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Anthropogenic ocean acidification and global warming share the same primary cause, which is 
the increase of atmospheric CO2 (Figure OA-1A; WGI, Section 2.2.1). Eutrophication, loss of sea ice, 
upwelling and deposition of atmospheric nitrogen and sulfur all exacerbate ocean acidification 
locally (Sections 5.3.3.6, 6.1.1, 30.3.2.2).

Chemistry and Projections 
The fundamental chemistry of ocean acidification is well understood (robust evidence, high 
agreement). Increasing atmospheric concentrations of CO2 result in an increased flux of CO2 into a 
mildly alkaline ocean, resulting in a reduction in pH, carbonate ion concentration, and the capacity 
of seawater to buffer changes in its chemistry (very high confidence). The changing chemistry of 
the surface layers of the open ocean can be projected at the global scale with high accuracy using 
projections of atmospheric CO2 levels (Figure CC-OA-1B). Observations of changing upper ocean 
CO2 chemistry over time support this linkage (WGI Table 3.2 and Figure 3.18; Figures 30-8, 30-9). 
Projected changes in open ocean, surface water chemistry for the year 2100 based on representative 
concentration pathways (WGI, Figure 6.28) compared to pre-industrial values range from a pH 
change of –0.14 unit with Representative Concentration Pathway (RCP)2.6 (421 ppm CO2, +1°C, 
22% reduction of carbonate ion concentration) to a pH change of –0.43 unit with RCP8.5 (936 
ppm CO2, +3.7ºC, 56% reduction of carbonate ion concentration). Projections of regional changes, 
especially in the highly complex coastal systems (Sections 5.3.3.5, 30.3.2.2), in polar regions (WGI 
Section 6.4.4), and at depth are more difficult but generally follow similar trends. 

Biological, Ecological, and Biogeochemical Impacts
Investigations of the effect of ocean acidification on marine organisms and ecosystems have a 
relatively short history, recently analyzed in several meta-analyses (Sections 6.3.2.1, 6.3.5.1). A wide 
range of sensitivities to projected rates of ocean acidification exists within and across diverse groups 
of organisms, with a trend for greater sensitivity in early life stages (high confidence; Sections 
5.4.2.2, 5.4.2.4, 6.3.2). A pattern of positive and negative impacts emerges (high confidence; Figure 
OA-1C) but key uncertainties remain in our understanding of the impacts on organisms, life histories, 
and ecosystems. Responses can be influenced, often exacerbated by other drivers, such as warming, 
hypoxia, nutrient concentration, and light availability (high confidence; Sections 5.4.2.4, 6.3.5).

Growth and primary production are stimulated in seagrass and some phytoplankton (high 
confidence; Sections 5.4.2.3, 6.3.2.2, 6.3.2.3, 30.5.6). Harmful algal blooms could become more 
frequent (limited evidence, medium agreement). Ocean acidification may stimulate nitrogen fixation 
(limited evidence, low agreement; 6.3.2.2). It decreases the rate of calcification of most, but not 
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reoccupation of ocean sections such as 
Line P, initiated in 1973 in the North 
Pacific Ocean (Wong et al., 2010). The 
GEOSECS program provided the foun-
dation for subsequent scientific expedi-
tions such as the Transient Tracers in the 
Ocean (TTO) expedition of the North 
and tropical Atlantic Oceans in the early 
1980s (Brewer et al., 1985), and the 
World Ocean Circulation Experiment 
(WOCE) and Joint Global Ocean Flux 
Study (JGOFS) in the late 1980s and 
1990s. The initiation of time series such 
as BATS and HOT in the late 1980s 
and subsequent expansion of sustained 
observations around the globe owe much 
to these earlier efforts and to the grow-
ing recognition that understanding of 
the time-varying components of the 
ocean carbon cycle and related inorganic 
nutrient dynamics (e.g., nitrogen, phos-
phorus, and silica) required identifica-
tion of the relevant physical, chemical, 
and ecosystem processes responsible for 
observed variability.

Several other factors promoted the 
expansion of ocean CO2 time series 
(including repeating ocean sections) in 
both open-ocean and coastal environ-
ments in order to detect changes in the 
ocean carbon cycle due to both natural 
processes and anthropogenic perturba-
tion. Improvements in chemical instru-
mentation (e.g., Johnson et al., 1987, 
1993) allowed sample analyses to be 
conducted with sufficient sensitivity to 
detect gradual change. These develop-
ments were complemented by rigorous 
standard operating protocols for chemi-
cal analysis (Dickson et al., 2007) and 
refinement of chemical equilibria models 
of the seawater CO2-carbonate system 
(e.g., Zeebe and Wolf-Gladrow, 2001). 
In the early 1990s, Andrew Dickson of 
Scripps Institution of Oceanography 
(SIO) developed and distributed certified 

reference material (CRMs)—seawater 
with carefully measured and standard-
ized DIC and TA concentrations that 
allowed assessments to be made of 
the long-term accuracy of other mea-
surements. Incorporation of seawater 
CO2-carbonate chemistry data into 
global climatology products such as the 
Global Ocean Data Project (GLODAP; 
Key et al., 2004; Sabine et al., 2005) and 

PACIFICA (PACIFic ocean Interior 
CArbon; Suzuki et al., 2013) is credited 
as critically important for improvement 
of global models and for understanding 
global ocean carbon cycle feedbacks and 
synergies necessary to detect changes in 
the ocean carbon cycle due to both natu-
ral processes and anthropogenic pertur-
bation (e.g., Tanhua et al., 2013).
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Figure 1. Location map of the seven ocean carbon time-series sites, including Iceland Sea, 
Irminger Sea, Bermuda Atlantic Time-series Study (BATS), European Station for Time series in 
the Ocean at the Canary Islands (ESTOC), Hawaii Ocean Time-series (HOT), CArbon Retention 
In A Colored Ocean (CARIACO), and Munida (see Table 1 for detailed information about loca-
tions and sampling frequency). Such sustained ocean carbon cycle time series complement 
collection of water-column hydrography and biogeochemistry (e.g., dissolved oxygen, inorganic 
nutrients, chlorophyll, and dissolved and particulate organic carbon and nitrogen) and rate 
measurements (including 14C primary production, bacterial production, and export flux) at 
several of these sites.
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Anthropogenic ocean acidification and global warming share the same primary cause, which is 
the increase of atmospheric CO2 (Figure OA-1A; WGI, Section 2.2.1). Eutrophication, loss of sea ice, 
upwelling and deposition of atmospheric nitrogen and sulfur all exacerbate ocean acidification 
locally (Sections 5.3.3.6, 6.1.1, 30.3.2.2).

Chemistry and Projections 
The fundamental chemistry of ocean acidification is well understood (robust evidence, high 
agreement). Increasing atmospheric concentrations of CO2 result in an increased flux of CO2 into a 
mildly alkaline ocean, resulting in a reduction in pH, carbonate ion concentration, and the capacity 
of seawater to buffer changes in its chemistry (very high confidence). The changing chemistry of 
the surface layers of the open ocean can be projected at the global scale with high accuracy using 
projections of atmospheric CO2 levels (Figure CC-OA-1B). Observations of changing upper ocean 
CO2 chemistry over time support this linkage (WGI Table 3.2 and Figure 3.18; Figures 30-8, 30-9). 
Projected changes in open ocean, surface water chemistry for the year 2100 based on representative 
concentration pathways (WGI, Figure 6.28) compared to pre-industrial values range from a pH 
change of –0.14 unit with Representative Concentration Pathway (RCP)2.6 (421 ppm CO2, +1°C, 
22% reduction of carbonate ion concentration) to a pH change of –0.43 unit with RCP8.5 (936 
ppm CO2, +3.7ºC, 56% reduction of carbonate ion concentration). Projections of regional changes, 
especially in the highly complex coastal systems (Sections 5.3.3.5, 30.3.2.2), in polar regions (WGI 
Section 6.4.4), and at depth are more difficult but generally follow similar trends. 

Biological, Ecological, and Biogeochemical Impacts
Investigations of the effect of ocean acidification on marine organisms and ecosystems have a 
relatively short history, recently analyzed in several meta-analyses (Sections 6.3.2.1, 6.3.5.1). A wide 
range of sensitivities to projected rates of ocean acidification exists within and across diverse groups 
of organisms, with a trend for greater sensitivity in early life stages (high confidence; Sections 
5.4.2.2, 5.4.2.4, 6.3.2). A pattern of positive and negative impacts emerges (high confidence; Figure 
OA-1C) but key uncertainties remain in our understanding of the impacts on organisms, life histories, 
and ecosystems. Responses can be influenced, often exacerbated by other drivers, such as warming, 
hypoxia, nutrient concentration, and light availability (high confidence; Sections 5.4.2.4, 6.3.5).

Growth and primary production are stimulated in seagrass and some phytoplankton (high 
confidence; Sections 5.4.2.3, 6.3.2.2, 6.3.2.3, 30.5.6). Harmful algal blooms could become more 
frequent (limited evidence, medium agreement). Ocean acidification may stimulate nitrogen fixation 
(limited evidence, low agreement; 6.3.2.2). It decreases the rate of calcification of most, but not 
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Figure 1. Mean effect of near future acidification on major response variables. Significance is determined 
when the 95% bootstrapped confidence interval does not cross zero. The number of experiments used to 

calculate the mean is included in parentheses. * denotes a significant effect.  
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Figure 4. Summary of effects of acidification among key taxonomic groups. Effects 

are represented as either mean percent (+) increase or percent (-) decrease in a given 

response. Percent change estimates were back transformed from the mean LnRR, and 

represent geometric means. Non-significant effects are grouped as “no effect”. 
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Time to reflect: successes

• Close collaboration within and between national 
and international projects


• Early community-driven agreement on best 
practices in ocean acidification research and data 
reporting


• Concerted communication spear-headed by a 
Reference User Group


• International coordination (EPOCA, now OA-ICC)

• Large number of high profile reports

• Growing recognition at intergovernmental level (US 

State Department’s “Our Ocean Conference”)



Time to reflect: limitations

• Mostly on individual species: competitive and 
trophic interactions poorly studied


• Lab studies, few responses of communities (even 
fewer in situ)


• Single driver (80% of perturbation experiments) 
although interactive (additive, synergistic or 
antagonistic) effects not predictable from single 
driver


• Short-term: selection of standing genetic variation 
or via novel mutations poorly constrained 
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Multiple global drivers: pH, temperature, O2…

Ocean (Antarctica). At the seafloor, all variables analyzed
experienced the largest changes along continental margins, with
decreasing oxygen being common over larger areas of the world’s
seafloor, particularly at the poles (Figure S2). In general, however,
with the exception of the Antarctic and small areas in the South
Pacific and North Atlantic, most of the world’s oceans will be
simultaneously exposed to change in all parameters (Figures 3–4,
Figure S2). With the exception of productivity and all parameters
at the seafloor, current errors in accuracy and precision of the
Earth System Models are of insufficient magnitude to offset
projected changes; that is, projected changes in temperature,

oxygen, and pH in the upper ocean layer were larger than their
errors in accuracy and precision, meaning that trends in these
three parameters are robust and are unlikely to be reversed by
current sources of model errors (Figure 1, Table S2).

To identify patterns of co-occurrence in biogeochemical
changes, we differentiate changes in biogeochemistry that are
negative (i.e., warming, acidification, oxygen depletion, and
primary food reduction) from those that are positive (i.e., cooling,
basification, oxygenation, and productivity increase). Note that the
terms ‘‘negative’’ and ‘‘positive’’ are used to indicate the direction
of biogeochemical changes, not their potential effects upon

Figure 2. Future biogeochemistry change in the world’s oceans. Plots A–D show the spatial difference between future (i.e., the average from
2091 to 2100) and contemporary (i.e., the average from years 1996 to 2005) values under the RCP85 scenario (decadal averages were chosen to
minimize aliasing by interannual variability; beside each color scale we provide the absolute change, whereas the numbers on top indicate the
rescaled values; complete results for the RCP85 and RCP45 for the ocean surface and floor are shown in Figure S2). Plots E–H show the global average
change relative to contemporary values under the RCP45 and RCP85 at the ocean surface and seafloor; semitransparent lines are the projections for
individual models.
doi:10.1371/journal.pbio.1001682.g002

Figure 3. Co-occurring ocean biogeochemical changes to the year 2100 under the RCP85. For these plots, we separated absolute changes
shown in Figure 2A–D between those that will be positive (i.e., cooling, basification, oxygenation, and productivity increase; Plots A–E) and negative
(i.e., warming, acidification, oxygen depletion, and primary food reduction; Plots F–J). Resulting absolute changes were scaled between 0 and 1 (Plots
B–E, G–J), 0 being zero absolute change and 1 being the extreme 97.5% observed value globally. The resulting scaled scores from each variable were
added to provide a global composite map of co-occurring positive (Plot A) and negative (Plot F) changes in ocean biogeochemistry. These cumulative
change maps ranged from 4 (i.e., the maximum predicted change in all four parameters occurred in that cell) to 0 (i.e., no negative or positive change
in any of the four parameters occurred in that cell). The results for the RCP45 at the ocean surface and both RCPs for the seafloor are presented in the
Supporting Information section.
doi:10.1371/journal.pbio.1001682.g003
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Figure 3. Co-occurring ocean biogeochemical changes to the year 2100 under the RCP85. For these plots, we separated absolute changes
shown in Figure 2A–D between those that will be positive (i.e., cooling, basification, oxygenation, and productivity increase; Plots A–E) and negative
(i.e., warming, acidification, oxygen depletion, and primary food reduction; Plots F–J). Resulting absolute changes were scaled between 0 and 1 (Plots
B–E, G–J), 0 being zero absolute change and 1 being the extreme 97.5% observed value globally. The resulting scaled scores from each variable were
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change maps ranged from 4 (i.e., the maximum predicted change in all four parameters occurred in that cell) to 0 (i.e., no negative or positive change
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participation in expert workshops. For example, FOCE users
were represented at the first international workshop on
the management of ocean acidification biological response
data organized by the OA-ICC in 2014 (http://tinyurl.com/
oaicc-data-mtg).

7.4 Dissemination and outreach

Communicating the goals and results of FOCE stud-
ies to interested stakeholders (e.g., scientists, policy
makers, schools, news media, and the public) is an im-
portant activity for those involved in FOCE activities.
FOCE experiments are appealing and visually attrac-
tive. They can be used to increase public attention and
contribute to ocean and climate literacy. Several FOCE
products are already available, including videos and
animations (http://efoce.eu/media-efoce/videos, http:
//www.dailymotion.com/video/xvfv42_ocean-acidification_
news?search_algo=2), fact sheets, and a leaflet
(http://www.efoce.eu/media-efoce/documents). Web sites
for eFOCE and xFOCE are already available (http://efoce.eu;
http://www.xfoce.org). A 52 min documentary on FOCE
systems in general and eFOCE in particular (Mediterranean
2100 – towards a record acidity) was produced in 2013 by
Com On Planet (http://vimeo.com/56970910).

Organizations and projects such as the Center for Ocean
Solutions (http://www.centerforoceansolutions.org), the OA-
ICC (http://www.iaea.org/ocean-acidification) and the Ocean
Acidification International Reference User Group (http:
//www.iaea.org/ocean-acidification/page.php?page=2198)
could assist and facilitate several of the activities mentioned
above.

8 Conclusions

All approaches available to investigate the effects of ocean
acidification have benefits and limitations (Table 6), and
there is no single ideal approach. It is the combination of
information collected in laboratory experiments, field ob-
servations (monitoring), CO2 vents, laboratory mesocosms,
FOCE, and modeling that will allow for the required mech-
anistic understanding and predictive power to be provided
(Dupont and Pörtner, 2013).

FOCE systems are designed to assess the impact of
ocean acidification, in isolation or in combination with other
drivers, on biological communities. They overcome some of
the drawbacks of laboratory experiments and of observations
in locations naturally enriched in CO2. It is expected that the
next generation of FOCE systems will include, in addition
to pH, options for oxygen or temperature control. Bringing
perturbation experiments from the laboratory to the field is
extremely challenging. All current FOCE users have expe-

Table 6. Benefits and limitations of the five main approaches used
to investigate the effects of ocean acidification. A five-stage rank-
ing is used: very high, high, medium, low, and very low. Modeling
approaches are not considered in this table.

Approach Cost Replicability Ecological
relevance

Laboratory experiments Very low Very high Very low
Field observations Medium Very low Very high
(monitoring)
CO2 vents Low Very low Very high
Laboratory mesocosms Medium Medium Medium
FOCE High Medium High

rienced setbacks due to engineering issues or failures1. It is
hoped that the present paper and the products of the xFOCE
initiative will assist in the use and development of FOCE sys-
tems for studies of the response of marine communities to
changing ocean conditions.
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Free Ocean CO2 Enrichment (FOCE) 
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Figure 4. (A) Deep-water FOCE (dpFOCE), (B) Coral Proto FOCE (cpFOCE), and (C) European FOCE (eFOCE). Credits: (A) MBARI,
(B, D, I) Kline (Scripps Institution of Oceanography), and (C, D) Luquet (CNRS-UPMC).

4.3 European FOCE (eFOCE)

The European FOCE (eFOCE, http://efoce.eu) is currently
in the initial deployment stage and comprises two enclosures
(control and experimental) as well as a surface buoy housing
the electronics and pumps to produce CO2-enriched water
(Fig. 4c). The system is powered by solar and wind energy.
Data are sent to the nearby laboratory and can be monitored
on the internet. The eFOCE system is currently deployed in
the bay of Villefranche-sur-mer (France) at about 12 m depth
and 300 m offshore. The eFOCE project was developed to
investigate the long-term effects of acidification on benthic
marine communities of the northwestern Mediterranean Sea,
especially Posidonia seagrass beds. Over a 3-year period, the
aim of the project is to perform a relatively long (> 6 months)
experiment.

4.4 Shallow-water FOCE (swFOCE)

In collaboration with Hopkins Marine Station and the Cen-
ter for Ocean Solutions, MBARI is developing a swFOCE
system to examine the effects of ocean acidification on shal-
low subtidal communities in central California. The swFOCE
system will use a shore station for the seawater control sys-
tem and production of CO2-enriched seawater, and will also
use an existing cabled observational and research platform
to connect the swFOCE node. Initially, two swFOCE en-
closures will be installed at a depth of 15 m, approximately
250 m offshore from Hopkins Marine Station. The nearby
node of the cabled observatory (Kelp Forest Array) has in-

struments to monitor local currents, temperature, pH, and O2
in real time, and serves as a cabled observatory platform for
scientific research.

4.5 Antarctic FOCE (antFOCE)

The first polar FOCE, antFOCE, experiment was proposed
and awarded funding in November of 2012, followed by
design and concept work in 2013 (Fig. 5) and engineering
tests before deployment in 2014. The antFOCE units will
be placed on the seabed near Casey Station, East Antarc-
tica (two control experimental enclosures and two high-
CO2 / low-pH experimental enclosures). One of the difficul-
ties with deploying FOCE infrastructure in a polar region is
both sea ice and fast ice. To circumvent issues with ice, sci-
entific divers will deploy each unit through the sea ice early
in the Antarctic summer field season and the units will be re-
trieved in open water conditions late in the summer. Connect-
ing the sea-floor units to topside power (through sea ice or
open water) will be achieved with a purpose-designed heated
sea-ice buoy to avoid land, fast ice, and freezing of the sea-
water in the in/outflow.

5 Future developments

As FOCE technology matures, one will be increasingly faced
with the decision of which communities to target and where
to locate new FOCE experiments, both in terms of comple-
menting existing FOCE research and expanding into areas

www.biogeosciences.net/11/4057/2014/ Biogeosciences, 11, 4057–4075, 2014
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FOCE systems not the magic approach

• No work on natural communities yet (beside 
eFOCE)


• Relatively small volume/surface

• Still relatively closed (natural flow not replicated)

• No multiple drivers design yet (ocean warming 

and acidification, suboxia)

• Costly, requires high level of expertise in 

engineering

• Considerable room for improvement and other 

approaches needed
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Conclusion
• Ultimate goal extremely difficult to reach: Well-constrained 

multiple-driver studies at the community to ecosystem level in 
long-term perturbations covering adaptive responses

• High risk to split into 3 major branches
• Set priorities:

• reference and keystone species, including ecosystem 

engineers

• identify commonalities and develop unifying concepts

• focus on species, processes and ecosystems most 

vulnerable or resilient to ocean change

• processes from sub-cellular to ecosystem dynamics and 

biogeochemical cycling
• Emphasize ecosystem services, management options and 

policy advice



OA-ICC: free resources

• News stream (20 posts a week)

• Bibliographic database (2233 refs) 

updated every 3 months

• Data management (on Pangaea)

• Expert workshops

• Training courses

• Intercomparison exercices

• ...

http://www.iaea.org/ocean-acidification



Thank you!

Check out session 
S2: Ocean acidification talks + posters

(N. Bates & S. Birchenough)
today and tomorrow


