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What is ocean acidification? Chemistry 101

Increase in
dissolved CO2

Decreases
carbonate 

Increases
bicarbonate 

Hydrogen ion 
concentration 
increases and pH 
decreases

Acidity increases: 
“ocean acidification”

HCO−
3

K2� CO2−
3 + 2H+

K2 is a dissociation constant of carbonic acid:

K∗
2 =

[CO2−
3 ][H+]

[HCO−
3 ]

hence [H+] = K∗
2
[HCO−

3 ]

[CO2−
3 ]
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Considerable increase in research efforts

Gattuso & Hansson (in press); Gattuso et al. (in press)
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Biological response: meta-analyses

• Hendriks & Duarte (2010): ... limited impact of 
experimental acidification on organism processes... 
except on calcification

• Kroeker et al. (2010): ... biological effects of ocean 
acidification are generally large and negative...

• Liu et al. (2010): This review and analysis ... 
suggest that ... the rates of several (microbial) 
processes will be affected by ocean acidification, 
some positively (N2 fixation...), others negatively.
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OA: knowns, unknowns and perspectives
1. Ocean acidification: background and history (Gattuso & 

Hansson)
2. Past changes of ocean carbonate chemistry (Zeebe & 

Ridgwell)
3. Recent and future changes in ocean carbonate chemistry 

(Orr)
4. Skeletons and ocean chemistry: the long view (Knoll & 

Fischer) 
5. Effect of ocean acidification on the diversity and activity of 

heterotrophic marine microorganisms (Weinbauer et al.)
6. Effects of ocean acidification on pelagic organisms and 

ecosystems (Riebesell & Tortell)
7. Effects of ocean acidification on benthic processes, 

organisms, and ecosystems (Andersson et al.)
8. Effects of ocean acidification on nektonic organisms (Pörtner 

et al.)
9. Effects of ocean acidification on sediment fauna (Widdicombe 

et al.)
10.Effects of ocean acidification on marine biodiversity and ecos

ystem function (Barry et al.) 
11.Effects of ocean acidification on the marine source of 

atmospherically-active trace gases (Hopkins et al.)
12.Biogeochemical consequences of ocean acidification and 

feedback to the Earth system (Gehlen et al.) 
13.The ocean acidification challenges facing science and society 

(Turley & Kelvin) 
14.Impact of climate change mitigation on ocean acidification 

projections (Joos et al.)
15.Ocean acidification: knowns, unknowns and perspectives 

(Gattuso et al.)

ocean  
acidification
Jean-Pierre Gattuso and Lina Hansson

B IOLOGY
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OA occurred in the past
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Zeebe & Ridgwell (in press); Gattuso et al. (in press)

Challenge:
Better constrain paleo-
reconstructions of the 
carbonate system
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OA is in progress
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Orr (in press); Gattuso et al. (in press)

Challenge:
Better monitoring of key 
areas (e.g., coastal 
sites, coral reefs, polar 
regions and the deep 
sea)
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OA will continue at a rate never encountered in the past 55 Myr
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Zeebe & Ridgwell (in press); Gattuso et al. (in press)

Challenge:
Find two independent 
carbonate chemistry 
proxies to reconstruct 
the ocean carbonate 
chemistry with a high 
degree of confidence
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Future OA depends on emission pathways
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Orr (in press); Gattuso et al. (in press)

Challenge:
Improve the 
representation of 
physical regimes at the 
regional scale to derive 
regional estimates
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The legacy of historical fossil fuel emissions on OA will be felt for centuries
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Joos et al. (in press); Gattuso et al. (in press)

Challenge:
Improve the 
representation of 
physical regimes at the 
regional scale to derive 
regional estimates
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OA will adversely affect calcification
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Kroeker et al. (2010); Gattuso et al. (in press)

Challenges:
• Determine the 

mechanisms explaining 
why a few calcifiers are 
not affected of 
stimulated

• Estimate the energetic 
and physiological trade-
offs 

• Gain field evidence in 
addition to that available 
from CO2 vents

• Identify approaches to 
improve attribution on 
field observations

analyses. Four data points (representing 33% of total data
points) were removed from the reproduction analysis before
the significance of the effect size changed. The removal of
all data points from a single study that contributed more
than five data points to an analysis did not change the

significance of the effect size or heterogeneity in any
analysis.

An additional 83 experiments were included in the
unweighted, fixed effects meta-analyses. The significance of
the results of the overall analyses did not differ between the

Figure 3 Taxonomic variation in effects of ocean acidification. Note the different y-axis scale for survival and photosynthesis. Mean effect
size and 95% bias-corrected bootstrapped confidence interval are shown for all organisms combined (overall), calcifiers (orange) and non-
calcifiers (green). The calcifiers category includes: calcifying algae, corals, coccolithophores, molluscs, echinoderms and crustaceans. The non-
calcifiers category includes: fish, fleshy algae and seagrasses. The number of experiments used to calculate mean effect sizes are shown in
parentheses. No mean effect size indicates there were too few studies for a comparison (n < 4). The mean effect size is significant when the
95% confidence interval does not overlap zero (*). !Indicates significant differences amongst the taxonomic groups tested, based on the QM

statistic.

1426 K. J. Kroeker et al. Review and Synthesis

! 2010 Blackwell Publishing Ltd/CNRS
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OA will stimulate photosynthetic carbon fixation
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Riebesell & Tortell (in press); Gattuso et al. (in press)

Challenges:
More work needed at 
the community level 
and under field 
conditions to better 
assess the global 
magnitude of the 
response

28 

 

 

Table 7.1: Effects of ocean acidification on photosynthesis and carbon fixation in planktonic 

organisms, comparing rates at pre-industrial/present-day pCO2 levels with those at pCO2 

projected for the end of this century; ! enhanced; "#slowed down; $ unaffected/non-

conclusive. 
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OA will stimulate nitrogen fixation
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Riebesell & Tortell (in press); Gattuso et al. (in press)

Challenges:
• Investigate more 

species to test 
whether it is a 
widespread response.

• Determine the 
interaction with other 
variables in order to 
better assess the 
global magnitude and 
biogeochemical 
consequences

30 

 

 

Table 7.3: Observed effects of ocean acidification on nitrogen fixation in planktonic 

organisms, comparing rates at pre-industrial/present-day pCO2 levels with those at pCO2 

projected for the end of this century; ! enhanced; "#slowed down; $ unaffected/non-

conclusive. 
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Some species or strains are tolerant to OA

VL L M H VH

L

M

R

Confidence

Ev
id

en
ce

Pörtner et al. (in press); Gattuso et al. (in press)

Challenges:
Gain a better 
understanding of the 
molecular and 
biochemical 
mechanisms 
underlying processes 
such as calcification
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Some taxonomic groups will be able to adapt to OA
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Riebesell & Tortell (in press); Gattuso et al. (in press)

Challenges:
• Initiate long-term 

experiments
• Identify approaches 

and tools to estimate 
the adaptation 
potential

• Two mechanisms to consider:
• phenotypic plasticity
• genetic (evolutionary) changes

• Geologic record: increased rate of extinction 
when environmental changes are fast
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OA will change the composition of communities
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Barry et al. (in press); Gattuso et al. (in press)

Challenges:
• Collect better 

information on non-
calcifiers in the 
paleorecord

• Determine the 
magnitude of the 
change in present key 
ecosystemsCalcifiers

Non-calcifiers

Ischia CO2 vents
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OA will impact food webs and higher trophic levels
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Cooley & Doney (2009); Gattuso et al. (in press)

Challenges:
• Determine how 

species that may 
disappear will be 
replaced 

• Will replacement 
species have a similar 
nutritional value?
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OA will have biogeochemical consequences at the global scale
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Riebesell & Tortell (in press); Gehlen et al. (in press); Gattuso et al. (in press)

Challenges:
Better understanding 
of key processes as a 
function of carbonate 
system variables 
needed to improve 
model parametrization
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Table 7.6: Biotic responses to ocean acidification and their feedback potential to the global 

carbon cycle. Responses are characterized with regard to feedback sign, sensitivity, capacity 

and longevity using best guesses: ±0 for negligible, + for low, ++ for moderate, and +++ for 

high. Empty boxes indicate missing information/understanding. 
1
available information mainly 

based on short-term perturbation experiments; 
2
potential for adaptation presently unknown 

(from Riebesell et al. 2009).  

Process 
Sign of 

feedback 
Sensitivity Capacity Longevity 

Calcification negative          +      
1
 +         +      

1
 

Ballast effect positive  +++ +++ 

Extracellular organic matter prod. negative          ++    
1
 +++               

2
 

Stoichiometry negative          ++    
1
 ++ ++ 

Nitrogen fixation negative          ++    
1
 +               

2 
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There will be socio-economic consequences
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Cooley & Doney (2009); Turley & Boot (in press); Gattuso et al. (in press)

Challenges:
• Quantify the monetary 

value of the goods 
and services that 
oceans provide

• Assess how these 
may be impacted by 
ocean acidification.

Environ. Res. Lett. 4 (2009) 024007 S R Cooley and S C Doney

Figure 2. US commercial fishing ex-vessel revenue for 2007 (NMFS statistics, accessed October 2008). Reds indicate organisms containing
primarily aragonite, yellows indicate those using primarily calcite, greens indicate predators, and blue indicates species not directly influenced
by ocean acidification. (NMFS statistics and Andrews et al 2008.)

Table 1. Responses of some commercially important species to laboratory ocean acidification experiments, adapted from Fabry et al (2008).

Category Species pH CO2

Shell
dissol

Incr.
mortality Other

Mussel M. edulis 7.1 740 ppm Y Y 25% decrease in calcification rate
Oyster C. gigas 740 ppm 10% decrease in calcification rate
Giant scallop P. magellanicus <8.0 Decrease in fertilization, development
Clam M. mercenaria 7.0–7.2 Y Y !ar = 0.3
Crab C. pagurus 10 000 ppm Reduced thermal tolerance
Crab N. puber 7.98–6.04 0.08–6.04 kPa Y Intracellular acid/base disruption
Sea urchin S. purpuratus 6.2–7.3 Y Lack of pH regulation
Dogfish S. canicula 7.7 Y
Sea bass D. labrax 7.25 Reduced feeding

of increased calcification or photosynthesis under high-CO2

conditions result in enhanced species fitness is not yet known.
But decreases in calcification and biological function seem
very capable of decreasing fitness of commercially valuable
groups, like mollusks, by compromising early development
and survival (e.g., Kurihara et al 2007, 2009) or by directly
damaging shells (e.g. Gazeau et al 2007).

Ocean acidification’s total effects on the marine envi-
ronment will depend also on ecosystem responses. Even if
carbonate-forming organisms can form shells and skeletons in
elevated-CO2 conditions, they may pay a high energetic cost
(Wood et al 2008) that could reduce survival and reproduction
(Kleypas et al 2006). Losses of plankton, juvenile shellfish,
and other prey also would alter or remove trophic pathways and
intensify competition among predators for food (Richardson
and Schoeman 2004), potentially reducing harvests of econom-
ically important predators. At the same time, acidic conditions
will damage coral and prevent its regrowth, destroying crucial
benthic habitats and disrupting hunting and reproduction of an
array of species (Kleypas et al 2006, Lumsden et al 2007).
Ecological shifts to macroalgal overgrowth and decreased
species diversity sometimes follow after coral disturbances

(Norström et al 2009), creating stable new ecosystem states
(Scheffer et al 2001) dominated by herbivores (Hoegh-
Guldberg et al 2007) and less commercially valuable species.
Ocean acidification has been implicated in similar ecological
shifts from calcifying organisms to seagrasses and algae in wild
benthic communities with decreasing pH (Hall-Spencer et al
2008, Wootton et al 2008).

3. Economic consequences for US commercial
fisheries

Ocean acidification may affect humans through a variety
of socio-economic connections, potentially beginning with
reduced harvests of commercially important species. The
total ex-vessel or primary value of US commercial harvests
from US waters and at-sea processing was nearly $4 billion
in 2007 (all monetary values given in US dollars) (figure 2;
NMFS statistics, http://www.st.nmfs.noaa.gov/st1/index.html,
and Andrews et al 2008). Of the total, mollusks provided 19%
(red tones), crustaceans yielded 30% (yellows), and finfish
generated 50% (greens); 24% of total US ex-vessel revenue
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An OA threshold that must not be exceeded can be defined
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Kleypas & Gattuso (in prep.); Gattuso et al. (in press)

Challenges:
• Initiate and sustain an 

international effort to 
compile the 
increasing number of 
data being published 
in order to defined 
threshold(s)

• Investigate the need 
to consider thresholds 
based on geographic 
location, species and 
ecosystems to advise 
decision-makers
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Summary on statements

• Chemical effects: robust evidence and high 
certainty

• Biological and ecological effects: much less 
certain
• calcification, primary production, nitrogen 

fixation and biodiversity will be altered but with 
an unknown magnitude

• some cannot be assessed
• Biogeochemistry, society and the economy 

may change; whether it will be significant or not is 
also unknown
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Systems at risk

• Polar areas
• Deep-sea environments
• Coral reefs
• Nearshore ecosystems
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Past limitations and future prospects

• Limited workforce and funding
• Inappropriate or inconsistent methods
• Duration of experiments
• Interactions with other stressors
• Lack of field evidence other than around CO2 vents
• Limited work at the community level
• Difficulties to perform meta-analysis
• Model development
• Need for a coordinated international effort
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More information

• Project web site: epoca-project.eu
• Ocean acidification blog
• Blog EPOCA Arctic campaigns 
• Movie “Tipping Point”
• Book: Oxford University Press, 

Sep. 2011
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The EU
FP7
Integrated
Project
EPOCA
(European
Project on
OCean

Acidification) was launched in June 2008 for 4 years.
The overall goal is to advance our understanding of
the biological, ecological, biogeochemical, and
societal implications of ocean acidification.

 

EPOCA aims to:

document the changes in ocean chemistry and
biogeography across space and time
determine the sensitivity of marine organisms,
communities and ecosystems to ocean acidification
integrate results on the impact of ocean
acidification on marine ecosystems in
biogeochemical, sediment, and coupled ocean-
climate models to better understand and predict
the responses of the Earth system to ocean
acidification
assess uncertainties, risks and thresholds ("tipping
points") related to ocean acidification at scales
ranging from sub-cellular to ecosystem and local
to global

The EPOCA consortium brings together more than 100
researchers from 29 institutes and 10 European
countries (Belgium, France, Germany, Iceland, Italy,
The Netherlands, Norway, Sweden, Switzerland, United
Kingdom).
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