
Ocean Acidification and Biological 
Consequences
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Ocean Acidification

• Ongoing decrease in the pH of the Earth’s oceans caused by 
the uptake of anthropogenic CO2 from the atmosphere.

• A fraction of absorbed CO2 + H2O H2CO3, fraction of 
absorbed CO2 remains CO2 (g)

• H2CO3 H+ + HCO3
- (carbonic acid)                                                         

(pH = -log H+)

• The third form of dissolved inorganic carbon (DIC) in water: 
CO3

2- (carbonate ion) erosion/dissolution 



Ocean Acidification

• Calcification:  carbonic acid acting as a buffer

• 2HCO3
- + Ca2+ CaCO3 + CO2 (g) + H2O increases alkalinity, 

which offsets the effects of increasing acidity

• Buffering effect greater on the bottom, acidification greater on 
the surface



Ocean pH Stratification

• Sink/source water/air exchange of CO2 only occurs in the near 
surface waters (~100m down, aka the photic zone)

• Products of the surface water organisms are the base of the 
intermediate and deep water organisms’ food chain.

• Warming of the oceans increases stratification (warm vs. cold 
soda)

• Gravity-driven mixing with the intermediate and deep waters is on a 
thousands of years time scale

• Limited holding capacity of the oceans



Ocean pH Stratification

• Seasonal upwelling-driven  mixing

• Ocean uptake of anthropogenic CO2 has shoaled the aragonite 
saturation horizon

• Large areas of the Western North American continental shelf 
exposed to waters undersaturated with respect to aragonite. 

• Impacts are currently investigated



pH Dependency of Proportions of 
CO2/HCO3

-/CO3
2- Concentrations



Variations of Current Ocean pH



DIC in the Carbon Cycle



DIC inTotal Aquatic Carbon Cycle



Global Carbon Cycle



CO2 Absorption by the Oceans

• Atmospheric concentration of CO2 is a sink/source balance 
between the oceans, terrestrial biosphere and atmosphere (the 
carbon cycle).

• Anthropogenic increases:  due deforestation, combustion of 
fossil fuels, production of cement.

• In the past 200 years, the oceans have absorbed approximately 
half of the anthropogenic CO2. 

• Good news: this mitigates the greenhouse gas effect of CO2.  

.



Effects of CO2 Absorption by the Oceans

• Bad news:  between 1751-1994 mean surface ocean pH is 
estimated to have decreased from 8.179 to 8.104 

• 30% increase in H3O+ ions concentration, with a projected 
further 0.3-0.5 pH units drop by 2100.

• Likely the lowest mean ocean pH in millions of years, rate of 
change X100 greater than at any time during said millions of 
years



Effects of CO2 Absorption by the Oceans

• Irreversible during foreseeable future

• If atmospheric CO2 were to go back to pre-industrial levels,  
tens of thousands of years to naturally reverse ocean pH 
changes.

• No proven artificial remedies

• Adding carbonate ion sources, such as limestone, has been 
suggested.

• Small scale pH increases at best, drastic effects upon local 
ecosystems



Calcification
• Shells and plates of corals, coccolithophore algae, 

foraminifera, shellfish, and pteropods consist largely of CaCO3.. 

• Increased uptake of CO2 increased acidity 

• Increased dissolution (ionization) of CaCO3 in favor of 
H+ + CO3

2- HCO3
-

• Calcifiers expand more energy to build and maintain shells



Carbonate Compensation Depth

• CaCO3 is more soluble at lower temperatures, higher 
pressures, and lower pH

• Carbonate Compensation Depth (CCD) = lysocline = saturation 
horizon

• The depth in the ocean below which the rate of dissolution of 
CaCO3 is equal to the rate of its formation



Carbonate Compensation Depth

• Lower pH  due to ocean acidification raises CCD, reduces 
calcifiers’ habitats

• Because the aragonite form of CaCO3 is more soluble, the 
aragonite CCD is closer to the surface (0.5 – 2.5 km)

• Aragonite calcifiers (corals and  pteropods) are more affected 
than calcite calcifiers (coccolithophores and foraminifera, CCD 
1.5- 5km.)



Calcite and Aragonite Structures





Atmospheric CO2 and Projected CCD



Biological effects of rising CCD

• By 2100, the Southern Ocean projected to become unsaturated 
with respect to aragonite dissolution of all structures.

• Colder water favors dissolution of atmospheric CO2, resulting 
in greater acidification, as well as dissolution of CaCO3

• Aragonite-producing pteropods are the dominant calcifiers, 
base of the food chain.

• Increase in acidity is currently offset by global warming



Biological Effects of Rising CCD
• The shells of echinoderms (sea stars, sea urchins) and larvae 

of mollusks are made of amorphous Mg-bearing calcite

• x30 more soluble, may be especially sensitive to acidification. 

• In some cases those are keystone predators, key 
grazers/cleaners. 

• Crustacea may be especially vulnerable due to frequent 
moltings.

• Short-term laboratory studies: 5-25% weight decrease in 
response to x2 atmospheric CO2 from pre-industrial values

• Decrease in sinking biological pump effects



Coccoliths (Calcifiers) and Diatoms



Ocean Acidification: Biological Effects

• Calcifying organisms in phytoplankton/zooplankton:  base of the food 
chain. 

• Laboratory experiments: greater dissolution due to increasing acidity

• Greater availability of aquatic and atmospheric CO2 is beneficial for 
calcification and photosynthesis 



Ocean Acidification: Biological Effects

• CaCO3 to POC ratios comparable across CO2 partial pressures 
ranging from pre-industrial to end of the century projections. 

• Calcified phytoplankton are abundant in periods of past ocean 
acidification

• Globally abundant (seasonal blooms of hundreds of thousands 
km2) Emiliania Huxleyi

• Increase in photosynthesis, but a decrease in calcification, may 
offset the beneficial effect in terms of growth/competitiveness. 



Ocean Acidification: Biological Effects 

• Benthic macroorgansims (seaweeds, algae)

• Larger fraction would benefit from an increase in atmospheric 
CO2 via increased photosynthesis (algal blooms) 

• Negative impact of decreasing ocean pH

• Marine animals:  more sensitive to increased CO2 concentration 
in the bloodstream than land animals of similar sizes. 

• Blood acidification (hypercapnia) affects the ability of blood to 
carry oxygen (less available in water). 



Ocean Acidification: Biological Effects

• Decreased cellular energy use, lower respiratory activity. 

• Deep sea fish (more static environment) and cephalopods (jet 
propulsion is energy-demanding) are particularly sensitive
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Aragonite Shell Dissolution in a 
Laboratory Experiment

• a–d, Shell from a live pteropod, Clio pyramidata, collected from the subarctic Pacific and kept in water 
undersaturated with respect to aragonite for 48 h. The whole shell (a) has superimposed white rectangles that 
indicate three magnified areas: the shell surface (b), which reveals etch pits from dissolution and resulting 
exposure of aragonitic rods; the prismatic layer (c), which has begun to peel back, increasing the surface area 
over which dissolution occurs; and the aperture region (d), which reveals advanced shell dissolution when 
compared to a typical C. pyramidata shell not exposed to undersaturated conditions (e).



Recent Case Study

• Summit of Eifuku Seamount -- vents of liquid CO2 and H2S are 
surrounded by beds of the vent mussel Bathymodiolus brevior. 

• Water samples collected directly in mussel beds had pH 
ranging from 5.36 to 7.29 at 2.4 to 2.9oC. 

• Calcification of shells is compared to the same species from 
Lau Basin vents at pH 7.8 to 8.4. 

• While mussels at the two sites grow to similar sizes, Eifuku 
shells are 65% lighter and less than half the thickness. 

• No preferential thinning of the inner aragonite shell layer at 
Eifuku, no differences in crystal size or formation compared to 
Lau. 



Recent Case Study 
• No evident secondary dissolution of aragonite, the calcification 

process appears limited by the initial ion availability. 

• The calcitic layer forms daily microincrements.

• Showed constant growth rates at Eifuku under 10um/day – less 
than half that of shells in Lau Basin. 

• Eifuku shells all have intact periostracum*; exposed shell 
dissolves faster than body tissue decays. 

• Neither shell mineral is stable at the measured conditions thus 
the animal must cover its shell completely to survive.

• (Periostracum = a thin organic coating, outermost layer of the 
shell of many mollusks, similar to the epidermal cuticle)



Micro- and Macroenvironments

• Tufas* and marine calcarious sands 

• Conditions at sites of nucleation and crystal growth are far 
removed from those in the overlying water 

• It is possible for conditions conducive to mineralization to be 
maintained within “microenvironments”.

• *Tufa = a rock-like CaCO3 deposit formed by precipitation from 
bodies of water with a high dissolved calcium content.

• I. e.  precipitation from calcium-bearing spring water in an 
alkaline lake rich in carbonates



Micro- and Macroenvironments

• Microbial metabolism maintains, in immediate zone of 
calcification, integrity of nucleation sites and supersaturation.  

• Microbial metabolic activity mediates the effects of changing 
bulk water chemistry

• Mineralization processes are maintained despite decreases in 
overlying water pH. 

http://en.wikipedia.org/wiki/Image:Mono_lake_tufa.JPG


Overcompensation

• Otoliths are sensory bones in fish made of alternating layers of 
aragonite and protein.



Overcompensation

• Hypothesis:  otoliths of fish grown in seawater with high CO2
would be smaller than otoliths of fish grown under present CO2. 

• White seabass (Atractoscion nobilis) were grown at 18°C from 
egg to 8-d age in oceanic water

• 380 (control) and 2500 (treatment) µatm CO2, pH of 8.0 and 7.3, 
aragonite saturation state (Ω) of 2.4 and 0.56, respectively. 



Overcompensation
• Results: Otoliths imaged using SEM were 8% larger at 2500 

than 380 µatm CO2, corresponding to a 27% increase in mass. 

• Treatment fish were more lethargic and swam less than control 
fish. 

• Experiments in progress using 380 and 993 µatm CO2 appear 
consistent with those described above. 

• Modified hypothesis: fish maintain normal internal pH 
aragonite formation is enhanced by higher CO2 level. 

• “Life finds a way”?



Impacts of Acidification on Coral Reefs

• Tropical and sub-tropical coral reefs are expected to be among 
the worst affected 

• Stability/longevity of the reefs and their inhabitants (hundreds 
of thousands of other species.) 

• Reduced calcification declining coral cover

• Reduced reef frameworks more susceptible to erosion 
(physical/biological) and dissolution.

• 30% reduction of warm water corals since 1980s due to higher 
temperatures coral bleaching



Impact of Acidification on Coral Reefs

• Laboratory experiments: doubling of atmospheric CO2 causes 
3-54% decrease in carbonate production tourism revenues

• Increased susceptibility  to other stress factors (water quality, 
climate change, harvesting.)

• Cold water (non-symbiotic, non-building) coral reefs are even 
more slow growing and fragile (up to 8000 years old).



Impacts of Acidification on Coral Reefs 

• At higher altitudes (colder water favors dissolution of  CO2 –
cold vs. warm soda).

• Greater increase in acidity greater rise of CCD (already 
higher as colder water favors dissolution of CaCO3..)

• Greater stress of greater overall climate change
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Global Distribution of Hot and “Cold” 
Water Reefs 

http://www.scionline.org/index.php/Image:Image-Coral_reef_locations.jpg


Conclusion

• Increasing atmospheric CO2 leads to an increase in ocean 
acidity as well as in dissolved CO2

• Increase in CO2 likely beneficial for photosynthesis and/or 
calcification of  phytoplankton, zooplankton, and aquatic plants 

• Increase in CO2 harmful for oxygen-breathing marine animals

• Increase in acidity likely harmful for all, but especially aragonite 
calcifiers

• Of those, coral reefs and the aragonite pteropod-based 
Southern Ocean ecosystem are in most immediate peril



Conclusion
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