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Ocean acidification, an expres-
sion coined in the early 2000s, 

describes changes in the chemistry of 
seawater generated by the uptake of 
anthropogenic carbon dioxide (CO2). 
Among those changes is an increase in 
the concentration of dissolved inorganic 
carbon as well as a decrease in pH and 
the saturation state of calcium carbon-
ate (Ω). Evidence for ocean acidification 
and its consequences for marine organ-
isms and ecosystems have only recently 
begun to be investigated (Gattuso and 
Hansson 2011).

Some aspects of ocean acidification, 
such as the changes in the carbonate 
chemistry, are known with a high degree 
of certainty. It is also well established 
that three areas of the global ocean are 
more susceptible to ocean acidification 
than others, either because ocean acidi-
fication will be more severe (e.g. polar 
regions and the deep sea) or because it 
acts synergistically with another major 
stressor (e.g. coral reefs which are also 
strongly affected by global warming). 
Most biological, ecological and biogeo-
chemical effects are much less certain. 
Calcification, primary production, nitro-
gen fixation and biodiversity will all be 
affected, but the magnitude of the pro-
jected changes remains unclear. 

Although some studies indicate no 
effect or a positive effect of ocean acidi-
fication on the rate of calcification of 
some organisms (Andersson et al. 2011; 
Riebesell et al. 2011), meta-analyses re-
veal an overall significant, negative ef-
fect (e.g. Hendriks et al. 2010; Kroeker et 
al. 2010). In general, corals experience 
particularly adverse effects, whereas 
crustaceans, for example, grow thicker 
shells. Whether or not calcification de-
creases in response to elevated CO2 

and lower Ω, the deposition of calcium 
carbonate is thermodynamically less 
favorable under such conditions. Some 
organisms could up-regulate their me-
tabolism and calcification to compen-
sate for lower Ω, but this would have 
energetic costs that would divert energy 
from other essential processes, and thus 
may not be sustainable in the long term. 
Full or partial compensation may be 
possible in certain organisms if the ad-
ditional energy demand required to cal-
cify under elevated CO2 can be supplied. 

We need to know much more about the 
molecular and physiological processes 
involved in calcifying marine organisms 
to better understand the response of 
calcification to ocean acidification.

Ocean acidification is expected to 
affect not only single organisms but 
whole populations and thus ecosystems. 
There is mounting evidence, especially 
for benthic communities, suggesting 
that their composition will change as the 
oceans acidify. For example, the struc-
ture of an ecosystem around submarine 
CO2 vents in the Mediterranean Sea ap-
pears to be governed by the concentra-
tion gradient around the vents (Barry et 
al. 2011). Non-calcareous algae replace 
calcareous ones closer to the vents, and 
no juvenile calcifiers are found close to 
the vents.

We know considerably less about 
the effects on composition of pelagic 
communities. Experiments on natural 
phytoplankton assemblages consis-
tently show a modest increase in carbon 
fixation at elevated pCO2 (Riebesell and 
Tortell 2011). The increased CO2 levels 
would aid the growth of some groups 
of phytoplankton such as cyanobacte-
ria, and decrease the competitiveness 
of others (e.g. some calcifiers). The com-
bined effects of acidification and other 
global changes on ecosystems are un-
certain but deserve more scrutiny, es-
pecially because of potential economic 

consequences on, for example, the fish-
ing and tourism industry.

Ocean acidification and its impacts 
on marine ecosystems could provide 
an additional reason for reducing CO2 
emissions, but we need to reduce the 
uncertainties and offer a prognosis de-
spite the sometimes conflicting obser-
vations. Synthetic studies will be key to 
make sense of the many dimensions of 
ocean acidification and its interactions 
with other stressors such as warming, 
coastal eutrophication and deoxygen-
ation. There is reason to be optimistic, at 
least on the research front: the coming 
years will witness the launch of major re-
search initiatives, in addition to IPCC and 
other assessments, which are expected 
to considerably improve our level of un-
derstanding. 
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Figure 1: Effects of ocean acidification on marine organisms. Mean effect size and 95% bias-corrected bootstrapped 
confidence interval are shown. The number of experiments used to calculate mean effect sizes are shown in 
parentheses. Asterisks (*) mark significant mean effect sizes (95% confidence interval does not overlap zero). Figure 
adapted from Kroeker et al. (2010).
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Scientists use the geological record to 
”look back into the future”, i.e. to evalu-

ate effects of ocean acidification on whole 
marine ecosystems during carbon cycle-
climate perturbations (Pelejero et al. 2010). 
Fortuitously, calcifying organisms, affected 
most immediately by decreased carbonate 
saturation (Fig. 1), have left a fossil record: 
planktic foraminifera and calcareous nan-
noplankton (coccolithophores) provide in-
formation on the effects of ocean acidifica-
tion on calcifiers in surface oceans, benthic 
foraminifera and ostracodes in the deep sea, 
and corals, calcareous algae, echinoderms, 
bivalves and gastropods in shelf environ-
ments (Kiessling and Simpson 2011).

Where in the past can we find clues 
about future ocean acidification? To look at 
a world with CO2 levels higher than today 
(>389 ppm) we need to go back into “Deep 
Time” (Kump et al. 2009; NRC 2011). Dur-
ing transitions from glacial to interglacial 
periods over the last 2.6 million years (Ma), 
atmospheric CO2 levels increased by ~90 
ppm over a few thousand years, but from 
~175 to ~185 ppm, i.e. well below present 
levels. Atmospheric CO2 levels may not have 
been above ~400 ppm for the last 35 Ma, the 
time since when ice sheets existed on Ant-
arctica. The Deep Time warm worlds are not 
perfect analogs for the near future, among 
other reasons because life has evolved since 

then, but nevertheless may provide useful 
insights.

The long-term high pCO2 and low pH 
levels in Deep Time did not result in low car-
bonate saturation states (Ω) in sea water, be-
cause on time scales of 10-100 ka the burial 
of CaCO3 in marine sediments balances the 
cations released by rock weathering on land, 
and deep-sea carbonate dissolution buffers 
the oceans’ Ω. This buffering has been pos-
sible only since ~180 Ma, when open-ocean 
calcifiers evolved and their remains started 
accumulating as deep-sea carbonates. Since 
then, only particularly rapid addition of CO2 
(over centuries, as during fossil fuel burning) 
results in a coupled decline of pH and satu-
ration state. Studying past ocean acidifica-
tion thus requires recognition of times when 
atmospheric CO2 levels increased rapidly, 
e.g. from dissociation of methane hydrates 
from seafloor sediments, methane buildup 
and release from intrusion of magma into 
organic-rich sediments, volcanic outgassing, 
or rapid oceanic turnover of CO2-rich deep 
waters.

Such climate - carbon cycle perturba-
tions are recognized in the geological record 
by the co-occurrence of a negative carbon 
isotope excursion (CIE), which reflects the 
release of large amounts of isotopically light 
carbon into the ocean-atmosphere system, 
combined with proxy evidence for global 

warming and sea floor carbonate dissolu-
tion (Kump et al. 2009). During the 543 Ma 
of Earth history when animals existed (the 
Phanerozoic), perturbations occurred at the 
Permo-Triassic (P/Tr) boundary (~250 Ma), 
the Triassic-Jurassic (Tr/J) boundary (~200 
Ma), during Oceanic Anoxic Events (OAEs) 
between ~183 and 93 Ma (Jurassic-Creta-
ceous), during the Paleocene-Eocene Ther-
mal Maximum (PETM) (~55 Ma) and during 
smaller “hyperthermals“ in the Paleogene 
(~65-40 Ma) (McInerney and Wing 2011). All 
these events resemble our possible future, 
with a CIE, global warming, ocean acidifica-
tion and deoxygenation, thus various stress-
ors affecting the biota. Severe extinctions 
(including reef biota) occurred at the P/Tr 
and Tr/J boundaries, i.e. before the evolution 
of ocean buffering. These early geological 
events are well suited to provide insight in 
processes following C-release at rates too 
rapid for buffering. Later acidification epi-
sodes were not associated with severe net 
extinction of oceanic calcifiers, although 
coralgal reefs and deep-sea benthic fora-
minifera suffered extinction during some 
OAEs and the PETM. Rates of speciation and 
extinction of calcareous nannoplankton and 
planktic foraminifera accelerated at or near 
the OAEs and across the PETM, and “de-
formed” nannoplankton has been reported, 
although these could be due to dissolution 
during or after deposition on the seafloor. 
The transient floral and faunal changes typi-
cally took at least several 10 ka to recover.

The best approximations of CO2 emis-
sion rates during past carbon cycle per-
turbations indicate that emissions were 
considerably slower than the ongoing 
anthropogenic CO2 emission. The geologi-
cal record suggests that the human “grand 
geophysical experiment” is unprecedented, 
with the high rates of emission potentially 
having severe and long-term effects on oce-
anic biota.
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Figure 1: The Paleocene-Eocene Thermal Maximum at Walvis Ridge in the southeastern Atlantic Ocean, off 
Namibia. Paleo-water depth ~1500 m. A) Core image shows carbonate ooze (light colors) and clay (dark colors), 
where carbonate has been dissolved during ocean acidification (Zachos et al. 2005). Sediment is plotted on an 
age scale in ka relative to the Paleocene-Eocene Boundary (PEB) (Hönisch et al., in press). B) Blue curve and blue 
dots show carbon isotope excursion (CIE) in shells of deep-sea benthic foraminifera (McCarren et al. 2008). Red 
curve shows decrease in number of species of deep-sea benthic foraminifera during extinction coeval with CIE 
(Thomas, unpublished data). Pictures show specimens of the benthic foraminifer Nuttallides truempyi, used 
for isotope analysis, survivor of the extinction. All at the same magnification, showing severe decrease in size 
during ocean acidification, placed at the location where they occurred in the sediment. C) Climate-carbon cycle 
disturbance in the oceans during the last 300 Ma of Earth history (modified after Kump et al. 2009).




