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Ocean acidification is widely recognized 
as a significant  climate-  related oceanic threat, 
not only independently but also in connection 
with other oceanic stressors, including warm-
ing and deoxygenation. Recent work shows 
that ocean acidification will negatively affect 
processes such as calcification of most spe-
cies, including  reef-  building corals, and could 
also cause diminished fish sensory ability 
and respiratory stress. However, almost all of 
these findings result from  short-  term experi-
ments on organisms in laboratory aquaria. But 
how can scientists perform  long-  term in situ 
experiments that may confirm, or modify, con-
clusions drawn from laboratory experiments? 
With funding from the BNP Paribas Founda-
tion, the xFOCE workshop brought together a 
group of 20 scientists and engineers to exam-
ine this.

xFOCE is an open source technology pack-
age designed to make Free Ocean CO2 Enrich-
ment (FOCE) technology  cost-  effective and 
adaptable. FOCE technology, which is used 
to study the effects of acidification on marine 
organisms and communities through precise 
control of acidity (pH) within in situ experi-
mental chambers, derives from the experi-
ence of land-based scientists executing field 
experiments on vegetated systems enriched 
with carbon dioxide (CO2). The oceanic equiv-
alent is more complicated due primarily to 
the complex chemistry of CO2 added to sea-
water, with its slow reaction rates. This means 
that fully “open” systems (systems that interact 

continuously with their environments) are 
not possible under a varying flow regime and 
that the time lag between addition of CO2 and 
development of a pH signal in the aquatic situ-
ation must be taken into account.

Progress in achieving a controlled pH off-
set of 0.4 pH units using a liquid CO2 source 
over a period of 1 month, under strongly 
varying tidal flow at the 850-meter-deep 
Monterey Accelerated Research System 
cable site (deepFOCE, Monterey Canyon, 
United States), was described by P. Brewer 
(Monterey Bay Aquarium Research Insti-
tute ( MBARI)). The system design incorpo-
rated an experimental chamber with two 
long arms to provide the necessary time lag 
between enrichment point and experimen-
tal site. The feedback control challenge of 
sensing pH and flow, fully incorporating the 
chemical rate equations, and modifying the 
rate of CO2 delivery to maintain a constant 
pH offset is considerable but has been met, 
as described by W. Kirkwood (MBARI).

The first Great Barrier Reef field experi-
ments ( cpFOCE, Heron Island, Australia) were 
described by D. Kline (University of Califor-
nia, San Diego), using protocols modified from 
deepFOCE. Here offsets of both –0.06 and 
–0.22 pH units were maintained in local sea-
water enriched with CO2 gas metered into the 
flume system set upon a coral community. The 
results showed significant solid phase carbon-
ate changes that bode ill for the future, when 
far larger ocean pH changes may occur.

P. Mahacek (Laboratoire d’Océanographie 
de Villefranche,  Villefranche-  sur-  Mer, France) 
reviewed progress in deployment of the first 
Mediterranean Sea FOCE system (eFOCE, 
 Villefranche-  sur-  Mer, France), which has made 
advances in cost reduction and uses simplified 
components while retaining essential controls. 

Advanced planning for an  under-  ice FOCE 
experiment ( antFOCE, Casey Station, Ant-
arctica) was described by D. Roberts (Uni-
versity of Tasmania, Australia). Carbonate 
ion concentrations are naturally so low there 
that seawater is close to the point of being 
corrosive for aragonite, with probable signifi-
cant biological consequences. 

W. Kirkwood described the next genera-
tion of systems, which have components 

and sensors that are easier for divers to 
exchange. The control software and engi-
neering specifications (xFOCE) are to be 
fully open source and scalable.

The participants welcomed the  well- 
 defined open source engineering principles 
and the successful initial field experiments. 
Experiments on key shallow-water systems 
will follow shortly. A list of meeting partici-
pants and additional information can be 
found at http:// www .xfoce .org.

—PETEr BrEwEr, Monterey Bay Aquarium 
Research Institute (MBARI), Moss Landing, Calif., 
wiLLiam kirkwood, MBARI, Moss Landing, Calif.; 
 E-mail:  kiwi@ mbari .org; and JEan-PiErrE GaTTuso, 
Laboratoire d’Océanographie de Villefranche, 
 Villefranche-  sur-  Mer, France

Climate change research is an interdisci-
plinary field, and understanding its social, 
political, and environmental implications 
requires integration across fields of research 
where different tools may be used to address 
common concerns [Baerwald, 2010]. One 
of the many advantages of interdisciplinary 
approaches is that they open communication 
between complementary fields, filling knowl-
edge gaps and facilitating progression within 
both individual fields and the broader field of 
climate change research [Ludwig et al., 2011].

However, despite the clear benefit of inter-
disciplinary approaches [e.g., Williams et al., 
2008], collaborations among scientists from 
the natural and social sciences are still rela-
tively uncommon [Ceballos et al., 2010]. Cur-
rent academic training promotes specializa-
tion, which may hinder our ability to parse 
interactions between different scales of orga-
nization, limiting our ability to extrapolate to 
the multiple levels of organization critical for 
climate change research.

A useful but underutilized solution to 
tackle this obstacle is to facilitate collabora-
tion among scientists with different special-
izations [Root and Schneider, 2006]. This is 
particularly important for  early-  career scien-
tists, for whom integration across subfields 
may influence the focus of research programs 
as they become established and will encour-
age a tradition of broad-scale interactions.

 Early-  career researchers, particularly grad-
uate students and postdoctoral research asso-
ciates, should be encouraged to participate in 
interdisciplinary conversations for three main 
reasons. First, technological advances require 
greater  cross-  discipline understanding. For 
example, in biology, to apply genomic tools 
within a climate change context, one may 
need to integrate expertise in genomics with 
knowledge of ecological processes occurring 
at the level of populations, communities, and 
landscapes. Second, current graduate stu-
dents and postdoctoral researchers are dis-
proportionately responsible for moving the 
field of climate change research forward as 
they establish new research programs and 
directions. If scientists become habituated to 
considering approaches from different disci-
plines early in their careers, such approaches 
will become more common later in their 
careers. Finally, the effect of climate change 

is global, suggesting that this research will 
benefit from international collaborations 
lending a global perspective.

One practical way to facilitate interdis-
ciplinary research is to offer international 
courses or convene working groups or 
research networks for young researchers who 
share a common interest in climate change 
research but have different backgrounds. 
While this suggestion may not be novel, we 
feel that its relevance is not emphasized 
within the current academic curriculum.

We recently participated in one such 
course entitled “Ecological Consequences 
of Climate Change: Integrating Research 
Approaches” offered by the Estación 
Biológica de Doñana (Consejo Superior 
de Investigaciones Científicas), Spain. This 
course brought together 15 advanced grad-
uate students and postdoctoral research 
associates, representing 8 countries, with 
a variety of research interests in climate 
change. The course provided the oppor-
tunity to discuss experimental and model-
ing approaches to climate change research 
in the absence of  field-  specific constraints. 
Although this course focused on integrat-
ing climate change research approaches 
across the subfield of ecology, it does rep-
resent a model to build upon. More well-
known examples of interdisciplinary courses 
and research centers that facilitate synergy 
among researchers with different back-
grounds include the U.S.’s National Cen-
ter for Ecological Analysis and Synthesis 
(NCEAS), National Evolutionary Synthe-
sis Center (NESCent), and Santa Fe Insti-
tute, along with the European  SIZEMIC 
research network. These institutions pro-
vide a platform to develop  cross-  disciplinary 
approaches to climate change research.

Courses like the recent one in Spain, 
along with centers for collaboration through 
established institutes, provide great utility 
and should not be as scarce as they are cur-
rently. There is clearly a need to broaden the 
scope of interdisciplinary climate change 
research and integrate natural sciences into 
the applied social and economic sciences. 
As an  early-  career scientist, specialization 
can be necessary to become an expert in 
a discipline, but the full value of specializa-
tion manifests when experts from different 

disciplines coalesce to enhance the gaps in 
each other’s knowledge. For example, ecolo-
gists have been grappling with understanding 
broad-scale vegetation responses to climate 
change using experimental methods that gen-
erally capture small-scale biotic interactions. 
Recently, however, ecological investigations 
have integrated remote sensing techniques 
that facilitate more accurate and extensive 
documentation of biome-wide vegetation 
responses to environmental changes [e.g., La 
Puma et al., 2007], leading to improved fore-
casts of the  ecosystem-  level consequences 
of climate change. Without collaboration 
between the ecological and remote sensing 
community, this bird’s-eye view of ecological 
changes could not have been produced.

Another important area of social and eco-
nomic interest that can benefit from experi-
ence among complementary fields is sustain-
able development and conservation strategies 
under a climate change regime. For example, 
a study conducted in the Middle East territo-
ries combined knowledge of ecological pro-
cesses involved in the water cycle with geo-
morphological, hydrological, and climatologi-
cal expertise to propose optimal water man-
agement strategies [Tielbörger et al., 2010]. 
Concurrently, collaboration between social 
scientists and economists identified the role 
of local cultural activities in maintaining the 
natural water resources [Fleischer and Stern-
berg, 2006; Tielbörger et al., 2010].

The above example represents efforts to 
bridge Earth and environmental science with 
social science. However, even though assess-
ments on the  far-  reaching implications of cli-
mate change on ecosystem balance, as well 
as on society, have been anticipated over 
the past 2 decades [Gucinski et al., 1990; Mil-
lennium Ecosystem Assessment, 2005], effec-
tive collaborations between social disci-
plines and climate change research are not 
yet common. Climate change research needs 
to bridge the gap between disciplines, both 
within and outside of Earth science, and 
apply research approaches that incorporate 
linkages among disciplines.

Yet such collaborations have eluded the com-
munity. For this reason, incorporating these 
linkages at early stages in an academic career 
is necessary to move the newest generation of 
the scientific community toward establishing 
collaborations by rote. Such interdisciplinary 
opportunities, established through international 
courses or working groups, have the potential 
to influence the trajectory of climate change 
research as students complete graduate training 
and initiate their own research programs.

Thus, scientific institutions should be 
encouraged to develop and secure fund-
ing for such interdisciplinary programs and 
should strongly encourage participation of 

young researchers during early academic 
career stages. Only then will research ade-
quately capture complex responses to cli-
mate change and encourage social and 
political change [e.g., Zavaleta et al., 2008].
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