater amount infers more acidic conditions, represented by a lower pH rating.  
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Saturation horizon
Figure 7. The reaction of CO2 and seawater. Source: Adapted from Doney, 2006

The amount of CO2 that dissolves into surface seawater will therefore strongly influence the acidity and pH of the oceans12.  In line with Henry’s law
, an increase in atmospheric CO2 concentrations from, for example, anthropogenic emissions, will lead to a corresponding increase in the pCO2 in the surface ocean12.

The ratio of ions HCO3⁻, CO32-, and CO2 in seawater in relation to pH are shown in Table 1.  Under current ocean conditions, bicarbonate is the most abundant form of CO2 dissolved in seawater.  Increased CO2 absorption in the surface ocean will increase both bicarbonate and hydrogen ion concentrations, and concurrently lower the availability of carbonate ions
, which are necessary for calcium carbonate (CaCO3) skeleton and shell formation in marine organisms such as corals, shellfish and marine plankton11.  

Table 1. Forms of dissolved inorganic carbon (DIC) in seawater
	Dissolved inorganic carbon (DIC) in Seawater
	% of DIC at pH 8.21.
	% of DIC at pH 8.112
	>pCO2 in surface waters

	Bicarbonate ion
	HCO3-
	88
	91
	>

	Carbonate ion
	CO32-
	11
	8
	<

	Aqueous carbon dioxide (including H2CO3)
	CO2(aq)
	0.5
	1.0
	>


Mineralization and Dissolution of Calcium Carbonate
The ‘CaCO3 counter pump’ describes the effects of the production and dissolution of calcium carbonate materials (e.g. calcareous shells of planktonic organisms) on the alkalinity and pH of seawater.  The main chemical reactions for the mineral formation and the dissolution of calcium carbonate (CaCO3) are as follows:

CaCO3
(
Ca2+ + CO32-
CaCO3 + H2O +CO2
(
Ca2+ + 2HCO3-
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 (AT)).  On a global scale, CaCO3 plays a dual role in regulating carbon sequestration by the oceans.  The equilibrium between CaCO3 precipitation and dissolution processes is influenced by CO2 concentrations in surface waters3.  The precipitation of CaCO3 in the upper ocean through the formation of calcareous skeletons by marine organisms, creates more acidic conditions which decreases the capacity of the upper ocean to take up atmospheric CO210.  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 CO2 from the atmosphere
.  Both reactions are temperature and pressure sensitive, which means that in warmer and shallower seas, the balance lies more towards the left (mineralisation), 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 CaCO3 exported from the surface layers may be dissolved in the upper 1000 metres of the water column28.  
Carbonate Buffering

The reaction of CO2 with seawater to form dissociated CO2 (aq) and CO32- and HCO3-, means that the resulting increase in gaseous seawater CO2 concentration is smaller than the actual amount of CO2 entering the seawater.  This ‘chemical buffering’ is quantitatively the most important oceanic process contributing to the ocean as a carbon sink9, and maintains the slightly alkaline pH of seawater within relatively narrow limits, despite the uptake of atmospheric CO2.  The buffer function is not however a constant, and varies depending on, inter alia, changes in pCO2 and the ratio of DIC to AT.  It is predicted that as the oceans become less alkaline due to CO2 uptake from the atmosphere, and surface pCO2 increases, the capacity of the global oceans to buffer increasing atmospheric CO2 will decline, with potentially severe consequences9.
Calcium carbonate (CaCO3) saturation horizon

The carbonate buffering process is known to lower the degree of saturation of seawater (‘saturation state (Ω)’) with respect to carbonate minerals such as calcite and aragonite, which in turn affects the stability and production rates of these important building blocks
, 
.  When seawater is supersaturated with aragonite and calcite (Ω>1), as is the case in all ocean surface waters at present, the formation of shells and skeletons will be favoured.  Conversely, when seawater is under saturated with respect to these minerals (Ω<1) the seawater becomes corrosive and the shells of calcifying organisms are increasingly prone to dissolution
.  CaCO3 becomes more soluble with decreasing temperature and increasing pressure and therefore ocean depth, creating a natural boundary known as the ‘saturation horizon’ above which CaCO3 can form, but below which it readily dissolves12.  The saturation horizon starts at a depth varying between 200 m in parts of the high-latitudes and the Indian Ocean, and 3,500 m in the Atlantic9.  

The depth of this saturation horizon (Ω=1) for aragonite, a more soluble form of CaCO3, is naturally significantly shallower than that for calcite, as demonstrated in Figure 828.  As CO2 induced ocean acidity increases, carbonate ions are removed from the system in the carbonate buffering process (see above), and the saturation horizon shallows towards surface waters, termed ‘shoaling’.  Shoaling of the saturation horizon reduces the habitat available for calcifying organisms reliant on the carbonate minerals and has implications for ecosystem productivity, function and the provision of services, especially for cold, deep water species such as cold water corals.  


[image: image2]
Figure 8. Distribution of (A) aragonite and (B) calcite saturation depth (Ω=1) in the global oceans. Source: Feely et al 200428
Laboratory and field studies have observed that the degree of super saturation has a profound effect on the calcification rates of species and communities in both planktonic and benthic habitats and suggest that a 5-25% reduction in calcification response in corals, coccolithophores and foraminifera will occur in response to a doubling of atmospheric CO2 from 280 – 560ppm28, as lower pH reduces the saturation of the seawater making calcification harder (more energy costly) and weakening any structures that have been formed.  CaCO3 makes organisms denser (‘mineral ballast’) and increases sinking rates of decomposing and dead particulate organic carbon.  A reduction in calcification decreases the amount of ballast available for the sedimentation of organic matter and CaCO3, which has implications for the biological pump and sequestration of carbon in the ocean interior12.  

Carbon and CO2 Unit Conversion Table

Ocean acidification is closely linked to atmospheric carbon dioxide concentrations and the global carbon cycle.  The scientific literature reviewed for this synthesis frequently provides quantitative figures for ‘CO2‘ and ‘carbon’, respectively.  The relation between the two is as follows: 

1 ton of carbon corresponds to 3.67 tonnes of carbon dioxide
(i.e. 3.67 tonnes of carbon dioxide contain 1 ton of carbon).

In this report, 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 Gt C of carbon corresponds to 109 t C.
II.
Global Status and Trends of Ocean Acidification

The global atmospheric concentration of CO2 has increased from a pre-industrial value of approximately 280 parts per million (ppm) to 384 ppm in 2007
, with half of this increase occurring within the last 30 years7.  It is suggested that the current atmospheric CO2 concentration is higher than has been experienced on Earth for 800,000 years
.  However, in the absence of anthropogenic CO2 uptake by the oceans, atmospheric CO2 levels would be ~55 ppm higher than present, and the effects of global climate change more marked32.  While the uptake of CO2 by the oceans is buffering the extent of global climate change, ocean chemistry is changing at a rapid and unprecedented rate
. 

During the past 250 years the average sea surface pH has dropped by about 0.1pH units from 8.21 to 8.10, equivalent to a 30% increase in hydrogen ions; a considerable acidification of the oceans12, 9.  Atmospheric CO2 concentrations are predicted to increase by 0.5-1.0% per year throughout the 21st century
, 10.  Increasing ocean acidification follows directly (albeit with a time lag) the accelerating trend in world CO2 emissions, and the magnitude of ocean acidification can be predicted with a high level of certainty based on the complex but predictable marine carbonate chemistry reactions and cycles described in the previous section.  Along with the decline in surface water pH, a substantial change in carbonate chemistry (through changes in pCO2, pH, AT, and mineral saturation states) will occur, including a decline in carbonate ion concentration12.  The impacts of ocean acidification on marine organisms and ecosystems are much less certain12.  

The closest geological analogue to the current atmospheric CO2 concentrations is the Paleocene-Eocene thermal maximum (PETM), occurring fifty-five million years ago.  During which time a strong ocean acidification event occurred, marked by the rapid and massive carbon input (2000 Gt C) to the ocean-atmosphere system.  This event is characterised by a shoaling of the deep calcite saturation horizon by 2 km and a sharp sea surface temperature rise of 5-9°C over a limited time period of 1000-2000 years, leading to shifts in marine planktonic communities and major extinctions within benthic foraminifera2.  A total of five mass extinction events have greatly influenced paths of evolution of life on Earth since the end of the Ordovician period (434 million years ago); significantly impacting coral reefs more than any other major ecosystem.  In each event, some form of perturbation of the carbon cycle, and atmospheric CO2 is implicated24, alongside other factors such as, sea level rise or changing ocean circulation10.  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 CO2 concentrations increased dramatically to a level five times higher than present day
, and recovery took hundreds of thousands of years
.  By 2050 ocean pH is predicted to be lower than it has been for around 20 million years34, and lessons from the Earth’s past raise concerns that ocean acidification could trigger a sixth mass extinction event, independently of anthropogenic extinctions that are currently taking place24.

Ocean acidification is a global phenomenon.  However, regional and seasonal influences, combined with the biological, chemical and physical factors (e.g. carbonate chemistry, biological productivity, and the effects of temperature on CO2 solubility), influence the uptake of CO2 and result in a variable pH and magnitude of ocean acidification across the global oceans of ±0.3 units from about 7.90 to 8.20 (Figure 9)12.  Larger variations can be observed from 7.3 inside deep estuaries to 8.6 in productive coastal plankton blooms, and 9.5 in tide pools.
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Figure 9. Map of mixed surface layer (upper 50m) pH values in the global oceans for the nominal year 1994.  Source: The Royal Society, 2005
A.
Surface Waters of High Latitude regions

Colder waters, due to their higher solubility for CO2, naturally hold more CO2 and are more acidic than warmer waters.  It is suggested that with increasing atmospheric CO2 concentrations, the surface waters of high latitude oceans will be the first to become under saturated with respect to calcium carbonate
.  Models of atmospheric CO2, including ocean circulation, and geographical variations in temperature have indicated that the cold Southern Ocean is particularly vulnerable to changes in carbonate saturation state due to the low existing saturation levels
, uniform temperatures and the extent of mixing in water column.  Global models suggest that given current emission rates, the surface waters of the Southern Ocean will become 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 North Pacific Ocean.  At this point, the average surface ocean carbonate ion concentration will have decreased by nearly 50%
.  These predictions suggest that detrimental conditions for the continuing function of marine ecosystems, especially calcifying organisms, could develop on much shorter timeframes than previously understood
.  

Recent evidence suggests 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 continue along current trends
.  In this instance, the Arctic mean annual Ωarag <1 will be reached in 2032, reaching Ωarag <0.75 before 2060.  This signifies that the waters will be corrosive to Arctic calcifers such as pteropods, and bivalves such as clams, which play a key role in Arctic marine food webs7.  Furthermore, the projected implications of climate change (freshening and sea ice retreat) during this period are likely to amplify the decrease in Arctic surface mean saturation and pH by more than 20%42.  

Time series observations in the Iceland Sea between 1985 and 2008 support modelled implications, demonstrating a winter decrease in surface water pH of 0.0024 yr-1, which is 50% faster than observations from subtropical time series stations, and a faster rate of change than that observed in the deep water regime (>1500m)
.  The Iceland Sea is an important source of North Atlantic Deep Water and is host to ecologically significant cold water corals, which are highly sensitive to the ambient environment and have narrow growth parametres
.  

The shallowing or ‘shoaling’ of the aragonite saturation horizon due to the rapid uptake of human produced CO2 is predicted to occur in all polar waters within the century34.  The aragonite saturation horizon in the deep Arctic Ocean is currently at 2,500m, while the horizon depth in the Iceland Sea is 1750m and rising at 4m yr-1 4343.  Due to the local elevation of the sea floor in the Iceland Sea a further 800km2 of sea floor, previously bathed in saturated waters, is exposed to under saturated conditions each year43.  In the eastern South and North Atlantic, the aragonite saturation horizon has already migrated upwards by up to 150 metres in places.  Accordingly, few records of cold-water framework forming corals exist in the North Pacific where the aragonite saturation horizon is shallow (50-600 m), suggesting that the saturation state is limiting scleractinian distribution and calcification rates28.

B.
Temperate

Little published empirical information exists on the dynamics of directly measured ocean pH at temperate latitudes.  However, a high resolution dataset of pH spanning 8 years at a north-temperate 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 dynamic and seasonal mixing processes
.  

In regions of high biological productivity and export, DIC is converted into organic carbon by phytoplankton and exported by the biological pump into the deeper oceans12.  Wind driven, seasonal upwelling of subsurface waters along temperate coastlines brings CO2-enriched waters onto the shelf and, in some instances, into the surface ocean.  This water contains a high level of CO2 resulting from natural respiration processes in the subsurface layers, and is also significantly contaminated with anthropogenic CO2 given its long term isolation from contact with the atmosphere.  


Along the west coast of North America for example, the seasonal upwelling of water under saturated with respect to aragonite is observed on the continental shelf, reaching depths of 40-120 m11.  While this is a natural phenomenon in the region, the oceanic uptake of anthropogenic CO2 has increased the areal extent, and the potential threat of these acidified waters to many of the calcifying species that live along the coast40.    

The upwelling waters along this coast contain CO2 levels at the edge of solubility for CaCO3 aragonites (900 – 1000ppm), yet are estimated to have been last at the surface and in contact with the atmosphere, approximately 50 years previously when atmospheric CO2 concentrations were ~310ppm; significantly lower than today ~385ppm
.  

Figure 10. Distribution of depths of under saturated water on the continental shelf of western North America from Queen Charlotte Sound, to San Gregorio, Mexico. Source: Feely et al, 2008

As explained in subsequent sections, some of the world’s most productive fisheries are associated with coastal zones in temperate latitudes, suggesting that the impacts on marine food webs caused by ocean acidification could have significant implications to fishery.  This regional scenario is indicative of the future ecological and social implications of upwelling corrosive waters which will likely be exacerbated throughout the next half century as water that has been exposed to increasing levels of atmospheric CO2 is cycled through the system
.  

C.
Tropical

Warming of the oceans leads to increased vertical stratification within the water column and reduced mixing between the layers, as is often observed in tropical regions.  Warmer surface waters have a lower solubility of CO2, and receive a lower nutrient supply from deeper layers, which in turn reduces primary production rate, and the rate of CO2 uptake from the atmosphere12.  In tropical regions adverse changes in carbonate ion availability as a result of decreasing pH are likely to be exacerbated by the lack of mixing between the warm, shallow, CO2 enhanced surface layers and the buffering effects of cool, deep ocean waters24.

Carbonate coral reefs do not exist in waters with carbonate-ion concentrations of less than 200 µmol kg-1.  Currently, carbonate ion concentrations are ~210µmol kg-1, lower than at any time during the past 420,000 years36.  According to recent model predictions almost 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 of aragonite saturation more rapidly than other tropical regions (e.g. Central Pacific) as atmospheric CO2 concentrations increase36.  

In many parts of the eastern tropical Pacific (ETP), for example, surface waters have lower pH, lower carbonate saturation and higher pCO2 values than other tropical marine areas, due to up-welling processes which mix CO2 enriched deep waters into the surface layers along a shallow thermocline
.  

D.
Natural Sites 

There are several areas in the world’s oceans which have a low pH or are already experiencing under saturation with respect to CaCO3 minerals, as is observed where volcanic processes cause CO2 to vent from submarine sediments.  In these areas, CO2 reacts with the seawater causing pH and chemistry changes.  Such environments provide an ecosystem scale validation of the predicted impacts of increasing pCO2 and acidification on organisms and habitat structures, and can be examined to provide further information on the ecological tipping points at which principal groups of marine organisms are affected by increasing pCO2
.  

In a coastal cold vent area off the island of Ischia in Italy, nearly pure CO2 bubbles from the seafloor in around 6 metres water depth.  The mean pH directly around the vents is reduced by 0.6 – 1.5 units (pH 6.7 – 7.6), gradually rising to the normal pH value of 8.1 – 8.2 units at a distance of 70 – 120 metres from the vents.  CaCO3 (calcite and aragonite) saturation levels and pCO2 concentrations display similar sliding ranges.  Overall, the number of species around the vents is up to 30% lower than at comparison sites with a normal pH range49.  

Figure 11. Bubbles from the CO2 vent field at Ischia. Source: Request image from Jason Hall-Spencer.
E.
Anthropogenic activities

It is apparent that any increase in the amount of CO2 in the oceans, due to natural or human induced fluxes, will exacerbate ocean acidification.  This is of particular relevance for geo-engineering or macro-engineering activities which deliberately attempt to enhance CO2 absorption and sequestration in the oceans with a view to reducing atmospheric CO2 concentrations and mitigating climate change.  A portfolio of proposals for ocean storage of CO2 has recently been reviewed by the Intergovernmental Panel on Climate Change (IPCC) to assess the feasibility and appropriateness of techniques20.  Proposed mechanisms including the direct injection of CO2 into the water column (“dissolution type” injection) or onto the seafloor (“lake type” injection), while potentially able to temporarily remove CO2 from the atmosphere have the potential to exacerbate ocean acidification12.  Ocean fertilization, i.e. any activity undertaken by humans with the principal intention of stimulating primary productivity in the oceans to induce biologically mediated CO2 uptake from the atmosphere, also bears a high risk of changing ocean chemistry and pH, especially if carried out repeatedly and at a large scale.  The impacts (incl. ocean acidification effects) of ocean fertilization on marine biodiversity are synthesized in a separate report
.
The addition of vast amounts of alkalinity calcium hydroxide Ca(OH)2 or magnesium hydroxide Mg (OH)2 has been suggested as a mechanism to reduce atmospheric CO2 while mitigating ocean acidification.  However, uncertainties exist surrounding the efficiency of this method to effect significant changes in ocean alkalinity; and the localised effects and tipping points of alkalinity additions on saturation and CaCO3 precipitation, which would reverse the initial effect
.  Furthermore, the ecological damage to mine and transport alkaline minerals in sufficient quantities as would be required for such approaches, presents a major concern and is likely to make such approaches prohibitive12.

F.
Future Trends

In 2000, the IPCC published a set of scenarios (Special Report on Emissions Scenarios – SRES), constructed to explore a range of global social, demographic, economic and technological developments, and the corresponding production of greenhouse gases.  Estimates of future atmospheric and oceanic CO2 concentrations, based on the scenario of the continued release of anthropogenic emissions along current trends (‘business as usual’ (A2 & B1)) and circulation models of the IPCC (IPCC IS92a), indicate that atmospheric CO2 concentrations could exceed 500ppm by 2050, and 800ppm before 210011 (see Figure 12).  

The corresponding decrease in surface water pH of between 0.14 and 0.3-0.4 units to ~7.9, will be the equivalent of a 150% increase in hydrogen ion concentrations, and a 50% decrease in carbonate ion concentrations from pre-industrial levels41.  The rate of change observed is at least 100 times more rapid than any experienced over the past 100,000 years39.  This is significant for biological systems and gives little to no time for evolutionary adaptation to changes in ocean chemistry by marine organisms24,36. 


[image: image4]Figure 12. The atmospheric concentration of CO2 and corresponding change in ocean acidity according to the four IPCC SRES marker scenarios.  Source: Brander et al. (2009)

Models of the ‘business as usual’ scenario also indicate significant changes for global coastal ocean seawater chemistry 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 2300
.  In addition, increases in atmospheric CO2, temperatures and elevated levels of nutrients and organic matter in coastal areas, are predicted to reduce CaCO3 production rates by 40% by 2100, and will mean that CaCO3 will be dissolving faster than it can be produced before 2150. 

One study to model the future of global coral reefs, predicts that even at conservative future atmospheric CO2 concentrations of 450-500 ppm, carbonate-ion concentrations will drop below 200 µmol per kg-1, beyond which CaCO3 building reefs are no longer viable, and reef erosion will exceed calcification36.  A change of this magnitude is believed to reduce coral reef ecosystems to less diverse and productive systems36 (Figure 13).
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Figure 13. Analogs of the ecological structures predicted through three Coral Reef Scenarios of increasing CO2 and temperature, as shown.  Source: Hoegh-Guldberg et al, 2007

Ocean acidification is irreversible on short timeframes, and is determined in the longer term by physical mixing processes within the ocean that allow ocean sediments to buffer the changes in ocean chemistry.  Warming of the oceans as a result of global climate change may also reduce the rate of mixing with deeper waters which would further delay recovery12.  Despite the projected increase in dissolution rates and CO2 uptake from the atmosphere that are associated with decreasing CaCO3 saturation states, it is likely that the rapid increases in atmospheric CO2 concentrations could eventually overwhelm the natural buffering mechanisms of the ocean, leading to a reduced efficiency for carbon uptake by the oceans over the next two centuries2.  Rising temperatures will increase surface stratification which will in turn lead to a declining flux of mineral ballast to the deep ocean and a weakening of the ocean’s biological carbon pump14.  First estimates for a trend towards reduced ocean carbon uptake efficiency exist, suggesting that the Southern Ocean sink of CO2 has weakened by 0.8 Gt C per year between 1981 and 2004
; a rapid decline of the CO2 buffering capacity is also reported from the North Sea
.  
IV.
Synthesis of scientific information on potential impacts of Ocean Acidification

A.
Methods and approaches to assess impacts of Ocean Acidification
Changing pH levels have potentially vast consequences for marine ecosystems because of the critical role pH plays in mediating physiological reactions.  Furthermore, many important groups of marine organisms have a skeleton of CaCO3 which dissolves when it reacts with corrosive acidified seawater.  Hence declining pH could interfere with critical process such as reef building, carbon sequestration via phytoplankton sedimentation, and consumer-resource interactions45.  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 mechanisms of individual organisms, and the interplay among ecosystem components45.  

The current understanding of the response of marine organisms to ocean acidification has been based largely on in-vitro, short term, tank and mesocosm experiments, leaving large knowledge gaps of the physiological and ecological impacts, and the broader implications for ocean ecosystems49.  Despite recent advances, early studies have not included key variables such as temperature, light and nutrients, known to affect calcification rates, and few observations are available over sufficient periods to indicate if organisms will be able to genetically adapt to the changes
.  Furthermore, it is unknown if the observed responses of single species can be extrapolated to the genetically diverse populations that exist in natural ecosystems12.
Experimental results have however, clearly demonstrated that the rate of calcification in marine calcifiers is directly related to the seawater carbonate saturation state
.  It can therefore be predicted with a high degree of confidence that the goods and services provided by the ocean, upon which human populations are dependent, will be different under future acidified oceans as increasing partial pressure of CO2, exerted by seawater (pCO2) influences the physiology, development and survival of marine organisms
.  The understanding of the short term impacts of ocean acidification on different species of marine biota is building, and ongoing scientific experimentation is facilitating a growing understanding of the wider ecosystem and longer term implications.  

In the 1990’s several large scale programmes (e.g. Joint Global Ocean Flux Study (JGOFS), Ocean Atmosphere Carbon Exchange Study (OACES)) were conducted to measure ocean carbonate chemistry, and reconstruct historical CO2 records.  These programmes 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 programmes confirmed that over half of the anthropogenic carbon that has accumulated in the ocean is stored in the upper 400 metres of the water column; these productive surface layers are also home to the majority of marine organisms10. 

A number of projects have since been initiated (e.g. European Project on Ocean Acidification (EPOCA), BioAcid) to advance the understanding of the biological, ecological, biogeochemical, and societal implications of ocean acidification, and fill the existing knowledge gaps of physiological responses of marine organisms to acidifying oceans.  Large scale (60,000 liters) mesocosm experimental observation technology was tested for the first time in the Baltic Sea in 2009 to simulate future ocean pH conditions, under close to natural conditions (see Figure 14).  A comprehensive sampling programme using this technology, coordinated by the Leibniz Institute of Marine Sciences in Germany (IFM-GEOMAR) will be conducted in 2010 off Svalbard, Norway to gain further insights in vulnerable high latitudes.  The study of sites with naturally elevated concentrations of CO2 also provide opportunity to observe and advance the understanding of ocean acidification at the ecosystem level and on sufficient timeframes to observe the effects on communities of macro organisms49.  
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Figure 14. Large Scale Experimental Observation Technology is tested in the Baltic Sea in 2009, under variable pCO2 enrichment. Source: to be confirmed by Ulf Riebesell

Evidence to date suggests that the impacts will be more varied than previously anticipated, with many species no longer viable, but some species able to adapt and proliferate.  Ocean acidification will likely influence the biogeochemical dynamics of calcium carbonate, organic carbon, nitrogen, phosphorus in the ocean as well as the seawater speciation of trace metals, trace elements and dissolved organic matter2.

b.
The role of CaCO3 in calcifying organisms

Many marine organisms use carbonate minerals to form shells, skeletons and tests, including crustose coralline algae, planktonic organisms, warm and cold water corals, and a range of benthic organisms.  These organisms are an important component of almost all ecosystems, ranging from tropical regions to high latitudes and the deep sea57.  The response of organisms to the net changes in ocean chemistry is influenced by the acidity of the seawater, the availability of carbonate ions, and temperature.  Calcifying organisms are sensitive to changes in saturation state of the important carbonate minerals calcite and aragonite, which is lower in high latitudes and deep waters than in low latitudes, and shallower seas.  

In general, magnesium (Mg) calcite minerals with a significant mole percent (mol %) MgCO3 are more soluble than aragonite and calcite, and it is therefore likely that Mg-calcite, high latitude and cold-water calcifying organisms will be the first to be affected by increasing ocean acidification57.  The mole percent of magnesium deposited by marine organisms varies from a few mol% to as much as 30 mol% between different species57, resulting in a significant response variation among taxa to changing ambient conditions58.

The function of CaCO3 is thought to change with lifecycle stage.  Most experiments to date have focused on the lethal effects of CO2 and acidification within adult organisms and more information is needed on the sub lethal impacts of small changes in pH to reproduction, growth rates and morphology in order to predict the longer term ecosystem implications of ocean acidification
.  Below the function of CaCO3 in benthic and pelagic communities is discussed, alongside the diverse responses of marine biota to increasing ocean acidification and increasing pCO2, within the projected CO2 emission scenarios.

c.
Benthic Communities
Benthic organisms have important functions within the marine ecosystem, enhancing sediment stability, providing habitat for small invertebrates, and food for bottom dwelling and pelagic fisheries in shelf areas, and for humans.  Temperate continental shelves support a wealth of benthic calcifiers and calcifying communities, many of which are of direct economic importance or indirectly support fish habitats or fisheries, ecological processes, or the marine CaCO3 cycle.  Table 2 summarizes the key benthic groups, the role of CaCO3 in their functioning, and the observed impacts and implications of exposure to elevated CO2 and decreasing pH.

Table 2: Summary of observed and predicted impacts of high CO2 and ocean acidification on marine organisms

	Organism
	Function of CaCO3
	Observed Impacts of elevated CO2
	Observed impacts of low pH
	Ecological Implications

	Warm water corals
	Anchoring to substrate; extension into hydrodynamic regime; competition for space; light modification
	Potential to be outcompeted by non calcifying species62; 

Delay in reproduction due to slower growth rates10;

Decrease in aragonite saturation state

	Decline in calcification rates linked to carbonate saturation state
;

Weakened carbonate structures susceptible to bio-erosion;

New reef growth and accretion limited;
	Loss of ecosystem function e.g. storm and erosion defence36;

Shift to higher export of organic matter, deposition and bacterial remineralization, creating zones of anoxia
;

Synergistic effect of pervasive threats reducing reef health and viability
;



	Cold water corals
	Structural ecosystem framework
	Loss of available carbonate ions for use in biological processes;

70% of known cold water coral reefs experience corrosive seawater by 2100, and by 2020 for some areas
;
	Shoaling of the saturation horizon reducing viable habitat12; 

Reduced calcification rates/increased dissolution rates;
	Dissolution of productive reef areas and loss of biodiversity and commercially important fishing habitat;

40% of current fishing grounds are located in waters hosting cold water corals
;
Reduced food availability due to changes in surface water productivity64;

	Echinoderms
	Protection, capture of prey, reproduction, buoyancy regulation.

Metabolise highly soluble magnesium calcite. 
	Hemicentrotus pulcherrimum and Echinodetra mathaei showed reduction in reproduction success, developmental rates and larval size
.

Reduction in fertilization rate once pH reached 7.1-7.0 units
.
	Reduction in growth rates, size and body weight
; 

Shell dissolution66;

Abnormal morphology in pluteus larvae reducing competitive advantage59.

Brittlestar Ophiothrix fragilis, a key stone species of shelf seas in north-western Europe, showed 100% larval mortality as pH decreased by 0.2 units
.
	Shift in marine ecosystem composition, loss of important function group.

	Mollusc
	Varied functions including structural and protective; passive defense; pH regulation; buoyancy control; 
	Calcification rates of Mytilus edulis decreased by 25%

Particular sensitivity of juveniles;

Calcification rates of oyster Crassostrea gigas decreased by 10%70
Immune responses and organism health compromised
;
	< hatching of egg sacs in gastropod Babylonia areolata

40% loss of sperm motility of Crassostrea gigas in pH changes of 8 to 6 units12.

Juvenile clams Mercenaria mercenaria showed substantial shell dissolution and increased mortality
.
	Loss of commercially and ecologically important marine species;

Impact on livelihoods (aquaculture and fishing) and food security;

Disruption of global food webs and predator-prey relationships
;




Warm Water Coral Reefs 

Tropical coral reefs cover an area of 284,803km2, and are limited in distribution by narrow growth parameters, occurring primarily in sunlit surface waters of the tropical and sub tropical oceans
.  These diverse and productive ecosystems provide habitat for thousands of species and are important and valuable resources for people and industries, estimated 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 million per year
.

In corals and coralline algae the development of CaCO3 skeletal material provides rigidity against hydrodynamic conditions; facilitates anchorage to hard bottom substrates; plays a role in protection; and is thought to elevate the organism above the substrate into more optimal light and flow conditions aiding growth and reproduction.  The rate of coral calcification is an important barometer of the health of reef ecosystems.  

Aragonite is the principal mineral deposit in the skeletal materials of reef building Scleractinian corals.  Aragonite is more soluble and has a significantly shallower saturation depth than calcite, making corals vulnerable to changes in saturation states34.  As a result of increasing CO2 concentrations, the aragonite saturation state has already decreased from preindustrial levels by ~16%60.  

Experimental evidence has demonstrated that an increase in pCO2 has a negative effect on coral and reef community calcification as a result of a decrease in the aragonite saturation state61.  Investigations into the annual calcification rates of massive Porities spp. on the Great Barrier Reef (GBR) in Australia demonstrated a decline in calcification rates of 14.2% in the corals studied.  Sea surface temperature and carbonate saturation state are considered as the two most likely drivers affecting calcification on the GBR-wide scale
.  It is suggested that calcification rates could be reduced between 20-60% at double preindustrial atmospheric concentrations (560ppm)10. A reduction of this magnitude could fundamentally alter the reef structure and function of these important ecosystems, with deleterious consequences.  

The monitoring of direct calcification responses of corals to ocean acidification in-situ is complicated by the synergistic effect of factors other than basic seawater chemistry including light, temperature and nutrients.  Additionally, diurnal variability in carbonate chemistry is observed in waters over coral reefs following photosynthesis-respiration, and calcification-dissolution by the coral community. 

Scleractinian corals Oculina patagonica and Madracis pharencis maintained in an indoor flow through system under ambient temperatures but reduced pH values of 7.3-7.6 and 8.0-8.3 for a period of 12 months, demonstrated complete skeleton dissolution but maintained basic functions without the loss of algal symbionts, substrate attachment, or reproductive capabilities.  Once transferred to ambient pH conditions the soft bodied polyps calcified and reformed colonies suggesting that corals may be capable of surviving large scale environmental change
.  This situation may not predominate in the natural environment given additional energy demands on the organism, such as predation pressure and variable food availability.  The reproductive success and sexual maturity of some 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 slower10. 

Crustose coralline algae, an ubiquitous red algae, is of key importance in coral reef ecosystems, stabilizing reef structures and providing an important food source for benthic organisms.  Crustose coralline algae form a major calcifying component of the marine benthos from polar to tropical regions and is considered to influence the settlement of coral recruits.  Laboratory experiments exposing algae to elevated CO2 of up to two times present day values indicated up to a 40% reduction in growth rates, a 78% decrease in the recruitment of new larvae, and a 92% reduction in areal coverage
.  In tropical and sub tropical environments the dependence of calcareous algae, and other important reef calcifiers like echinoderms and benthic foraminifera, on high-magnesium calcite, the most soluble of all calcium carbonate minerals, would make these likely early casualties of 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 corals79, 24.

As the world’s oceans become less saturated with respect to carbonate minerals over time, corals are expected to build weaker skeletons and experience slower growth rates, which will make it more difficult to retain competitive advantage over other marine organisms64, 62.  Increasingly brittle coral skeletons are at greater risk of storm damage, and bioerosion, which will reduce the structural complexity of the reef system, reducing habitat quality and diversity alongside the loss of coastal protection functions36.  Coral reefs are threatened globally by a suite of anthropogenic and natural threats including human population growth, overfishing, coastal development, land-based pollution, nutrient run off and coral disease.  An estimated 19% of the original global area of coral reefs has been effectively lost, with a further 35% threatened with loss within the next half century
.  The climatic effects of rising ocean temperatures and ocean acidification further exacerbate the pervasive threats to reef ecosystems63.

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 maintain its structure.  These ‘thresholds’ will vary from coral to coral and from reef to reef.  However, the best evidence to date suggests that skeletal growth of most corals will decrease by about 30% once atmospheric CO2 concentration reaches 560ppm
 and that many reefs will shift from a reef growth to erosion state, particularly in areas where other pervasive threats are prevalent76.

The analysis of multiple coral reef sites on the eastern seaboard of Panama (Gulf of Panama and Gulf of Chiriqui) and the Galapagos Islands indicates that the particular water chemistry has a profound effect on coral reef growth and development.  When compared to reefs in the Gulf of Mexico, the eastern tropical Pacific reef frameworks are very poorly cemented and only held in place by a thin envelope of encrusting organisms.  This makes them highly susceptible to bioerosion – indeed, the bioerosion rates of the eastern Tropical Pacific reefs studied are among the highest measured for any reef system to date.  The study concludes that new reef development and accretion may be limited in a high-CO2 world
.

Cold Water Coral Reefs 

Cold water coral reefs are found throughout the world’s oceans between 200 and 1000 meters depth, in temperatures between 4°-12°C.  Extensive carbonate reef frameworks covering areas of over 100 km2 (e.g. Røst Reef, Norway) built by 6 of the 700+ known species, play an important role as a refuge and feeding ground for organisms and commercial fish species34, supporting characteristic fauna several times as diverse as that found on the surrounding seabed34.  An estimated 40% of current fishing grounds are located in waters hosting cold water coral reefs65.  These slow growing, long lived corals are especially vulnerable to stresses from anthropogenic activities such as bottom trawling, oil and gas exploration, and sub-marine industry activities, which act synergistically 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 of CO235.  However, more than 95% of cold water coral reefs occur in waters that are supersaturated with respect to aragonite, confining their global distribution to ocean basins where the aragonite saturation horizon remains relatively deep (see Figure 15).  The predicted shoaling of the aragonite saturation horizon over time as atmospheric CO2 concentrations increase may make large areas of the oceans uninhabitable for cold water corals much earlier than for their warm water counterparts64.  Indeed, 70% of known cold water coral ecosystems could experience corrosive water conditions by the end of the century, although some will experience aragonite under-saturation as early as 202064. 
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Figure 15. Global Distribution of Cold Water Coral Reefs. Source: Hugo Ahlenius, UNEP – WCMC 2005

Deep water corals have evolved in steady state, cold, dark and nutrient rich environments and rely on the flux of particulate organic matter from surface waters.  Rising temperature, and salinity changes caused by increasing CO2 concentrations in the global oceans could alter circulation patterns and thus food availability for corals, and physiology and biochemistry, with significant consequences for these important ecosystems64.

Cold water coral reefs have only recently been the focus of study following the development of sufficiently sophisticated instrumentation to explore deep water environments.  If CO2 emissions continue on their current trends, ocean acidification could threaten sensitive cold water coral environments before their biological diversity and importance has been effectively explored12.

Echinoderms, crustaceans, molluscs 

The role of CaCO3 in echinoderms, crustaceans, molluscs and foraminifera varies depending on lifecycle stage, but is imperative to their existence and effective function.  Physiological functions other than structural and protective include passive defense through pigmentation of the shell, and pH regulation through sealing off the supply of ambient sea water, such as the barnacle.  Cuttlefish have an internal aragonite shell that serves as a structural support and a buoyancy control device.  
Limited information is available on the effects of increasing CO2 on shallow water marine benthos.  Recent studies have investigated the physiological and calcification effects of long term exposure (3-6 months) of molluscs and sea urchins to high CO2 environments and suggest that an increase in atmospheric CO2 of 200 ppm would have significant implications for the physiology of certain species, and is dependent on the internal pH regulation mechanisms.  Specimens of the mussel Mytilus galloprovincialis and sea urchins Hemicentrotus pulcherrimus and Echinometra mathaei demonstrated a significant reduction in growth rate, and size and body weights, and shell dissolution when exposed to low pH68,66.  Calcification rates in Mytilus edulis were observed to decline linearly with increasing CO2 levels, and 70% of Crassostrea gigas larvae reared under pH 7.4 were either completely non-shelled, or only partially shelled, in contrast to 70% successful development in control embryos
.  Additionally, a 40% reduction in sperm mobility of this species was shown in response to large pH changes from 8 to 6 pH units.  However, this is beyond any expected changes in the oceans due to increases in CO2 concentrations in the near future12.

M. edulis possess strong physiological mechanisms by which they are able to protect body tissues against short-term exposure to highly acidified seawater.  However, these mechanisms come at an energetic cost, which can result in reduced growth during long-term exposures.  The medium term exposure of M. edulis to elevated CO2 levels disrupted important immune responses and significantly reduced organism health by suppressing levels of phagocytosis71, and elevating levels of calcium ions in the haemolymph following the dissolution of the CaCO3 shells.  Consequently, the predicted long-term changes to seawater chemistry associated with ocean acidification are likely to have a significant effect on the health and survival of M. edulis populations
.  

Mussel beds are a dominant coastal habitat along the northeastern Pacific, and, in general are an important habitat on most temperate rocky shores, providing food and structure for a diverse array of species in an otherwise physically stressful environment, and the dominant calcareous species provide food resources and livelihoods for humans.  
Significant reductions in sperm swimming speed, motility and reproduction success by 25% were observed within the sea urchin Heliocidaris erythrogramma following exposure to CO2 induced acidification by 0.4 units, the upper limit of the IPCC predictions for 2100
.  A delay in the developmental rate was also observed to increase mortality of embryos during the planktonic period, due to predation59.  However, also within predicted values for environmental change, H. erythrogramma fertilization and early development were observed during one study to be robust to decreased pH - 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 - but sensitive to temperature which caused developmental failure.  This suggests that sea urchin embryos may not reach the calcifying stage in a warm ocean, and emphasizes the need for experiments that concurrently address the two main stressors set to change the global oceans; temperature and acidification
.  While the mechanism of these effects remains poorly understood, these findings have important implications for the reproductive and population viability of broadcast spawning marine species in a future acidified ocean.  Furthermore, sea urchin tests are made of magnesium calcite which is substantially more soluble than calcite, and their morphology facilitates direct contact between the internal body cavity and ambient seawater, leading them to be more sensitive to CO2 associated pH decreases66.  

Early life stages of organisms appear to be more sensitive to environmental disturbances than adults70.  Juveniles of two snail species in Ischia, a naturally acidified site, were absent in areas with pH minima of ≥7.4, and the shells of adult specimens were severely corroded and weakened by the acidified sea water, an effect which probably increases their risk of predation49.
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Figure 16. P. Caerulea and H. Truculus showing severely eroded, pitted shells in naturally acidified areas of minimum pH 7.4. Source: Hall-Spencer, 2008.

D.
Pelagic Communities

Calcified organisms are significant components of pelagic ecosystems, occupying the base of the marine food chain, accounting for the majority of the organic carbon used by organisms in mid and deep water layers of the oceans, and playing an important role in the interactions of the surface oceans with the atmosphere, such as in the exchange of CO212.  Any changes in the functioning of these organisms, as a result of ocean acidification could have significant consequences for ecosystem functioning.  Changes to the biological pump and therefore the flux of particulate organic matter from overlying waters to benthic communities has the potential to significantly alter the cycling of nutrients between the bottom sediments and overlying water column.  Table 3 summarizes the key pelagic groups, the role or influence of CaCO3, and the observed impacts and implications of exposure to elevated CO2 and decreasing pH.

Table 3. Summary of observed and predicted impacts of high CO2 and ocean acidification on pelagic marine organisms

	Organism
	Function of CaCO3
	Observed Impacts of elevated CO2
	Observed impacts of low pH
	Sociological Implications

	Foraminifera
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	Mechanical protection
	8-14% reduction in shell mass;
	Increased abundance of ephemeral algae, filamentous red algae, and foliose red algae36
	Produce the majority of pelagic CaCO3 on a global basis1

	Pteropods
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	Mechanical protection
	
	Reduced calcification rates in response to decreasing pH1.
	Loss of food source for key marine predators – Mackerel, Salmon1;



	Coccolithophores
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	Structural calcite plates
	40% decrease in calcification rates of Emiliania huxleyi with increasing pCO2
.  

Increase in photosynthetic rates in response to pCO2
	
	Shift in phytoplankton community structure;

Blooms support the global albedo effect of by up to 0.13%, reflecting sunlight back into space12.

Production of Dimethylsulphide reduces the radiative flux to the Earth’s surface

	Marine Fish and Invertebrates
	
	Disturbance of acid-base status, respiration and blood circulation.

Increased energy budget due to acid-base regulation and cardiorespiratory control

	Protracted embryonic development106; 
	Juveniles and early development stages more susceptible leading to reduced population size and ecosystem structure changes92;

Little evidence of respiratory acclimation88;


Foraminifera and Pteropods: Both planktonic foraminifera and pteropods are important components of polar and sub polar ecosystems providing a food source for marine predators including North Pacific Salmon, mackerel, herring, cod and baleen whales.  Pteropods are the dominant calcifier in the Southern Ocean and can reach densities of 1,000s to greater than 10,000 individuals m-3 in high latitude areas.  Data suggest that both groups reduce calcification in response to ocean acidification, however the small number of species studied precludes the extrapolation of general trends1.  Pteropods produce CaCO3 in its aragonite form, and thus are likely to be particularly sensitive to ocean acidification, more so than coccolithophores and foraminifera which produce less soluble calcite12.

Coccolithophores: Coccolithophores are a dominant or common component of the phytoplankton community in the sunlit euphotic zone, distributed in accordance with areas of high calcite saturation.  Coccolithophores secrete tests or plates made of calcite and can form massive blooms covering hundreds of thousands of square kilometres, significantly influencing the carbon cycle and seawater alkalinity
.  These blooms can produce up to one million tonnes of calcite and are visible from satellites in temperate and sub polar regions.  Decreasing rates of calcification of 40% have been observed in the coccolithophorid Emiliania huxleyi with increasing pCO287, and up to 66% with pCO2 values of 800ppm10.  However, the majority of studies have focused on only this species of coccolithophore and variable results have been returned from observations of Coccolithus pelagicus which did not demonstrate a significant change in calcification rates with increased CO2
. 

Experimental evidence suggests large variation in the CO2 requirements, sensitivity and metabolism of phytoplankton taxonomic groups and highlights that some groups such as calcifying coccolithophorids may benefit more from the present increase in atmospheric CO2 compared to non-calcifying diatoms
.  Emiliania huxleyi for example generally exhibits an increase in photosynthetic rates in response to elevated CO2 levels in both laboratory studies and natural communities.  However, a reduction in the degree of calcification as a result of increasing acidification is assumed to put coccolithophores at an ecological disadvantage in future oceans89.  

The abundance of fleshy algae (Halosaccion glandi-forme), ephemeral algae, filamentous red algae, and foliose red algae have been observed to increase with declining pH45, suggesting that significant shifts in the community composition could be expected in future acidified oceans, with knock on effects across the global marine food chain. 

Marine Fish and Invertebrates: In addition to using CaCO3 for strengthening skeletal structures, the use of calcium minerals in gravity sensory organs is widespread among ocean fauna, with for example, an active role in the motor neural programme that underlies search movements for prey during hunting behaviour1.  In squid and fish for example, these organs are composed of aragonite.  

When pCO2 levels increase in seawater, dissolved CO2 more readily diffuses across animal surfaces and cellular spaces, causing pH levels to decrease.  Acidification of the body tissues, which can occur in a matter of hours in fish and invertebrates, reduces the oxygen carrying capacity of the blood, and is shown to reduce cellular energy and lower respiratory activity1.  Evidence is also available of longer term effects including lower rates of protein synthesis affecting growth and reproduction functions.  Fish in early developmental stages are more susceptible to environmental toxicants than adults, leading to a gradual reduction in population sizes and changes to ecosystem structures
.

Elevations of ambient pCO2 may require fishes to spend more energy for physiological adaptations, in particular acid-base regulation and cardiorespiratory control.  The cost of osmoregulation in seawater fish is estimated to be 6-15% of resting oxygen consumption and an elevation in pCO2 would require additional energy expenditure on top of this baseline.  There is little evidence that fish would show respiratory acclimation during long-term exposure to a high pCO2 environment88. 

E.
Ecological Consequences
Ocean acidification is expected to have major negative impacts on corals and other marine organisms that build CaCO3 skeletons and shells, and whose success is largely controlled by carbonate chemistry.  In addition to the likely disruptions through large components of the marine food web, a loss or change in biodiversity could have significant ecological consequences39.

The shoaling of the saturation horizon for aragonite and calcite has implications for calcifying organisms across the globe, which form a significant component 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 organisms in the oceans would strongly affect ecosystem regulation and the flow of organic material to the seafloor, through the removal of CaCO3 mineral ballast and the reduced efficiency of the biological pump to transfer carbon into the ocean interior12, 87. 

The global standing stock of particulate inorganic carbon (PIC) depends on calcium carbonate production and dissolution, both of which will be affected by ocean acidification.  PIC is contributed to by a host of marine organisms upon which the combined effects of climate change and ocean acidification are hard to predict
.  Experiments to date have not been undertaken over long enough time scales to demonstrate adaptation or evolution in existing species.  However, any reduction in total biomass production either through reduced photosynthesis or from greater energy demand to obtain critical nutrients will have significant implications for global marine food webs.  The foodweb of polar areas such as the Beaufort Sea demonstrates the complex interconnections that are at risk from ocean acidification (Figure 17).

Figure 17: Trophic linkages in the Beaufort Sea. Source: Cooley & Doney 2009
.
Calcifying pteropods are a key food for carnivorous zooplankton and fish.  The decline of pteropod densities, as predicted for high latitude regions in the near future, will influence the predator-prey relationships of many species (e.g. cod, Pollock, haddock, mackerel) and could result in greater predation pressure on juvenile fish such as salmon1.  In contrast, species such as gymnosomes (unshelled pteropods) who prey exclusively on shelled pteropods would likely shift their geographic distribution in concert with their prey, assuming that both are able to overcome thermal tolerance limitations1. 

The mechanisms available to counteract acidification of body tissues are limited and conserved across animal phyla.  Those species adapted to environments with steep CO2 gradients, such as hydrothermal vents, and those species with high capacity for metabolic production of CO2 have evolved greater capacities for buffering ion exchange and CO2 transport1.  However, whether 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 environmental phase shifts (e.g. coral to algal dominated reefs), or favour the proliferation of non food organisms: a negative relationship between jellyfish abundance and ocean pH has been suggested for the western central North Sea, which will allow jellyfish to take advantage of vacant niches made available by the negative effects of acidification on calcifying plankton, although this has not been substantiated
.  In some systems jellyfish are competitors and predators of fish and can replace fish as the dominant higher trophic level, negatively affecting commercial fish recruitment.  

In order to accurately predict the consequences of ocean acidification for marine biodiversity and ecosystems, the ecological effects must be considered in relation to other environmental changes associated with global climate change, and the interplay between the complex biological and chemical feedbacks12.  Surface water temperature is already increasing and predicted to increase further, while changes in rainfall and land run off will impact salinity and nutrient input to coastal seas.  The combined influences of increasing temperature, salinity and nutrient fluxes may increase the potential risk of hypoxia or anoxia in shelf sea systems
.  Warming, the accumulation of CO2 in surface layers and a decrease in oxygen content combine in their effects on marine fauna, depressing organism aerobic capacity and resulting in a narrowing of thermal tolerances, which under a climate gradient will result in a decreasing range of biogeographical distribution for organisms
.  The negative interactions between temperature extremes and CO2 are particularly acute in coral reefs.  Even if the atmospheric CO2 content stabilizes at 550ppm, these ecologically and economically important habitats will already be marginalised.

Significant feedback systems also stand to be influenced.  Coccolithophore blooms have an albedo effect, reflecting significant amounts of sunlight back into space, which cannot then contribute to global warming.  The loss of blooms could reduce the global albedo effect by up to 0.13%12.  Additionally, coccolithophores are major producers of Dimethylsulphide (DMS) which on release to the atmosphere is oxidized to SO4; an important component of aerosols, thought to influence the lifetimes and optical properties of clouds.  DMS is supersaturated in surface waters and emissions to the atmosphere by marine phytoplankton have been proposed to reduce the radiative flux to the Earth’s surface
.  The complex logistics of monitoring DMS cycling has prevented its effective characterization
, however it is clear that changes in the composition of the phytoplankton community would affect the size of this feedback to the global climate12.  
F.
Impacts on Ecosystem Services and Livelihoods

The oceans provide numerous ecosystem services that benefit human kind.  These services, such as fisheries, contribute significantly to global employment and economic activity.  Other services provided by the oceans, for example providing a site for the release of wastes and pollutants, are less well accounted for by standard economic measures.  Attempts to quantify some of these services have produced estimates of many billions of dollars12.  In contrast to the terrestrial biosphere, marine ecosystems have evolved in a comparatively homogenous environment under relatively stable conditions and over evolutionary timescales.  Therefore even subtle changes in the environmental conditions may have strong effects on ecosystem functioning, with yet unforeseen consequences for the continued provision of key services.  Furthermore, marine ecosystems are likely to become less robust as a result of the projected changes to ocean chemistry and more vulnerable to other environmental impacts, such as large scale fishing and increasing sea surface temperatures.

Tropical coral reefs provide ecosystem services that are vital to human societies and industries, including building materials and reef based tourism (direct use values); habitat and nursery functions for commercial and recreational fisheries, coastal protection (indirect use values); and the welfare associated with the existence of diverse natural ecosystems (preservation values)
.  Coral reefs produce 10-12% of the fish caught in the tropics and 20-25% of the fish caught by developing nations
.  Many developing countries have tourism as their primary income earner and are at risk if their coral reefs deteriorate.  For example, reef based tourism is a major foreign exchange earner in the Caribbean basin accounting for many billions of US$ per year from visitors who are increasingly responsive to the quality of the natural environment36. 
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; and (c) loss of biodiversity with extinctions.  The failure of coral communities to compete with algae communities that will not be similarly affected by ocean acidification will result in an ecological phase shift to a stable new ecosystem state dominated by herbivores and less commercially valuable species
.  The annual economic damage of ocean acidification induced coral reef loss is estimated to rapidly escalate over time due to economic growth, reaching US$870 billion by 2100, under the IPCC Special Report on Emissions Scenarios A1 global emissions scenario52.
Overall impacts on ecosystem services will be a result of synergistic effects of several pressures in co-action, such as ocean exploitation and pollution
.  It is anticipated that decreasing rates of reef accretion, increasing rates of bio-erosion, rising sea levels, and intensifying storms due to future climate change influences may combine to jeopardize the coastal protection function of coral reefs.  People, infrastructure, and lagoon and estuarine ecosystems, including mangroves, seagrass meadows, and salt marshes, will become increasingly vulnerable to growing wave and storm impacts36.  These changes could fundamentally alter the nature of coastlines and the resources available to human societies that depend on them.  A more thorough understanding of the specific impacts of ocean acidification is urgently needed in the face of the importance of the ocean’s ecosystem services to aid planning and informed responses to the emerging challenges9.

Depth offers no protection from ocean acidification.  Indeed, important cold water coral reefs will likely be the first casualties of increasing ocean acidity.  In contrast to the equatorward contraction of tropical coral reefs, it is the depth distribution of deep water coral communities that will contract; the deepest communities in each ocean will be the first to experience a shift from saturated to unsaturated conditions2.  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 commercial fish and shellfish.  Many commercially exploited species recruit in the deep and then move upwards to where they are fished.  Furthermore, deep sea organisms are responsible for almost the entire regeneration of nutrients in the oceans, without which the primary production in the photic zone of the oceans would collapse
.

Ocean acidification will slow or reverse marine plant and animal carbonate shell and skeleton growth, with a corresponding decrease in fishing revenues with significant impacts for communities that depend on the resources for income and livelihoods10.  The economic consequences will depend on the combined adaptation of marine ecosystems and human resource management efforts.  In 2006, shellfish and crustaceans provided 50% of the US$4 billion domestic commercial harvest value in the USA.  Processing, wholesale, and retail activities led to sales of US$69.5 billion, contributing US$35 billion in value added to the U.S gross national product, and providing an estimated 70,000 jobs
.  Ocean acidification-driven declines in commercial shellfish and crustacean harvests from present day to 2060 could decrease U.S. primary commercial revenues by US$860 million to US$14 billion, depending on CO2 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 points74.  

Economic changes resulting from fishery losses on a local scale could alter the dominant economic activities and demographics, and accelerate the proportion of the population living below the poverty line in dependent communities which have little economic resilience or alternatives104.  For example, coastal and marine related industries comprise approximately 25% of Indonesia’s gross domestic product and employ nearly 15% of the countries workforce96.

The total value of world fisheries production is presently around US$150 billion per year.  Approximately 50% of all food fish comes from aquaculture industries which depend heavily on carbonate forming organisms like shellfish and crustaceans as a source of larvae for hatcheries96.  Most aquaculture facilities are located in coastal areas, which will likely experience ocean acidification104.  Reduced calcification and reproduction success in calcifying organisms will represent a significant loss of economic and livelihood opportunities from aquaculture and commercial fisheries sectors, and are likely to affect developing countries that are more reliant on provision of protein and revenue from aquaculture sources.  While hard to predict, early estimates of the direct impacts of ocean acidification on marine fishery production are in the order of US$10 billion per year96.  

Many calcifying species are located at the bottom or middle of global ocean food webs therefore loss of shelled organisms to ocean acidification will alter predator prey relationships and the effects will be transmitted throughout the ecosystem104.  Crustaceans are highly dependent on the availability of calcium and bicarbonate ions for the mineralization of their exoskeleton after moulting, at which time they are vulnerable to predation and disease.  

V.
Uncertainties and other considerations

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

Marine organisms use ions in seawater to form a variety of shells, exoskeletons, and internal structures made of carbonate minerals.  Structures can contain several minerals, non-mineral layers, or both, and the minerals used can vary by organisms’ developmental stage.  Different life cycle stages of benthic calcifiers display different morphologies and modes of calcification, which can influence the response of the organism to CO2/pH89.  Larval and juvenile stages may be particularly sensitive, in part because they form their internal skeletons out of amorphous calcite, which is more soluble than other forms of carbonate
.  Low pH can cause decreased CaCO3 skeleton assimilation, and a corresponding decrease in the length of pluteus larvae in phytoplankton and coral.  A reduction in protein synthesis is observed following fertilization of sea urchin Hemicentrotus pulcherrimus which leads to decreased growth and cleavage rates59.  Any delay in the developmental rate of organisms increases the mortality of embryos during the planktonic period due to predation.  The morphology of pluteus larvae grown at pH 6.8 were observed to be extremely abnormal, lacking arms which have an important function for swimming and feeding, and therefore survival rates.  Fertilization rates, reproduction, fertilization, planktonic larva, settlement, metamorphosis, juvenile and benthic adult stages, are potentially affected in different ways by ocean acidification (Figure 18).
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Figure 18. Effects of CO2-driven ocean acidification on the early development stages of invertebrates. Source: Kurihara, H. (2008). Marine Ecology Progress Series 373, 275-284

Why do some calcifying organisms seem to be less affected than others?

To alleviate the risk of carbon limitation, many marine phytoplankton are thought to have developed physiological mechanisms to actively concentrate CO2 in their cells so that changes in seawater pH and CO2 have little if any direct effect on their growth rate or their elemental composition.  Taxon specific differences in CO2 sensitivity have been observed in laboratory culture but it is currently unknown whether the reduced advantage of this mechanism will impact phytoplankton species diversity, or the contribution of different functional groups in the natural environment39.  In general species relying on diffusive CO2 uptake or those with inefficient CO2-concentrating mechanisms (CCM) are highly CO2 sensitive in photosynthesis, thus may benefit from the increase in CO2 in future oceans.  Those species operating highly efficient CCMs are at rate saturation under present day CO2 concentrations.  However, a down regulation of the CCM under elevated CO2 levels may allow for optimized energy and resource allocation in these species89.  CCMs are thought to be less widespread in benthic photosynthetic organisms12.

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

The high rate of increase in CO2 concentration means that organisms are being exposed to changes that are faster than they have encountered in their recent evolutionary history12.  The capacity of calcifying marine organisms to adapt to progressively acidified oceans is not known, but may be a function of species generation time, which suggests that long lived species such as warm and cold water corals will be less able to respond.  Shorter generation times may afford increased opportunities for micro-evolutionary adaptation12.

Commercially valuable molluscs such as bivalves and some gastropods exert low biological control over the calcification process and depend on specific ambient seawater chemistry that promotes CaCO3 deposition.  Sea urchins and crustaceans, including lobsters and shrimp, exert higher biological control by gradually accumulating intracellular stocks of ions; between moults crustaceans are thought to harden their chitin and protein exoskeletons by continually depositing calcite minerals74.  The shell chemistry and mineralization of crustaceans suggest that they may withstand ocean acidification and saturation state decreases better than molluscs, however the response of organisms is likely to be a function of individual history and genetic variability.
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 may be particularly sensitive to ocean acidification.  It is likely that given the rate of change, pteropods will not be able to adapt quickly enough to live in the under saturated conditions that will occur over much of the high latitude surface ocean during the 21st century.  Their distributional ranges will be reduced both within the water column, disrupting vertical migration patterns, and latitudinally, imposing a shift towards lower latitude surface waters that remain supersaturated with respect to aragonite41.  Few experiments 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 components of the carbonate system are important for supporting life in the oceans such as macro and micro nutrients and trace elements.  Ocean acidification is expected to produce changes in ocean chemistry that may affect the availability of nutrients and the toxicity and speciation of trace elements to marine organisms, however the extent of the pH induced changes are difficult to determine.  Variation in the availability of nutrients may have an indirect effect on cellular acquisition, the growth of photosynthetic organisms, or the nutritional value of micro-organisms to higher orders of the food chain12.  Additionally, non photosynthetic micro organisms such as bacteria, fungi and protists, may benefit from increased CO2 concentrations and altered speciation.

Investigation into the effect of CO2 acidified sea water on embryonic development of the intertidal amphipod Echinogammarus marinus demonstrated protracted embryonic development in low pH conditions, although the effect was only evident at low salinity (10 PSU: Practical Salinity Unit).  Reduced salinity, not pH, exerted a strong significant effect, on numbers and calcium content of hatchlings.  Females exposed to low salinity did not carry eggs through to hatching, and the exoskeleton of the juveniles cultured in 22 PSU contained significantly less calcium, suggesting that exposure to realistic low salinities could be of greater significance in the short term, in impacting development than exposure to CO2 acidified sea water at future predicted levels
.

Recent laboratory experimentation thought to more accurately reflect the natural response of the ocean to anthropogenic change, by bubbling CO2 enriched air though seawater showed that calcification was largely controlled by the saturated state of calcite, rather than pH alone.

Given the buffering role of seawater, the pH fluctuates unexpectedly with available sunlight, increasing phytoplankton abundance, upwelling, increasing alkalinity, and water temperature, indicating that biological process influence ocean pH.  Indeed, the ionisation of nutrients supplied as solutes, and critical for phytoplankton nutrition, varies across a range of pH values12.  It is important therefore that future models and experiments of ocean pH capture the influence of these other variables on calcification processes, which has not always been the case in early experiementations10.  

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 limited available data in the change in relative abundance of species as CO2 increases in the oceans, makes the accurate prediction of community responses challenging.  Observations from naturally acidified marine environments such as Ischia in Italy reveal that low pH causes major ecological shifts, dramatically impacting the surrounding biological communities, and provides invaluable information about the ecosystem level impacts of ocean acidification
.  

In Ischia waters with a mean pH of 7.8, the number of species is 30% lower than at sites with a normal pH.  Organisms with calcareous structures (e.g. epiphytic worms commonly found on sea-grass leafs), or shells (snails, mussels, sea urchins, barnacles) are absent or severely reduced in low pH areas.  Furthermore, the abundance of sea urchins, the most common large invertebrates on sub-littoral rock outside the vents, is significantly reduced where pH reaches minima of 7.4–7.5 units.  Instead, areas close to CO2 vents are covered by lush sea-grass meadows and algal communities, which use dissolved CO2 directly, and thrive in or are resilient to, high CO2 concentrations49.  

The net effect of increasing CO2 on sea grass ecosystems will be increased sea grass biomass and productivity.  It is probable that an increase in total sea grass area will lead to more favourable habitat and conditions for associated invertebrate species and fish species.  However the net effect of ocean acidification on coral reef ecosystems will be negative as many warm water corals will be heavily impacted by the combined effects of increasing sea surface temperatures and decreasing carbonate saturation states of surface waters in the coming decades.

VI.
Conclusions

The global atmospheric concentration of CO2 has increased from a pre-industrial value of 280 ppm to 384 ppm32, leading to a 30% increase in the acidity of the oceans.  This significant increase is 100 times faster than any change in acidity experienced in the marine environment for the last 20 million years and represents a rare geological event in the Earth’s history34, 46. 

Atmospheric CO2 concentrations are predicted to increase throughout the 21 century and could exceed 800ppm by 2100 if anthropogenic emissions continue along current trends11.  Ocean acidification is a direct consequence of increasing atmospheric CO2 concentrations that is occurring independently of climate change.  It can be predicted with a high level of certainty based on the complex but predictable marine carbonate chemistry reactions and cycles of CO2 as it dissolves in seawater.  Ocean acidification will follow the accelerating trend in world CO2 emissions, leading to a 150-185% increase in acidity by 2100, under current emission rates (a decrease of 0.4-0.45 pH units)42.

Increasing ocean acidification reduces the availability of carbonate minerals (aragonite and calcite) in seawater; important building blocks for marine plants and animals.  Carbonate ion concentrations are now lower than at any other time during the last 800,000 years7.  Experimental evidence has demonstrated that increased pCO2 (560ppm) has a negative effect on calcification, causing a decrease in calcification rates of between 5-60% in corals, coccolithophores, and foraminifera28, 10, 78.  As the world’s oceans become less saturated with carbonate minerals over time, marine organisms are expected to build weaker skeletons and shells, and experience slower growth rates which will make it increasingly more difficult to retain a competitive advantage over other marine organisms.

The CaCO3 saturation horizon above which CaCO3 can form, and below which it readily dissolves, has shoaled significantly in certain parts of the ocean, by up to 150 m in the Atlantic, reducing the available habitat for important calcifying organisms28.  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 waters64.  Cold-water coral reef ecosystems provide habitat, feeding grounds and nursery areas for many deep-water organisms, and support characteristic and commercially important fauna several times as diverse as that found on the surrounding seabed34.

Tropical coral reefs provide in excess of US$30 billion annually in global goods and services, such as shoreline protection, tourism and food security96.  The Great Barrier Reef, Coral Sea, and Caribbean Sea are predicted to experience low aragonite saturation levels more rapidly that other tropical regions, as pCO2 increases, making large areas of the oceans inhospitable to coral reefs, and impacting the continued provision of these goods and services to millions of the world’s poorest people39, and will therefore have negative impacts on marine ecosystems.
Ocean acidification research is still in its infancy and many questions remain related to its biological and biogeochemical consequences, and the accurate determination of sub critical levels, or tipping points for global marine species, ecosystems and the services and functions provided.  The impacts will depend to some extent on the specific physiological adaptation mechanisms of species, and the energetic costs of maintaining these over the long term.  Future changes in ocean acidity will potentially impact the population size, dynamics as well as community structure of calcifiers in favour of those that rely less on calcium60; it will negatively affect shellfish; it will impact fish; it may benefit highly invasive non native algal species; and it will reduce coral calcification52.  However, while the initial impact of ocean acidification is relatively clear, the eventual impact depends on the complex interaction of many other variables.  The estimation of resulting changes in economic values, which generally derive from the higher tropic levels, is therefore also pervaded by uncertainty.  What is clear is that the goods and services provided by the ocean, upon which human populations are dependent, will be different under future acidified oceans as increasing pCO2 concentrations influence the physiology, development and survival of marine organisms57.  There is an urgent need for more spatially distributed and temporally intensive studies of ocean pH dynamics and their underlying causal mechanisms and consequences,45 and a focus on the adaptive capacities of marine organisms which will be crucial to forecasting how organisms and ecosystems will respond as the world’s oceans warm and acidify83.
Theory and an emerging body of research suggest that many of the effects of ocean acidification may be non linear, and both positive and negative feedback mechanisms on marine ecosystems seem to exist.  This clearly exacerbates predictions of the consequences of changing CO2 levels
.  The ocean is one of the largest natural reservoirs of carbon, absorbing ~26-29% of anthropogenic carbon emissions each year.  However, the oceans capacity to absorb atmospheric CO2 is being degraded by ocean acidification, which will make it more difficult to stabilise atmospheric CO2 concentrations.  Even with stabilisation of atmospheric CO2 at 450 ppm, ocean acidification will have profound impacts on many marine ecosystems.  The interactive effects of saturation state, temperature, light and nutrients are all important factors in calcification rates of organisms.  Human activities are causing changes in all of these factors10.

A host of pervasive stressors are impacting the oceans, such as rising ocean temperatures, over fishing and land based sources of pollution, which operate in synergy with increasing acidification to compromise the health and continued function of many marine organisms.  If pushed far enough, ecosystems may exceed a “tipping point” and change rapidly into an alternative state with reduced biodiversity, value and function36.  The cumulative impacts or interactive effects of multiple stressors will have more significant consequences for biota that any single stressor60.  When considered in the light of global climate change and increasing thermal anomalies, coral reefs acidification and bleaching enhance deleterious ecosystem feedbacks, driving the coral ecosystems toward domination by macroalgae and non coral communities36.  

Ocean acidification is irreversible on short-term timeframes, and can only be mitigated by an urgent and rapid reduction of global emissions of CO2 of at least 50% by 2050 to stabilise temperature increases and acidification at sub-critical levels7.  Ocean acidification is an already observable and predictable consequence of increasing atmospheric CO2 concentrations, and will need to be recognised and integrated into the global climate change debate.  
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