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Moreover, they can be good for studying 
acclimatization and adaptation of sessile 
organisms (Table 1). For both mobile and 
sessile organisms with planktonic larvae, 
it is more challenging to study adapta-
tion, as migration and immigration make 
it difficult to determine exposure his-
tories and the conditions under which 
organisms evolved. The major disadvan-
tages of natural studies are limited repli-
cation, lack of true controls, inability to 
manipulate carbonate system parameters 
and to distinguish between multiple driv-
ers, and the potential for seawater chem-
istry that is not representative of other 
oceanic environments. 

Experiments and Manipulations
Manipulating seawater CO2 under con-
trolled conditions in the laboratory or 
in the field is the only way to create and 
evaluate the responses of organisms or 
communities to specific conditions antic-
ipated for the future. It is also probably 
the most viable approach to establish-
ing functional relationships (response 
curves) for different organismal traits and 
seawater CO2 chemistry, which are essen-
tial for parameterizing numerical models. 
A number of approaches have been used 
to manipulate seawater carbonate chem-
istry, ranging from bubbling with CO2 gas 
to adding acid or bases to experimental 

setups (Gattuso and Lavigne, 2009). Most 
experimental manipulations have been 
conducted at relatively small scales with 
individual species or micro communities, 
while a smaller number of experiments 
have been conducted in mesocosms with 
larger representation of natural commu-
nities (Jokiel et al., 2008, Riebesell et al., 
2008, 2013; Dove et  al., 2013; Tatters 
et  al., 2013; Comeau et  al., 2014). Some 
of these mesocosms have been designed 
and developed for deployment in the 
natural environment (Yates and Halley, 
2006; Riebesell et  al., 2008). Recently, a 
number of groups have developed ben-
thic Free Ocean Carbon Enrichment 

FIGURE  2. Summary of experimental approaches used in ocean acidification research. Each experimental approach has strengths and limita-
tions (Table 1), and a combination of approaches at different spatial and temporal scales is needed to advance our understanding of molecular- to 
ecosystem-level impacts. The image in (C) is courtesy of Signe Klavsen, GEOMAR, (E) from Fabricius et al. (2011) with permission from Nature Climate 
Change, (H) courtesy of Curt Storlazzi, US Geological Survey, and (I) from Kleypas et al. (2006), courtesy of Joanie Kleypas, NCAR. All other images are 
originals taken by one of the authors. 

(G) Long-Term Sites (H) Geological Records (I) Numerical Models

(D) Benthic FOCE Type Studies (E) Vents & Seeps (F) Other Natural Gradients

(A) Aquarium Studies (B) Mesocosm Studies (C) In Situ Mesocosms
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(FOCE) systems to evaluate the effects of 
OA in situ while maintaining tight con-
trol over carbonate chemistry condi-
tions (Kline et al., 2012; Barry et al., 2014; 
Gattuso et al., 2014).

Each of the experimental approaches 
has advantages and limitations. Small-
scale aquarium studies are effective 
in allowing for high levels of replica-
tion and control over carbonate system 
parameters (Table 1). They are ideal for 
multiple-​driver studies and are rela-
tively cost effective. They are excellent for 
studying acute, chronic, or direct effects 
of OA on individual species or mixed 
microbial populations, and they are used 
for adaptation and acclimation studies of 
organisms with short generation times. 
The major limitation of small-scale 
studies are that they have reduced lev-
els of natural realism, as the organisms 
are removed from the environment and 
placed in a container filled with varying 
volumes of seawater. Such approaches 
are less useful for studying populations 
and communities (depending on the 
sizes of the organisms) or indirect effects. 
Mesocosm studies have many of the 
same strengths and weaknesses of small-
scale aquarium studies, but they have the 
added advantage that communities at the 
macro scale can be constructed within 
them to enable studies of population/
community impacts. In situ mesocosms 
such as the floating structures developed 
by Riebesell et al. (2012) offer increased 
realism that improves researchers’ ability 
to study population/community impacts 
as well as aspects of biogeochemistry, 
like carbon flux. However, compared 
to small-scale aquarium studies, these 
experiments are more challenging and 
more costly, and constitute a more diffi-
cult approach for achieving sufficient sta-
tistical replication and for studying mul-
tiple driver impacts. Benthic FOCE-style 
studies similarly increase natural real-
ism, can be used to study population and 
community effects under controlled car-
bonate chemistry conditions, and allow 
assessment of both direct and indi-
rect effects. However, like use of in situ 

mesocosms, this experimental approach 
is elaborate and relatively costly and has 
so far required high levels of funding and 
collaboration for success. 

Geological Record
The geological record may hold many 
clues to the potential impacts of current 
and future OA, as there have been sev-
eral CO2 perturbation events through-
out Earth’s history. Data about past 
conditions are obtained by recovering 
sediment and ice cores through drilling. 
Sediment samples that include the skel-
etons of microscopic animals are ana-
lyzed for species assemblages and ele-
mental isotopes. These data, as well as 
many other proxies, provide informa-
tion about the environmental condi-
tions at the time the biota were depos-
ited. However, a suitable analogue to the 
current human-driven decline in oce-
anic pH and carbonate saturation state 
from the geological record needs to be 
found. Unfortunately, the geological 
record provides no evidence of an event 
with a comparable rate of change as is 
presently occurring, and high-resolution 
(annual to decadal) records for much 
of the geological record are not attain-
able. The Paleocene Eocene Thermal 
Maximum (PETM) provides perhaps the 
best analogue to current OA. Occurring 
55 million years ago, the PETM involved 
the release of a quantity of CO2 compara-
ble to that expected from anthropogenic 
sources since the Industrial Revolution 
and in the next centuries. Analysis of 
sediment cores reveal that the PETM was 
associated with the extinction of many 
species of deep-sea foraminifera and 
shoaling of the maximum depth where 
CaCO3 accumulated in the sediments 
(Kump et al., 2009), features that are con-
sistent with a decrease in the carbonate 
saturation state of the ocean at that time. 
However, the PETM CO2 event occurred 
over a few thousand years, compared 
to a few hundred years expected for the 
current case (Zachos et al., 2005; Kump 
et al., 2009), which limits its analogy to 
the OA event happening today. 

While still in its infancy, the use 
of proxy records for reconstructing 
paleo-pH and other carbonate parame-
ters (and corresponding response vari-
ables) from the geological record is 
another approach to understanding 
OA impacts (e.g.,  Dissard et  al., 2012; 
Liu et  al., 2014). As with the natural-​
experimental approaches, it is challeng-
ing to disentangle the effects of mul-
tiple environmental variables that are 
correlated, but a multi-proxy approach 
could help in this regard (Levin et  al., 
2015, in this issue).

 
Numerical Model Simulations
Numerical modeling is vital for inte-
grating and conceptualizing our current 
understanding of OA in order to gener-
ate predictions about future effects on 
marine ecosystems. It is also import-
ant for testing hypotheses, evaluat-
ing the sensitivity of different param-
eters, identifying knowledge gaps, and 
guiding observational and experimen-
tal studies. However, the accuracy of 
any model prediction is dependent on 
the accuracy of the input data and the 
representative equations used to simu-
late processes. Hence, modeling efforts 
are dependent upon, and limited by, the 
quantity and quality of data generated 
from experimental and natural studies. 
Moreover, while validation of model pre-
dictions against independent observa-
tions is necessary to evaluate model per-
formance, it is not always possible. Some 
examples of numerical modeling efforts 
to date include predicting open ocean 
pH and the depths of aragonite satura-
tion horizons under different CO2 emis-
sion scenarios (Joos et  al., 2011; Hauri 
et  al., 2013), hindcasting historical sea-
water chemistry (Ridgwell and Zeebe, 
2005), evaluating future coral reef calci-
fication and accretion (Silverman et  al., 
2009), examining acidification-​mediated 
climate feedback through changes in 
trace gas emissions (Six et al., 2013), and 
assessing the feasibility of ocean alkalin-
ization as a potential mitigation strategy 
(Ilyina et al., 2013).
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RESEARCH CHALLENGES AND 
THE WAY FORWARD
In spite of substantial efforts using a wide 
range of research approaches, there are 
still many outstanding knowledge gaps 
and challenges that need to be overcome 
to improve our projections of how eco-
systems will change in response to OA. 
Some of these challenges involve evaluat-
ing the effect of OA in the context of large 
natural variability in carbonate system 
parameters and other interactive vari-
ables (Breitburg et al., 2015, in this issue), 
integrating results from different research 
approaches, and scaling results across dif-
ferent temporal and spatial scales. 

Regional Changes and 
Natural Variability
The effects of OA on marine communities 
and ecosystems vary among geographic 
regions owing to local climate, hydrogra-
phy, seawater chemistry, nutritional status, 
proximity to land and human influences, 
biodiversity, and the resistance and resil-
ience of ecosystems. So far, most research 
has focused on the responses of organisms 
to near constant pCO2, guided by IPCC 
emission scenarios and pCO2 values pre-
dicted for open-ocean surface water over 
the next few centuries. Nearshore environ-
ments, however, are different from open-
ocean conditions, with large changes in 
seawater chemistry on both diel and sea-
sonal time scales with extreme pCO2 val-
ues often exceeding those predicted for 
the open ocean by the end of the current 
century (Hofmann et al., 2011; Andersson 
and Mackenzie, 2012; Duarte et al., 2013; 
Kline et al., in press). Emerging evidence 
from a small number of experimental 
studies suggests that diel and seasonal 
variability can dramatically affect organ-
ismal responses to OA (e.g., Dufault et al., 
2012; Johnson et  al., 2014). For exam-
ple, Johnson et al. (2014) exposed coral-
line algae to oscillating and elevated pCO2 
treatments and showed that individuals 
collected from a site with naturally high 
variability maintained higher rates of cal-
cification compared to individuals col-
lected from a site of low variability. They 

proposed that individuals from the high 
variability environment might already be 
acclimatized to OA within the range of the 
natural variability they experience. Thus, 
the fact that many organisms experience 
large diel and seasonal variability in car-
bonate chemistry raises several critical 
questions including: 
•	 How do organisms and communities 

respond to both large fluctuations and 
episodic exposure to high pCO2 and 
low pH values? 

•	 Are organisms from variable environ-
ments better adapted to respond to OA 
compared to organisms living under 
more stable conditions? 

•	 Are there physiological and ecologi-
cal thresholds beyond which organ-
ismal and ecosystem susceptibility to 
further OA is acute? If so, are the mag-
nitude and duration of these condi-
tions more important than their mean 
in determining organismal responses 
to OA? How can these thresholds 
be identified? 

•	 What is the potential for acclimatiza-
tion and adaptation to OA over the 
next few centuries? Will current phys-
iological thresholds for organisms 
change, if so, how fast, and to what 
extent could these changes occur? 

The large temporal and spatial variabil-
ity in OA conditions observed in near-
shore environments occurs as a result of 
biological processes, including photo-
synthesis, respiration, calcification, and 
calcium carbonate dissolution, as well as 
inputs of carbon and other nutrients from 
upwelling, terrestrial runoff, groundwater, 
and rivers. To accurately predict future 
changes in the coastal ocean as a result 
of OA, we need to better understand the 
range and variability of seawater carbon-
ate chemistry, the factors controlling this 
variability, the extent to which it can be 
attributed to natural versus anthropogenic 
drivers, and co-variation with other envi-
ronmental variables (Duarte et  al., 2013; 
Reum et al., 2015). Importantly, we have 
not unequivocally observed an anthro-
pogenic OA trend over time in coastal 

environments. This is partly due to the 
large natural variability in these environ-
ments and the lack of suitable instrumen-
tation to fully constrain seawater carbon-
ate chemistry. In addition, there have been 
limited time-series observations of suffi-
ciently long duration to detect a coastal 
OA trend as a result of rising atmospheric 
CO2. Research and management of 
coastal ecosystems will require the incor-
poration of new monitoring technolo-
gies for regional and local efforts (Martz 
et al., 2015, in this issue) because ecosys-
tem metabolism and watershed processes 
exert strong effects on coastal seawater 
chemistry (Duarte et al., 2013). 

OA will alter the mean carbonate 
chemistry conditions in most marine 
environments, but the observed natu-
ral variability of seawater pCO2 and pH 
will increase due to reduced buffering 
capacity of the seawater carbonate system 
under elevated pCO2 conditions (assum-
ing total alkalinity remains constant; 
Shaw et al., 2013). Due to the large vari-
ability in many natural systems, there is 
a strong need for physiologists to ground 
their experimental analyses in ecologi-
cally relevant conditions defined by the 
natural range of pCO2 and pH values, 
as well as the temporal scale of natural 
variation (Figure  3). More experiments 
should use controls that mimic natu-
ral conditions and variability with treat-
ments established as offsets from these 
conditions (e.g., Jokiel et al., 2008; Kline 
et al., 2012; Dove et al., 2013). For some 
environments (e.g., upwelling regions), it 
is also important to consider co-variation 
with other variables such as temperature 
and oxygen (Reum et al., 2015). 

Integration of Results
Comparison and integration of results 
are important because consistent agree-
ment between different or replicated 
approaches improves our understand-
ing and confidence in the effects of OA 
on marine ecosystems (assuming that the 
various approaches are sufficiently diverse 
that they do not contain a systematic 
bias). Diverse experimental approaches 
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contribute different aspects of under-
standing and can provide additional guid-
ance for improving the design of other 
approaches (Figure  1). For example, 
small-scale experimental studies provide 
information on organisms’ physiological 
responses to different pH conditions that 
can be incorporated as functional rela-
tionships in models. Observational field 
studies document the natural variability 
in carbonate chemistry conditions that 
organisms currently experience, which is 
essential for developing ecologically rele-
vant experimental treatments. Mesocosm 
and FOCE studies bridge the gap between 
small-scale lab experiments and field 
observations where interpretations are 
complicated by confounding factors. 
Geological observations provide informa-
tion about past OA events and their con-
sequences, which can improve our under-
standing of experimental and modeling 
predictions. Finally, numerical models 
play an important role, as they provide 
a means to integrate functional relation-
ships with both current and future condi-
tions to generate predicted outcomes that 
can be used for the testing of hypothe-
ses and identification of knowledge gaps. 
If we want to scale up to ecosystems, we 
need to involve modelers early on and in 
close collaboration with experimental and 
observational efforts. It is also import-
ant that the strengths and limitations 
of each experimental approach be con-
sidered when integrating results across 
studies (Table 1). The limitations of each 
approach should be critically evaluated 
so that interpretation of data does not 

overreach, and so that results can be rea-
sonably scaled and extrapolated. 

In cases of contradicting or radically 
different outcomes between studies, sig-
nificant effort should be devoted to iden-
tifying the underlying reasons for these 
discrepancies and whether they represent 
true functional differences or experimen-
tal artifacts. Best practices in terms of the 
characterization of the dominant physi-
cal, environmental, and chemical param-
eters and their variability are import-
ant to avoid discrepancies and confusion 
arising from incompletely character-
ized systems (Figure 3). The same is true 
for characterizing the response variables 
in organisms and ecosystems (Riebesell 
et al., 2010). Response variables should be 
expressed as “common currency” units so 
that results can be compared across stud-
ies. For example, expressing calcification 
rates on a planar surface-area basis could 
provide cross validation among func-
tional response experiments, whole-reef 
metabolic measurements, and numerical 
modeling studies. 

Proper data characterization and 
reporting also facilitate meta-analysis, 
which aims to evaluate the results from 
multiple studies based on statistical meth-
ods. Several meta-analyses have been con-
ducted in the context of OA (Hendriks 
et al., 2010; Kroeker et al., 2010; Liu et al., 
2010; Chan and Connolly, 2013; Kroeker 
et al., 2013). By combining the results of 
multiple studies, meta-​analyses increase 
the sample size and therefore the statisti-
cal power with which to test a particular 
effect. However, they are limited by the 

selection of studies used and the inher-
ent biases in this selection. The major 
sources of bias include publication bias, 
or the tendency to publish papers show-
ing conclusive results so that inconclusive 
results rarely get published; search bias, 
or the possibility that relevant studies are 
excluded because they were overlooked 
or reported data insufficiently; and selec-
tion bias, which can occur if the crite-
ria for including and excluding studies 
are not well defined (Walker et al., 2008; 
Gattuso et al., 2011). 

Scalability of Results
One critical need of OA research is the 
ability to apply experimental results to 
natural systems and to link results and 
processes operating at different tem-
poral and spatial scales. Many experi-
ments are limited in space and time, and 
generally do not capture natural eco-
logical interactions (e.g.,  competition, 
trophic feedback, synergistic and antag-
onistic effects). How can we account for 
these ecological interactions and inte-
grate results from organizational scales 
that range from cellular/molecular to 
species/cultures to populations to eco-
systems and to global elemental cycles 
(Figure  4)? How can results from these 
seemingly disparate approaches be used 
to conclude something about the effects 
of OA on ecosystems and global elemen-
tal cycles? A combination of research 
approaches can provide mechanistic 
understanding at a range of scales. Care 
must be taken when scaling results from 
small to larger experiments, and the 

FIGURE  3. Three examples of pH variation through time 
(but it could be any environmental or chemical parameter). 
Black line indicates a constant pH, with no measurable vari-
ation through time. Red line indicates a periodic signal of 
constant frequency and amplitude driven by a single oscilla-
tor (e.g., photoperiod) with the same mean as the black line. 
Blue line indicates the combined effects of multiple oscilla-
tors (e.g., photoperiod, tide) producing a complex temporal 
pattern with the same mean as the black line. It is critical that 
experimental and observational studies consider the natu-
ral variability, as it will influence physiological and ecologi-
cal responses, as well as being critical for determining the 
proper carbonate chemistry sampling regime.
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caveats should be rigorously considered 
and reported. Especially in the early days 
of OA research, results obtained from 
small-scale aquaria were commonly used 
to infer what might happen at the global 
scale. For example, observed decreases 
in calcification rates of corals, mussels, 
and other calcifiers were extrapolated to 
the global scale under projected pH con-
ditions (Andersson et  al., 2005; Cooley 
and Doney, 2009). However, the sum of 
the parts is not necessarily equal to the 
whole; for example, a 10% decrease in 
the calcification of an adult coral colony 
owing to a 0.1 unit decrease in pH does 
not necessarily translate to a 10% reduc-
tion in coral community growth. Direct 
extrapolation is often a first approach to 
evaluating the global impact of a newly 
discovered problem. While this can be 
an effective start, it is most certainly not 
an effective end, as it is unlikely that the 
responses of organisms ex situ or the 
responses of a few isolated species will 
accurately reflect ecosystem responses on 
a global scale (Figure 4). 

Instead of a simplistic extrapolation, 
more refined and integrative approaches 
will be necessary. They involve the devel-
opment of a fundamental understand-
ing of how results at different scales are 

linked and can be scaled to one another, 
both from small to larger scales, and large 
to smaller scales. These are not trivial 
tasks, but several approaches are already 
available for establishing rigorous links 
between different scales of investiga-
tions. In general, striving for a mecha-
nistic understanding and addressing the 
question of “why” a certain response was 
observed at any given level is likely to 
facilitate accurately scaled predictions. 
For example, addressing why some corals 
calcify more slowly than others at lower 
seawater pH may be illuminated by con-
sidering molecular, cellular, and physio-
logical responses along with local envi-
ronmental and carbonate chemistry 
conditions where the particular corals 
live. Similarly, an observed decrease in 
net community calcification in response 
to lower pH may be due to decreased cal-
cification, increased CaCO3 dissolution, 
or a combination of both. In most cases, 
striving for mechanistic understanding 
requires elegant experimental designs 
within hypothesis-driven frameworks 
that facilitate analyses of multiple proper-
ties and organisms at various scales.

To scale up results to the level of eco-
systems, it is helpful to have access 
to physiological, ecological, and 

biogeochemical time series observa-
tions. The data essential for establishing 
some of these time series are being col-
lected by HOT and BATS, Long Term 
Ecological Research networks (LTERs), 
the National Estuarine Research Reserve 
System (NERRS), and other time- 
series monitoring programs, and they 
may also be retrieved from historical 
records. Although it may take decades 
for important trends to become appar-
ent from such data sets, they are abso-
lutely critical to advancing our knowl-
edge in the long run. In this context, it 
is particularly relevant to acknowledge 
the lessons learned by Charles David 
Keeling’s persistence in maintaining 
long-term, high frequency observations 
of atmospheric CO2 (http://scrippsco2.
ucsd.edu/program_history/keeling_
curve_lessons.html). Furthermore, to 
facilitate scaling to ecosystems, we argue 
that using a collaborative laboratory-​
field-​modeling team approach has great 
potential for success. This approach 
facilitates focused and complemen-
tary research results that are likely to 
advance the field. It will force research-
ers to focus on key limitations, includ-
ing critical species and ecological inter-
actions, and to attempt to fill those gaps. 

FIGURE 4. (A) Representation of how multiple drivers, spatial scales, and 
duration of exposure to stressors combine to determine the impacts of 
OA. The width of the red arrows indicate the amount of current knowl-
edge about OA impacts and emphasize that we currently know the most 
about single species/strains affected by one driver for an acute duration. 
To better understand OA impacts, we need to move toward studying mul-
tiple drivers at a range of scales and a range of durations. Clearly, much 
future work will be needed to integrate results that properly consider mul-
tiple drivers at various spatial and temporal scales in order to better under-
stand mechanisms and ecosystem level impacts. (B) The challenge of 
scale. These figures highlight the range of scales that must be considered 
to study the impacts of ocean acidification on molecular to global scales.

A

B

http://scrippsco2.ucsd.edu/program_history/keeling_curve_lessons.html
http://scrippsco2.ucsd.edu/program_history/keeling_curve_lessons.html
http://scrippsco2.ucsd.edu/program_history/keeling_curve_lessons.html
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This will be spurred by dedicated oppor-
tunities that foster interdisciplinary and 
integrative research efforts. To truly 
advance the field, we need to develop 
paradigms to link and integrate multi-
scale and multi-approach data, which 
is critical for gaining synthetic capac-
ity. Otherwise, there is a danger of pro-
gressing further down a phenomeno-
logical road and accumulating facts 
that cannot be assembled into a coher-
ent story. Theory is a critical piece of this 
research puzzle, and its application will 
be essential to developing hypothesis-​
driven approaches that will be of use in 
the next phase of OA research.

Building on Previous Knowledge 
To ensure advancement in our under-
standing of the impacts of OA, we need 
to avoid undue emphasis on reinventing 
the wheel in terms of definitions, con-
cepts, and approaches. A lot of important 
information and knowledge is available 
to assist in addressing stress responses 
of organisms to a variety of factors, 
including information regarding ecotox-
icology issues from the 1980s that seem 
very relevant to addressing OA effects 
(Levin et al., 1989).

As an example, many core questions 
relevant to understanding the effects 
of OA on coral reefs (and other marine 
ecosystems) fall in the domains of phys-
iology, molecular biology, community 
metabolism, and oceanography. A deeper 
understanding of the effects of OA on cal-
cification of reef corals requires knowl-
edge of cellular and subcellular processes 
(i.e.,  physiological events) that medi-
ate the union of Ca2+ and CO3

2– to sup-
port the deposition of aragonite skele-
tons (CaCO3). At the most fundamental 
level, these events are ultimately under 
genetic control and their effects cascade 
across functional levels to mediate the 
gross calcification of the reef (i.e.,  com-
munity metabolism) through physical 
and chemical interactions with the sur-
rounding seawater (i.e.,  oceanographic 
processes). Scientists with classic train-
ing in these domains have the potential 

to make rapid progress in answering fun-
damental questions of scientific and soci-
etal importance, and the same is true for 
other important marine ecosystems.

Evaluating the structures and func-
tions of marine ecosystems in a warmer 
and more acidic ocean requires forging 
conceptual bridges to couple the infor-
mation from multiple research domains. 
Identifying, codifying, and quantifying 
these bridges is one of the most import-
ant challenges facing the community 
of scientists engaged in OA research. 
It is important that these efforts do not 
neglect progress with similar objectives 
in other areas of biological research. 
There is, for instance, a very rich his-
tory of studying scale dependency in 
physiological and ecological processes 
(Levin, 1992), the causes and implica-
tions of community resilience and sta-
bility (Gunderson, 2000; Petraitis, 2013), 
and the role of density feedback mecha-
nisms in mediating ecological processes 
(Sale and Tolimieri, 2000). 

Future OA research will require the 
broad participation of scientists with 
complementary skills to address emerg-
ing questions focusing on the profound 
ways in which humans are perturbing 
the natural environment (Yates et  al., 
2015, in this issue). The research commu-
nity is learning a lot, but we are currently 
limited in our ability to assess emergent 
properties, to leverage important break-
throughs, and to promote insightful and 
effective resource management. These 
potential objectives are not mutually 
exclusive, and it is safe to conclude that 
most people do not want to oversee the 
widespread demise of marine ecosystems. 
Thus, it is important to explore poten-
tial solutions to OA as we seek to better 
understand the problem.

CONCLUSIONS
•	 The effects of OA, in combination 

with other environmental perturba-
tions (e.g.,  warming, eutrophication, 
deoxygenation), on marine ecosys-
tems and elemental cycles are specific 
to geographical regions, species, and 

ecosystems. Future experiments need 
to incorporate observed natural envi-
ronmental variability into experimen-
tal treatments to enhance the general-
ity of the results.

•	 No one research approach to address-
ing the effects of OA on marine eco-
systems is superior to others. Instead, 
a diverse combination of approaches 
is essential to address this problem, as 
long as the limitations of each approach 
are recognized and considered.

•	 Experiments need to be performed at 
a range of spatial scales, from molecu-
lar to ecosystem, and at a range of tem-
poral scales, from minutes to decades. 
The scalability of results is critical 
to improving understanding of OA 
impacts across larger temporal and 
spatial scales (e.g.,  years to decades 
to centuries, and community to eco-
system to global scales).

•	 We should aim to integrate results 
and bridge between different scales 
in order to build a stronger concep-
tual understanding of ocean acidifica-
tion. This involves collaborating across 
different disciplines and striving to 
develop mechanistic understanding of 
the underlying processes. 

REFERENCES
Andersson, A.J., N.R. Bates, and F.T. Mackenzie. 

2007. Dissolution of carbonate sedi-
ments under rising pCO2 and ocean acid-
ification: Observations from Devil’s Hole, 
Bermuda. Aquatic Geochemistry 13:237–264, 
http://dx.doi.org/10.1007/s10498-007-9018-8.

Andersson, A., and F. Mackenzie. 2012. Revisiting 
four scientific debates in ocean acidifica-
tion research. Biogeosciences 9:893–905, 
http://dx.doi.org/10.5194/bg-9-893-2012.

Andersson, A.J., F.T. Mackenzie, and J.-P. Gattuso. 
2011. Effects of ocean acidification on benthic pro-
cesses, organisms, and ecosystems. Pp. 122–153 in 
Ocean Acidification. J.-P. Gattuso and L. Hansson, 
eds, Oxford University Press, UK.

Andersson, A.J., F.T. Mackenzie, and A. Lerman. 2005. 
Coastal ocean and carbonate systems in the high 
CO2 world of the Anthropocene. American Journal 
of Science 305:875–918, http://dx.doi.org/10.2475/
ajs.305.9.875.

Barry, J.P., C. Lovera, K.R. Buck, E.T. Peltzer, 
J.R. Taylor, P. Walz, P.J. Whaling, and P.G. Brewer. 
2014. Use of a Free Ocean CO2 Enrichment 
(FOCE) system to evaluate the effects of ocean 
acidification on the foraging behavior of a 
deep-sea urchin. Environmental Science & 
Technology 48:9,890–9,897, http://dx.doi.org/​
10.1021/es501603r.

Barton, A., G.G. Waldbusser, R.A. Feely, S.B. Weisberg, 
J.A. Newton, B. Hales, S. Cudd, B. Eudeline, 
C.J. Langdon, I. Jefferds, and others. 2015. Impacts 
of coastal acidification on the Pacific Northwest 

http://dx.doi.org/10.1007/s10498-007-9018-8
http://dx.doi.org/10.5194/bg-9-893-2012
http://dx.doi.org/10.2475/ajs.305.9.875
http://dx.doi.org/10.2475/ajs.305.9.875
http://dx.doi.org/10.1021/es501603r
http://dx.doi.org/10.1021/es501603r


Oceanography |  Vol.28, No.226

shellfish industry and adaptation strategies imple-
mented in response. Oceanography 28(2):146–159, 
http://dx.doi.org/10.5670/oceanog.2015.38.

Bates, N.R., Y.M. Astor, M.J. Church, K. Currie, 
J.E. Dore, M. González-Dávila, L. Lorenzoni, 
F. Muller-Karger, J. Olafsson, and J.M. Santana-
Casiano. 2014. A time-series view of chang-
ing ocean chemistry due to ocean uptake 
of anthropogenic CO2 and ocean acid-
ification. Oceanography 27(1):126–141, 
http://dx.doi.org/10.5670/oceanog.2014.16.

Beer, S., and E. Koch. 1996. Photosynthesis of marine 
macroalgae and seagrasses in globally chang-
ing CO2 environments. Marine Ecology Progress 
Series 141:199–204, http://dx.doi.org/10.3354/
meps141199.

Beijbom, O., P.J. Edmunds, D.I. Kline, M.G. Mitchell, 
and D. Kriegman. 2012. Automated annota-
tion of coral reef survey images. Pp. 1,170–1,177 
in Proceedings of the IEEE Conference on 
Computer Vision and Pattern Recognition (CVPR), 
http://dx.doi.org/10.1109/CVPR.2012.6247798.

Breitburg, D.L., J. Salisbury, J.M. Bernhard, 
W.-J. Cai, S. Dupont, S.C. Doney, K.J. Kroeker, 
L.A. Levin, W.C. Long, L.M. Milke, and others. 
2015. And on top of all that… Coping with 
ocean acidification in the midst of many 
stressors. Oceanography 28(2):48–61, 
http://dx.doi.org/10.5670/oceanog.2015.31.

Caldeira, K., and M.E. Wickett. 2003. Anthropogenic 
carbon and ocean pH. Nature 425:365–365, 
http://dx.doi.org/10.1038/425365a.

Chan, N., and S.R. Connolly. 2013. Sensitivity of 
coral calcification to ocean acidification: A meta-​
analysis. Global Change Biology 19:282–290, 
http://dx.doi.org/10.1111/gcb.12011.

Collins, S., B. Rost, and T.A. Rynearson. 2014. 
Evolutionary potential of marine phytoplank-
ton under ocean acidification. Evolutionary 
Applications 7:140–155, http://dx.doi.org/10.1111/
eva.12120.

Comeau, S., P. Edmunds, C. Lantz, and R. Carpenter. 
2014. Water flow modulates the response of 
coral reef communities to ocean acidification. 
Scientific Reports 4, 6681, http://dx.doi.org/10.1038/
srep06681.

Cooley, S.R., and S.C. Doney. 2009. Anticipating 
ocean acidification’s economic consequences 
for commercial fisheries. Environmental 
Research Letters 4, 024007, http://dx.doi.org/​
10.1088/1748-9326/4/2/024007.

Cooley, S.R., E.B. Jewett, J. Reichert, L. Robbins, 
G. Shrestha, D. Wieczorek, and S.B. Weisberg. 
2015. Getting ocean acidification on decision mak-
ers’ to-do lists: Dissecting the process through 
case studies. Oceanography 28(2):198–211, 
http://dx.doi.org/10.5670/oceanog.2015.42.

Crook, E., D. Potts, M. Rebolledo-Vieyra, 
L. Hernandez, and A. Paytan. 2012. Calcifying coral 
abundance near low-pH springs: Implications for 
future ocean acidification. Coral Reefs 31:239–245, 
http://dx.doi.org/10.1007/s00338-011-0839-y.

Dissard, D., E. Douville, S. Reynaud, A. Juillet-
Leclerc, P. Montagna, P. Louvat, and M. McCulloch. 
2012. Light and temperature effects on δ11B 
and B/Ca ratios of the zooxanthellate coral 
Acropora sp.: Results from culturing experiments. 
Biogeosciences 9:4,589–4,605, http://dx.doi.org/​
10.5194/bg-9-4589-2012.

Doney, S.C., V.J. Fabry, R.A. Feely, and 
J.A. Kleypas. 2009. Ocean acidification: The 
other CO2 problem. Annual Reviews in Marine 
Science 1:169–192, http://dx.doi.org/10.1146/
annurev.marine.010908.163834.

Dove, S.G., D.I. Kline, O. Pantos, F.E. Angly, 
G.W. Tyson, O. Hoegh-Guldberg. 2013. Future 
reef decalcification under a business-as-
usual CO2 emission scenario. Proceedings 
of the National Academy of Sciences of the 
United States of America 110:15,342–15,347, 
http://dx.doi.org/10.1073/pnas.1302701110.

Duarte, C.M., I.E. Hendriks, T.S. Moore, Y.S. Olsen, 
A. Steckbauer, L. Ramajo, J. Carstensen, 
J.A. Trotter, and M. McCulloch. 2013. Is ocean acid-
ification an open-ocean syndrome? Understanding 
anthropogenic impacts on seawater pH. Estuaries 
and Coasts 36:221–236, http://dx.doi.org/10.1007/
s12237-013-9594-3.

Dufault, A.M., V.R. Cumbo, T.-Y. Fan, and 
P.J. Edmunds. 2012. Effects of diurnally oscil-
lating pCO2 on the calcification and survival 
of coral recruits. Proceedings of the Royal 
Society B 279:2,951–2,958, http://dx.doi.org/​
10.1098/rspb.2011.2545.

Durako, M.J. 1993. Photosynthetic utilization of 
CO2(aq) and HCO3

– in Thalassia testudinum 
(Hydrocharitaceae). Marine Biology 115:373–380, 
http://dx.doi.org/10.1007/BF00349834.

Fabricius, K.E., C. Langdon, S. Uthicke, C. Humphrey, 
S. Noonan, G. De’ath, R. Okazaki, N. Muehllehner, 
M.S. Glas, and J.M. Lough. 2011. Losers and win-
ners in coral reefs acclimatized to elevated car-
bon dioxide concentrations. Nature Climate 
Change 1:165–169, http://dx.doi.org/10.1038/
nclimate1122.

Feely, R.A., C.L. Sabine, J.M. Hernandez-Ayon, 
D. Ianson, and B. Hales. 2008. Evidence for 
upwelling of corrosive “acidified” water onto 
the continental shelf. Science 320:1,490–1,492, 
http://dx.doi.org/10.1126/science.1155676.

Gattuso, J.-P., J. Bijma, M. Gehlen, U. Riebesell, 
and C. Turley. 2011. Ocean acidification: Knowns, 
unknowns, and perspectives. Chapter 15 in Ocean 
Acidification. J.-P. Gattuso and L. Hansson, eds, 
Oxford University Press, UK.

Gattuso, J.-P., L. Hansson, and the EPOCA 
Consortium. 2009. European Project on Ocean 
Acidification (EPOCA): Objectives, products, and 
scientific highlights. Oceanography 22(4):190–201, 
http://dx.doi.org/10.5670/oceanog.2009.108.

Gattuso, J.-P., W. Kirkwood, J.P. Barry, E. Cox, 
F. Gazeau, L. Hansson, I. Hendriks, D.I. Kline, 
P. Mahecek, S. Martin, and others. 2014. 
Free Ocean CO2 Enrichment (FOCE) sys-
tems: Present status and future develop-
ments. Biogeosciences 11:4,057–4,075, 
http://dx.doi.org/10.5194/bg-11-4057-2014.

Gattuso, J.-P., and H. Lavigne. 2009. Technical 
note: Approaches and software tools to inves-
tigate the impact of ocean acidification. 
Biogeosciences 6:2,121–2,133, http://dx.doi.org/​
10.5194/bg-6-2121-2009.

Gordillo, F.J., F.X. Niell, and F.L. Figueroa. 2001. Non-
photosynthetic enhancement of growth by high 
CO2 level in the nitrophilic seaweed Ulva rigida 
C. Agardh (Chlorophyta). Planta 213:64–70.

Gunderson, L.H. 2000. Ecological resilience—in the-
ory and application. Annual Review of Ecology and 
Systematics 31:425–439, http://dx.doi.org/10.1146/
annurev.ecolsys.31.1.425.

Hall-Spencer, J.M., R. Rodolfo-Metalpa, S. Martin, 
E. Ransome, M. Fine, S.M. Turner, S.J. Rowley, 
D. Tedesco, and M.-C. Bula. 2008. Volcanic 
carbon dioxide vents show ecosystem effects 
of ocean acidification. Nature 454:96–99, 
http://dx.doi.org/10.1038/nature07051.

Hauri, C., N. Gruber, M. Vogt, S.C. Doney, R.A. Feely, 
Z. Lachkar, A. Leinweber, A.M.P. McDonnell, 
M. Munnich, and G.-K. Plattner. 2013. 
Spatiotemporal variability and long-term 
trends of ocean acidification in the California 
Current System. Biogeosciences 10:193–216, 
http://dx.doi.org/10.5194/bg-10-193-2013.

Hendriks, I.e., C.M. Duarte, and M. Alvarez. 2010. 
Vulnerability of marine biodiversity to ocean acid-
ification: A meta-analysis. Estuarine Coastal and 
Shelf Science 86:157–164, http://dx.doi.org/10.1016/​
j.ecss.2009.11.022.

Hettinger, A., E. Sanford, T.M. Hill, E.A. Lenz, 
A.D. Russell, and B. Gaylord. 2013. Larval carry-​
over effects from ocean acidification per-
sist in the natural environment. Global Change 
Biology 19:3,317–3,326, http://dx.doi.org/10.1111/
gcb.12307.

Hoegh-Guldberg, O., P.J. Mumby, A.J. Hooten, 
R.S. Steneck. P. Greenfield, E. Gomez, C.D. Harvell, 
P.F. Sale, A.J. Edwards, K. Calderia, and others. 
2007. Coral reefs under rapid climate change 
and ocean acidification. Science 318:1,737–1,742, 
http://dx.doi.org/10.1126/science.1152509.

Hofmann, G.E., J.E. Smith, K.S. Johnson, U. Send, 
L.A. Levin, F. Micheli, A. Paytan, N.N. Price, 
B. Peterson, Y. Takeshita, and others. 2011. 
High-frequency dynamics of ocean pH: A multi-​
ecosystem comparison. PloS ONE 6:e28983, 
http://dx.doi.org/10.1371/journal.pone.0028983.

Hönisch, B., A. Ridgwell, D.N. Schmidt, E. Thomas, 
S.J. Gibbs, A. Siuijs, R. Zeebe, L. Kump, 
R.C. Martindale, S.E. Green, and others. 2012. 
The geological record of ocean acidification. 
Science 335:1,058–1,063, http://dx.doi.org/10.1126/
science.1208277.

Hutchins, D., F.-X. Fu, Y. Zhang. 2007. CO2 con-
trol of Trichodesmium N2 fixation, photosynthe-
sis, growth rates, and elemental ratios: Implications 
for past, present, and future ocean biogeo-
chemistry. Limnology and Oceanography 52, 
http://dx.doi.org/10.4319/lo.2007.52.4.1293.

Ilyina, T., D. Wolf-Gladrow, G. Munhoven, and 
C. Heinze. 2013. Assessing the potential of calci-
um-based artificial ocean alkalinization to mitigate 
rising atmospheric CO2 and ocean acidification. 
Geophysical Research Letters 40:5,909–5,914, 
http://dx.doi.org/10.1002/2013GL057981.

Invers, O., R.C. Zimmerman, R.S. Alberte, M. Pérez, 
and J. Romero. 2001. Inorganic carbon sources 
for seagrass photosynthesis: An experimental 
evaluation of bicarbonate use in species inhab-
iting temperate waters. Journal of Experimental 
Marine Biology and Ecology 265:203–217, 
http://dx.doi.org/10.1016/S0022-0981(01)00332-X.

Johnson, M.D., V.W. Moriarty, and R.C. Carpenter. 
2014. Acclimatization of the crustose coral-
line alga Porolithon onkodes to variable pCO2. 
PloS ONE 9:e87678, http://dx.doi.org/10.1371/
journal.pone.0087678.

Jokiel, P.L., K.S. Rodgers, I.B. Kuffner, A.J. Andersson, 
E.F. Cox, and F.T. Mackenzie. 2008. Ocean acid-
ification and calcifying reef organisms: A meso-
cosm investigation. Coral Reefs 27:473–483, 
http://dx.doi.org/10.1007/s00338-008-0380-9.

Joos, F., T.L. Frölicher, M. Steinacher, and 
G.-K. Plattner. 2011. Impact of climate change 
mitigation on ocean acidification projections. 
Pp. 272–290 in Ocean Acidification. J.-P. Gattuso 
and L. Hansson, eds, Oxford University Press, UK.

Kelly, M.W., and G.E. Hofmann. 2013. Adaptation 
and the physiology of ocean acidifica-
tion. Functional Ecology 27:980–990, 
http://dx.doi.org/10.1111/j.1365-2435.2012.02061.x.

Kleypas, J.A., R.W. Buddemeier, D. Archer, 
J.-P. Gattuso, C. Langdon, and B.N. Opdyke. 
1999. Geochemical consequences of increased 
atmospheric carbon dioxide on coral reefs. 
Science 284:118–120, http://dx.doi.org/10.1126/
science.284.5411.118.

Kleypas, J., R.A. Feely, V.J. Fabry, C. Langdon, 
C.L. Sabine, and L.L. Robbins. 2006. Impacts of 
Ocean Acidification on Coral Reefs and Other 
Marine Calcifiers: A Guide for Future Research. 
Report of a workshop held April 18–20, 2005, 
St. Petersburg, FL, sponsored by NSF, NOAA, and 
the US Geological Survey, 88 pp.

Kline, D.I., L. Teneva, C. Hauri, K. Schneider, T. Miard, 
A. Chai, M. Marker, R. Dunbar, K. Caldeira, B. Lazar, 
and others. In press. Six month in situ high-resolu-
tion carbonate chemistry and temperature study 
on a coral reef flat reveals that anomalous pH 
and temperature conditions are unsynchronized. 
PLoS ONE.

Kline, D.I., L. Teneva, K. Schneider, T. Miard, A. Chai, 
M. Marker, K. Headley, B. Opdyke, M. Nash, 
M. Valetich, and others. 2012. A short-term in situ 
CO2 enrichment experiment on Heron Island (GBR) 
accurately manipulates carbonate chemistry and 
causes variable physiological response in coral, 
crustose coralline algae and sediments. Scientific 
Reports 2:413, http://dx.doi.org/10.1038/srep00413.

Kroeker, K.J., R.L. Kordas, R. Crim, I.E. Hendriks, 
L. Ramajo, G.S. Singh, C.M. Duarte, and 
J.-P. Gattuso. 2013. Impacts of ocean acidifica-
tion on marine organisms: Quantifying sensitivi-
ties and interaction with warming. Global Change 
Biology 19:1,884–1,896, http://dx.doi.org/10.1111/
gcb.12179.

Kroeker, K.J., R.L. Kordas, R.N. Crim, and G.G. Singh. 
2010. Meta-analysis reveals negative yet vari-
able effects of ocean acidification on marine 
organisms. Ecology Letters 13:1,419–1,434, 
http://dx.doi.org/10.1111/j.1461-0248.2010.01518.x.

http://dx.doi.org/10.5670/oceanog.2015.38
http://dx.doi.org/10.5670/oceanog.2014.16
http://dx.doi.org/10.3354/meps141199
http://dx.doi.org/10.3354/meps141199
http://dx.doi.org/10.1109/CVPR.2012.6247798
http://dx.doi.org/10.5670/oceanog.2015.31
http://dx.doi.org/10.1038/425365a
http://dx.doi.org/10.1111/gcb.12011
http://dx.doi.org/10.1111/eva.12120
http://dx.doi.org/10.1111/eva.12120
http://dx.doi.org/10.1038/srep06681
http://dx.doi.org/10.1038/srep06681
http://dx.doi.org/10.1088/1748-9326/4/2/024007
http://dx.doi.org/10.1088/1748-9326/4/2/024007
http://dx.doi.org/10.5670/oceanog.2015.42
http://dx.doi.org/10.1007/s00338-011-0839-y
http://dx.doi.org/10.5194/bg-9-4589-2012
http://dx.doi.org/10.5194/bg-9-4589-2012
http://dx.doi.org/10.1146/annurev.marine.010908.163834
http://dx.doi.org/10.1146/annurev.marine.010908.163834
http://dx.doi.org/10.1073/pnas.1302701110
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1098/rspb.2011.2545
http://dx.doi.org/10.1098/rspb.2011.2545
http://dx.doi.org/10.1007/BF00349834
http://dx.doi.org/10.1038/nclimate1122
http://dx.doi.org/10.1038/nclimate1122
http://dx.doi.org/10.1126/science.1155676
http://dx.doi.org/10.5670/oceanog.2009.108
http://dx.doi.org/10.5194/bg-11-4057-2014
http://dx.doi.org/10.5194/bg-6-2121-2009
http://dx.doi.org/10.5194/bg-6-2121-2009
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.425
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.425
http://dx.doi.org/10.1038/nature07051
http://dx.doi.org/10.5194/bg-10-193-2013
http://dx.doi.org/10.1016/j.ecss.2009.11.022
http://dx.doi.org/10.1016/j.ecss.2009.11.022
http://dx.doi.org/10.1111/gcb.12307
http://dx.doi.org/10.1111/gcb.12307
http://dx.doi.org/10.1126/science.1152509
http://dx.doi.org/10.1371/journal.pone.0028983
http://dx.doi.org/10.1126/science.1208277
http://dx.doi.org/10.1126/science.1208277
http://dx.doi.org/10.4319/lo.2007.52.4.1293
http://dx.doi.org/10.1002/2013GL057981
http://dx.doi.org/10.1016/S0022-0981(01)00332-X
http://dx.doi.org/10.1371/journal.pone.0087678
http://dx.doi.org/10.1371/journal.pone.0087678
http://dx.doi.org/10.1007/s00338-008-0380-9
http://dx.doi.org/10.1111/j.1365-2435.2012.02061.x
http://dx.doi.org/10.1126/science.284.5411.118
http://dx.doi.org/10.1126/science.284.5411.118
http://dx.doi.org/10.1038/srep00413
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.1111/j.1461-0248.2010.01518.x


Oceanography  |  June 2015 27

Kübler, J.E., A.M. Johnston, and J.A. Raven. 1999. 
The effects of reduced and elevated CO2 
and O2 on the seaweed Lomentaria articu-
lata. Plant, Cell & Environment 22:1,303–1,310, 
http://dx.doi.org/10.1046/j.1365-3040.1999.00492.x.

Kump, L.R., T.J. Bralower, and A. Ridgwell. 
2009. Ocean acidification in deep 
time. Oceanography 22(4):94–107, 
http://dx.doi.org/10.5670/oceanog.2009.100.

Levin, L.A., B. Hönisch, and C.A. Frieder. 
2015. Geochemical proxies for esti-
mating faunal exposure to ocean acid-
ification. Oceanography 28(2):62–73, 
http://dx.doi.org/10.5670/oceanog.2015.32.

Levin, S.A. 1992. The problem of scale and pat-
tern in ecology. Ecology 73:1,943–1,967, 
http://dx.doi.org/10.2307/1941447.

Levin, S.A., M.A. Harwell, J.R. Kelly, and K.D. Kimball. 
1989. Ecotoxicology: Problems and Approaches. 
Springer-Verlag, New York, http://dx.doi.org/​
10.1007/978-1-4612-3520-0.

Liu, J., M.G. Weinbauer, C. Maier, M. Dai, and 
J.-P. Gattuso. 2010. Effect of ocean acidification 
on microbial diversity and on microbe-driven bio-
geochemistry and ecosystem functioning. Aquatic 
Microbial Ecology 61:291–305, http://dx.doi.org/​
10.3354/ame01446.

Liu, Y., Z. Peng, R. Zhou, S. Song, W. Liu, C.-F. You, 
Y.-P. Lin, K. Yu, C.-C. Wu, G. Wei, and others. 
2014. Acceleration of modern acidification in the 
South China Sea driven by anthropogenic CO2. 
Scientific Reports 4, 5148, http://dx.doi.org/10.1038/
srep05148.

Mackey, K.R.M., J.J. Morris, F.M.M. Morel, and 
S.A. Kranz. 2015. Response of photosynthesis to 
ocean acidification. Oceanography 28(2):74–91, 
http://dx.doi.org/10.5670/oceanog.2015.33.

Manzello, D.P., J.A. Kleypas, D.A. Budd, C.M. Eakin, 
P.W. Glynn, and C. Langdon. 2008. Poorly 
cemented coral reefs of the eastern tropi-
cal Pacific: Possible insights into reef devel-
opment in a high-CO2 world. Proceedings 
of the National Academy of Sciences of the 
United States of America 105:10,450–10,455, 
http://dx.doi.org/10.1073/pnas.0712167105.

Martz, T.R., K.L. Daly, R.H. Byrne, J.H. Stillman, 
and D. Turk. 2015. Technology for ocean 
acidification research: Needs and avail-
ability. Oceanography 28(2):40–47, 
http://dx.doi.org/10.5670/oceanog.2015.30.

Marubini, F., and M. Atkinson. 1999. Effects of low-
ered pH and elevated nitrate on coral calcifica-
tion. Marine Ecology Progress Series 188:117–121, 
http://dx.doi.org/10.3354/meps188117.

McCulloch, M., J. Falter, J. Trotter, and P. Montagna. 
2012. Coral resilience to ocean acidification and 
global warming through pH up-regulation. Nature 
Climate Change 2:623-627, http://dx.doi.org/​
10.1038/nclimate1473.

McGinnis, D.F., M. Schmidt, T. Delsontro, S. Themann, 
L. Rovelli, A. Reitz, and P. Linke. 2011. Discovery 
of a natural CO2 seep in the German North Sea: 
Implications for shallow dissolved gas and seep 
detection. Journal of Geophysical Research 116, 
C03013, http://dx.doi.org/10.1029/2010JC006557.

Orr, J.C., V.J. Fabry, O. Aumont, L. Bopp, S.C. Doney, 
R.A. Feely, A. Gnanadesikan, N. Gruber, A. Ishida, 
F. Joos, and others. 2005. Anthropogenic 
ocean acidification over the twenty-first cen-
tury and its impact on calcifying organisms. 
Nature 437:681–686, http://dx.doi.org/10.1038/
nature04095.

Pelejero, C., E. Calvo, and O. Hoegh-Guldberg. 
2010. Paleo-perspectives on ocean acidifica-
tion. Trends in Ecology & Evolution 25:332–344, 
http://dx.doi.org/10.1016/j.tree.2010.02.002.

Petraitis, P. 2013. Multiple Stables States in Natural 
Ecosystems. Oxford, UK, Oxford University Press, 
200 pp.

Royal Society. 2005. Ocean Acidification Due to 
Increasing Atmospheric Carbon Dioxide. The Royal 
Society, London, 57 pp., https://royalsociety.org/~/
media/Royal_Society_Content/policy/publications/​
2005/9634.pdf.

Reum, J.C., S.R. Alin, C.J. Harvey, 2015. Interpretation 
and design of ocean acidification experi-
ments in upwelling systems in the context of 

carbonate chemistry co-variation with tempera-
ture and oxygen. ICES Journal of Marine Science, 
http://dx.doi.org/10.1093/icesjms/fsu231.

Ridgwell, A., and R.E. Zeebe. 2005. The role of the 
global carbonate cycle in the regulation and evo-
lution of the Earth system. Earth and Planetary 
Science Letters 234:299–315, http://dx.doi.org/​
10.1016/j.epsl.2005.03.006.

Riebesell, U., R. Bellerby, H.-P. Grossart, and 
F. Thingstad. 2008. Mesocosm CO2 per-
turbation studies: From organism to com-
munity level. Biogeosciences 5:1,157–1,164, 
http://dx.doi.org/10.5194/bg-5-1157-2008.

Riebesell, U., J. Czerny, K.V. Bröckel, 2012. Technical 
note: A mobile sea-going mesocosm system—
new opportunities for ocean change research. 
Biogeosciences Discussions, 9:12,985–13,017, 
http://dx.doi.org/10.5194/bg-10-1835-2013.

Riebesell, U., V.J. Fabry, L. Hansson, and J.-P. Gattuso. 
2010. Guide to Best Practices for Ocean 
Acidification Research and Data Reporting. 
Publications Office of the European Union 
Luxembourg, 260 pp.

Riebesell, U., J.-P. Gattuso, T. Thingstad, and 
J. Middelburg. 2013. Preface: Arctic Ocean 
acidification: Pelagic ecosystem and bio-
geochemical responses during a meso-
cosm study. Biogeosciences 10:5,619–5,626, 
http://dx.doi.org/10.5194/bg-10-5619-2013.

Ries, J.B., A.L. Cohen, and D.C. McCorkle. 2009. 
Marine calcifiers exhibit mixed responses to CO2 
induced ocean acidification. Geology 37:1,131–1,134, 
http://dx.doi.org/10.1130/G30210A.1.

Sale, P., and N. Tolimieri. 2000. Density dependence 
at some time and place? Oecologia 124:166–171, 
http://dx.doi.org/10.1007/s004420050003.

Shaw, E.C., B.I. McNeil, B. Tilbrook, R. Matear, and 
M.L. Bates. 2013. Anthropogenic changes to sea-
water buffer capacity combined with natural reef 
metabolism induce extreme future coral reef CO2 
conditions. Global Change Biology 19:1,632–1,641, 
http://dx.doi.org/10.1111/gcb.12154.

Silverman, J., B. Lazar, L. Cao, K. Caldeira, and 
J. Erez. 2009. Coral reefs may start dissolving 
when atmospheric CO2 doubles. Geophysical 
Research Letters 36, L05606, http://dx.doi.org/​
10.1029/2008GL036282.

Six, K.D., S. Kloster, T. Ilyina, S.D. Archer, K. Zhang, 
and E. Maier-Reimer. 2013. Global warming ampli-
fied by reduced sulphur fluxes as a result of ocean 
acidification. Nature Climate Change 3:975–978, 
http://dx.doi.org/10.1038/nclimate1981.

Smith, A.D., and A. Roth. 1979. Effect of carbon 
dioxide concentration on calcification in the 
red coralline alga Bossiella orbigniana. Marine 
Biology 52:217–225, http://dx.doi.org/10.1007/
BF00398135.

Smith, S.V., and R.W. Buddemeier. 1992. Global 
change and coral reef ecosystems. Annual 
Review of Ecology and Systematics 23:89–118, 
http://dx.doi.org/10.1146/annurev.es.23.​
110192.000513.

Sunday, J.M., P. Calosi, S. Dupont, P.L. Munday, 
J.H. Stillman, and T.B. Reusch. 2014. Evolution 
in an acidifying ocean. Trends in Ecology & 
Evolution 29:117–125, http://dx.doi.org/10.1016/​
j.tree.2013.11.001.

Tatters, A.O., M.Y. Roleda, A. Schnetzer, F. Fu, 
C.L. Hurd, P.W. Boyd, D.A. Caron, A.A.Y. Lie, 
L.J. Hoffmann, and D.A. Hutchins. 2013. Short-
and long-term conditioning of a temperate marine 
diatom community to acidification and warming. 
Philosophical Transactions of the Royal Society B, 
http://dx.doi.org/10.1098/rstb.2012.0437.

Walker, E., A.V. Hernandez, and M.W. Kattan. 2008. 
Meta-analysis: Its strengths and limitations. 
Cleveland Clinic Journal of Medicine 75:431–439.

Yates, K.K., and R.B. Halley. 2006. Diurnal varia-
tion in rates of calcification and carbonate sed-
iment dissolution in Florida Bay. Estuaries and 
Coasts 29:24–39, http://dx.doi.org/10.1007/
BF02784696.

Yates, K.K., C. Turley, B.M. Hopkinson, A.E. Todgham,  
J.N. Cross, H. Greening, P. Williamson, 
R. Van Hooidonk, D.D. Deheyn, and 
Z. Johnson. 2015. Transdisciplinary science: 
A path to understanding the interactions 

among ocean acidification, ecosystems, 
and society. Oceanography 28(2):212–225, 
http://dx.doi.org/10.5670/oceanog.2015.43.

Zachos, J.C., U. Rohl, S.A. Schellenberg, A. Siuijs, 
D.A Hodell, D.C. Kelly, E. Thomas, M. Nicolo, I. Raffi, 
L.J. Lourens, and others. 2005. Rapid acidifica-
tion of the ocean during the Paleocene-Eocene 
thermal maximum. Science 308:1,611–1,615, 
http://dx.doi.org/10.1126/science.1109004.

Zimmerman, R.C., D.G. Kohrs, D.L. Steller, and 
R.S. Alberte. 1995. Carbon partitioning in eel-
grass (regulation by photosynthesis and the 
response to daily light-dark cycles). Plant 
Physiology 108:1,665–1,671.

AUTHORS. Andreas J. Andersson (aandersson@
ucsd.edu) is Assistant Professor, Scripps Institution 
of Oceanography, University of California, San Diego, 
La Jolla, CA, USA. David I. Kline (dkline@ucsd.edu) is 
Project Scientist, Scripps Institution of Oceanography, 
University of California, San Diego, La  Jolla, CA, 
USA. Peter J. Edmunds is Professor, California State 
University, Northridge, CA, USA. Stephen D. Archer 
is Senior Research Scientist, Bigelow Laboratory 
for Ocean Sciences, East Boothbay, ME, USA. 
Nina Bednaršek was Postdoctoral Research 
Associate, National Oceanic and Atmospheric 
Administration (NOAA) Pacific Marine Environmental 
Laboratory, and is currently at the University of 
Washington, School of Marine and Environmental 
Affairs, Seattle, WA, USA. Robert C. Carpenter is 
Professor, California State University, Northridge, 
CA, USA. Meg Chadsey is Ocean Acidification 
Specialist, Washington Sea Grant, Seattle, WA, 
USA. Philip Goldstein is Informatics Research and 
Development Technologist, University of Colorado 
Boulder, Boulder, CO, USA. Andrea G. Grottoli is 
Professor, School of Earth Science, The Ohio State 
University, Columbus, OH, USA. Thomas P. Hurst is 
Research Fisheries Biologist, NOAA Alaska Fisheries 
Science Center, National Marine Fisheries Service, 
Hatfield Marine Science Center, Newport, OR, USA. 
Andrew L. King was Postdoctoral Researcher, NOAA 
Northeast Fisheries Science Center, Silver Spring, MD, 
USA, and is currently Research Scientist, Norwegian 
Institute for Water Research, Bergen, Norway. 
Janet E. Kübler is Senior Research Scientist, California 
State University, Northridge, CA, USA. Ilsa B. Kuffner 
is Research Marine Biologist, US Geological Survey, 
St. Petersburg, FL, USA. Katherine R.M. Mackey is 
Assistant Professor, Earth System Science, University 
of California Irvine, Irvine, CA, USA. Bruce A. Menge 
is Distinguished Professor of Integrative Biology 
and Valley Professor of Marine Biology, Oregon 
State University, Corvallis, OR, USA. Adina Paytan 
is Research Professor, University of California, Santa 
Cruz, CA, USA. Ulf Riebesell is Professor of Biological 
Oceanography, GEOMAR Helmholtz Centre for 
Ocean Research, Kiel, Germany. Astrid Schnetzer 
is Associate Professor, Marine, Earth, & Atmospheric 
Sciences, North Carolina State University, Raleigh, 
NC, USA. Mark E. Warner is Professor, College of 
Earth, Ocean, & Environment, University of Delaware, 
Newark, DE, USA. Richard C. Zimmerman is Professor 
of Earth, Ocean, and Atmospheric Sciences, Old 
Dominion University, Norfolk, VA, USA.

ARTICLE CITATION
Andersson, A.J., D.I. Kline, P.J. Edmunds, S.D. Archer, 
N. Bednaršek, R.C. Carpenter, M. Chadsey, 
P.  Goldstein, A.G. Grottoli, T.P. Hurst, A.L. King, 
J.E.  Kübler, I.B. Kuffner, K.R.M. Mackey, B.A.  Menge, 
A. Paytan, U. Riebesell, A. Schnetzer, M.E. Warner, and 
R.C. Zimmerman. 2015. Understanding ocean acid-
ification impacts on organismal to ecological scales. 
Oceanography 28(2):16–27, http://dx.doi.org/10.5670/
oceanog.2015.27.

http://dx.doi.org/10.1046/j.1365-3040.1999.00492.x
http://dx.doi.org/10.5670/oceanog.2009.100
http://dx.doi.org/10.5670/oceanog.2015.32
http://dx.doi.org/10.2307/1941447
http://dx.doi.org/10.1007/978-1-4612-3520-0
http://dx.doi.org/10.1007/978-1-4612-3520-0
http://dx.doi.org/10.3354/ame01446
http://dx.doi.org/10.3354/ame01446
http://dx.doi.org/10.1038/srep05148
http://dx.doi.org/10.1038/srep05148
http://dx.doi.org/10.5670/oceanog.2015.33
http://dx.doi.org/10.1073/pnas.0712167105
http://dx.doi.org/10.5670/oceanog.2015.30
http://dx.doi.org/10.3354/meps188117
http://dx.doi.org/10.1038/nclimate1473
http://dx.doi.org/10.1038/nclimate1473
http://dx.doi.org/10.1029/2010JC006557
http://dx.doi.org/10.1038/nature04095
http://dx.doi.org/10.1038/nature04095
http://dx.doi.org/10.1016/j.tree.2010.02.002
https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/2005/9634.pdf
https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/2005/9634.pdf
https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/2005/9634.pdf
http://dx.doi.org/10.1093/icesjms/fsu231
http://dx.doi.org/10.1016/j.epsl.2005.03.006
http://dx.doi.org/10.1016/j.epsl.2005.03.006
http://dx.doi.org/10.5194/bg-5-1157-2008
http://dx.doi.org/10.5194/bg-10-1835-2013
http://dx.doi.org/10.5194/bg-10-5619-2013
http://dx.doi.org/10.1130/G30210A.1
http://dx.doi.org/10.1007/s004420050003
http://dx.doi.org/10.1111/gcb.12154
http://dx.doi.org/10.1029/2008GL036282
http://dx.doi.org/10.1029/2008GL036282
http://dx.doi.org/10.1038/nclimate1981
http://dx.doi.org/10.1007/BF00398135
http://dx.doi.org/10.1007/BF00398135
http://dx.doi.org/10.1146/annurev.es.23.110192.000513
http://dx.doi.org/10.1146/annurev.es.23.110192.000513
http://dx.doi.org/10.1016/j.tree.2013.11.001
http://dx.doi.org/10.1016/j.tree.2013.11.001
http://dx.doi.org/10.1098/rstb.2012.0437
http://dx.doi.org/10.1007/BF02784696
http://dx.doi.org/10.1007/BF02784696
http://dx.doi.org/10.5670/oceanog.2015.43
http://dx.doi.org/10.1126/science.1109004
mailto:aandersson@ucsd.edu
mailto:aandersson@ucsd.edu
mailto:dkline@ucsd.edu
http://dx.doi.org/10.5670/oceanog.2015.27
http://dx.doi.org/10.5670/oceanog.2015.27

