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Preface

Understanding the effects of increasing atmospheric CO, concentrations on ocean chemistry,
commonly termed ocean acidification, as well as associated impacts on marine biology and
ecosystems, is an important component of scientific knowledge about global change. The Fifth
Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) will include
comprehensive coverage of ocean acidification and its impacts, including potential feedbacks to the
climate system. To support ongoing AR5 assessment efforts, Working Group Il and Working Group |
(WGII and WGI) of the IPCC held a joint Workshop on Impacts of Ocean Acidification on Marine
Biology and Ecosystems in Okinawa, Japan, from 17 to 19 January 2011. The workshop convened
experts from the scientific community, including WGII and WGI AR5 authors and review editors, to
synthesise scientific understanding of changes in ocean chemistry due to increased CO, and of
impacts of this changing chemistry on marine organisms, ecosystems, and ecosystem services.

This workshop report summarises the scientific content and perspectives presented and discussed
during the workshop. It provides syntheses of these perspectives for the workshop’s core topics: (i) the
changing chemistry of the oceans, (ii) impacts of ocean acidification for individual organisms, and
(iii) scaling up responses from individual organisms to ecosystems. It also presents summaries of
workshop discussions of key cross-cutting themes, ranging from detection and attribution of ocean
acidification and its impacts to understanding ocean acidification in the context of other stressors on
marine systems. Additionally, the workshop report includes extended abstracts for keynote and poster
presentations at the workshop.

We thank the Ministry of the Environment Japan, the National Institute for Environmental Studies, and
the University of the Ryukyus for hosting the workshop and providing impeccable arrangements. The
event could not have succeeded without the extensive efforts of Dr. Yukihiro Nojiri, as well as Claire
Summers and Mizue Yuzurihara, at the National Institute for Environmental Studies. We also extend
our gratitude to the members of the Scientific Steering Committee who contributed invaluable advice
and considerable time in developing the workshop’s scientific content and programme, in addition to
the summaries contained in this report. Finally, we thank the workshop participants for their
productive exchanges about current scientific understanding, which underpin this report.

We are convinced that this report, along with the workshop’s scientific dialogues on ocean

acidification and its impacts, will provide important input for the authors of the AR5 and the broader
research community, as well as further stimulating collaboration across WGII and WGl of the IPCC.

ot 7

Prof. Christopher Field Prof. Vicente Barros
Co-Chair, WGlII Co-Chair, WGlII
Prof. Thomas Stocker Prof. Qin Dahe
Co-Chair, WGI Co-Chair, WGI
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Executive Summary

Since the publication of the Fourth Assessment Report (AR4) of the Intergovernmental Panel on
Climate Change (IPCC), ocean acidification research has been advancing rapidly, evaluating the
effects of increasing atmospheric CO, concentrations on ocean chemistry and the resulting biological
impacts. Working Group Il and Working Group | (WGII and WGI) of the IPCC held a joint Workshop
on Impacts of Ocean Acidification on Marine Biology and Ecosystems to summarize the body of
science on ocean acidification and its impacts, as timely input to the IPCC Fifth Assessment Report
(AR5).

The workshop consisted of four primary activities, interspersed with plenary discussion. First, through
fourteen keynote presentations, invited experts provided a synthesis of the state of knowledge on
ocean acidification and its impacts. The presentations summarized scientific understanding,
identifying both what is known and what key uncertainties remain, for the overarching topics of the
changing chemistry of the oceans, impacts of ocean acidification for individual organisms, and
scaling up to ecosystems. Second, in six Breakout Groups, participants discussed and addressed
questions related to cross-cutting themes: (i) detection and attribution of ocean acidification and its
impacts; (ii) reconciling apparently contradictory observations; (iii) spatial and temporal scales of
variability and rates of change; (iv) learning from the past and present to predict the future; (v)
understanding the roles of multiple stressors; and (vi) scaling up to humans: the socioeconomics of
ocean acidification. An additional ad hoc Breakout Group considered the glossary entries for “ocean
acidification” that were used in the AR4, outlining considerations and potential improvements for the
ARS5. Third, workshop participants had the opportunity to provide brief oral highlights of their recent
research results, discussing these results further during two poster sessions. Finally, the workshop
concluded with three synthesis presentations that summarized the perspectives presented during the
workshop for the overarching topics listed above, emphasizing the state of knowledge and important
open questions.

This workshop report contains short reports written by the Chair and Rapporteur of each Breakout
Group and by the presenters of the workshop’s synthesis presentations. Additionally, it includes
abstracts of all keynote and poster presentations, along with other workshop materials distributed to
participants before the meeting. Below, short summaries of the discussions from the Breakout Group
and synthesis presentations are given, with further details provided in the subsequent sections of this
workshop report.

Summaries of Breakout Group Discussions:

Breakout Group I-1: Detection and attribution of ocean acidification and its impacts
(Chair: Chris Sabine, Rapporteur: Laurent Bopp)

This Breakout Group report summarizes participant discussions on detection and attribution of ocean
acidification and its impacts. For the surface ocean, the whole water column, and specific ocean
regions, the Breakout Group discussed the degree to which observed changes in ocean chemistry can
be attributed to increases in atmospheric CO, -- as well as the degree to which biological impacts
can be attributed to changing chemistry. Relevant detection and attribution approaches were
considered, along with factors influencing their outcomes.

Breakout Group I-2: Reconciling apparently contradictory observations
(Chair: Jean-Pierre Gattuso, Rapporteur: Ulf Riebesell)

This Breakout Group report summarizes participant discussions on divergent observations of the
effects of ocean acidification for marine organisms. For calcification in zooxanthellate corals and in
plankton, as well as for other processes, the Breakout Group considered examples of contradictory
observations, the level of disagreement among data sets, and possible explanations for apparently
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Executive Summary

conflicting results. From this evaluation, the Breakout Group investigated the complexity and species-
specific nature of the coral calcification response to ocean acidification, the importance of clarifying
present uncertainty about the responses of coccolithophores to ocean acidification, and the large
inherent variability in the effects of ocean acidification for other processes considered.

Breakout Group I-3: Spatial and temporal scales of variability and rates of change
(Chair: Philip Munday, Rapporteur: Anne Cohen)

This Breakout Group report summarizes participant discussions of the relationships among physical,
chemical, and biological processes on different spatial and temporal scales, with a focus on changing
ocean chemistry and consequences for marine organisms and ecosystems. The Breakout Group
considered mechanistic understanding across such scales and ways to improve this understanding,
for example, through consideration of analogue or naturally variable systems and through use of
varying experimental approaches to constrain sensitivities and investigate physiological mechanisms.

Breakout Group II-1: Learning from the past and present to predict the future
(Chair: Daniela Schmidt, Rapporteur: Christoph Heinze)

In the context of understanding and projecting future responses of marine ecosystems to ocean
acidification, this Breakout Group report considers participant discussions of both the utility and the
limitations of studying past changes in ocean chemistry including associated mass extinctions. The
Breakout Group discussed the importance of such studies for evaluating acclimation, evolutionary
adaptation, and ecosystem changes. Yet it also indicated the uniqueness of anthropogenic ocean
acidification and the need to consider factors such as relevant timescales, amplitudes of change, and
uncertainties in the paleoceanographic proxies.

Breakout Group 11-2: Understanding the roles of multiple stressors
(Chair: Peter Haugan, Rapporteur: Gretchen Hofmann)

This Breakout Group report summarizes participant discussions of ocean acidification in the context
of other stressors, ranging from temperature change to fishing pressure. The Breakout Group also
identified a list of scientific studies on multiple stressors. Complications in and approaches for
understanding interactions among stressors were considered, along with the potential for abrupt
changes.

Breakout Group 11-3: Scaling up to humans: the socioeconomics of ocean acidification
(Chair: Peter Brewer, Rapporteur: Carol Turley)

This Breakout Group report highlights the key elements of participant discussions about
socioeconomic impacts of ocean acidification, focusing on the ways in which experimental findings
and socioeconomic knowledge can be combined to project effects of ocean acidification for marine
ecosystems, ecosystem services, and human communities and economies dependent upon marine
resources. The Breakout Group focused on ecosystems, such as coral-reef systems, and ecosystem
services, such as fisheries and tourism, at risk. The Breakout Group discussed limitations in
understanding related, for example, to ecosystem-based modeling, to interactions among stressors,
and to valuation of ocean goods and services.

Ad Hoc Breakout Group: Glossary entry for “ocean acidification”
(Chair: Chris Sabine, Rapporteur: Laurent Bopp)

This Breakout Group report summarizes participant perspectives on the glossary entry for “ocean
acidification” in the WGI and WGII contributions to the AR5, building from WGI and WGII glossary
entries in the AR4 and from key attributes identified for an effective glossary entry. The Breakout
Group suggested the following glossary entry for “ocean acidification”: “Ocean acidification refers to
a reduction in the pH of the ocean over an extended period, typically decades or longer, which is
caused primarily by uptake of carbon dioxide from the atmosphere, but can also be caused by other
chemical additions or subtractions from the ocean. Anthropogenic ocean acidification refers to the
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component of pH reduction that is caused by human activity.” It also suggested that AR5 author
teams might supplement this glossary entry with a more detailed discussion of the term in a chapter
box.

Summaries of Synthesis Plenary Presentations:

Synthesis Plenary IV-1: The changing chemistry of the oceans: the state of knowledge, key
uncertainties, and the way forward
(Richard Feely and James Orr)

This report summarizes discussions from the workshop on the changing chemistry of the oceans.
Focusing on research completed since the Fourth Assessment Report, the presenters indicated
workshop perspectives on using past ocean acidification events as analogues for current and
projected future changes. They also summarized understanding of trends in changes in the surface
and subsurface ocean and across oceanic regions and of future projections in ocean carbon
chemistry. Finally, the presenters discussed gaps in knowledge that are currently limiting further
understanding, as well as potential ways to address them.

Synthesis Plenary IV-2: Impacts of ocean acidification for individual organisms: the state of
knowledge, key uncertainties, and the way forward
(Andreas Andersson, Anne Cohen and Yukihiro Nojiri)

This synthesis report summarizes scientific understanding, as presented and discussed at the
workshop, for impacts of ocean acidification for microbial processes and biogeochemistry, for
phytoplankton calcification and photosynthesis, for fishes, for calcification and dissolution of coral
reefs and coral reef organisms, and for non-coral reef invertebrates. For each category of impacts and
corresponding processes, the presenters characterized the state of knowledge as presented at the
workshop. The presenters also indicated limitations in current understanding for each category and
for organisms and biological processes overall, such as challenges in extrapolating from laboratory
findings to future responses in natural systems.

Synthesis Plenary 1V-3: Scaling up to ecosystems: the state of knowledge, key uncertainties, and the
way forward
(Ken Caldeira, Philip Munday and Hans-Otto Pértner)

This report synthesizes perspectives from the participants on scaling understanding of ocean
acidification and its impacts to the level of ecosystems. The presenters focused on detection and
attribution of ecosystem changes due to ocean acidification and on projection of the impacts of
ocean acidification for ecological processes. They indicated ways in which a mechanistic framework,
building from underlying biological processes, could allow further integration of experimental results
obtained at different levels of biological organization and through varying research methods and
systems.

Overall, the Breakout Group and synthesis presentation summaries contained in this report
characterize core topics, research, and cross-cutting questions related to ocean acidification and its
impacts, as extensively considered and discussed at the workshop. The WGII and WGI Co-Chairs are
convinced that these summaries, as well as the material provided in the report annexes, will provide
useful input to the author teams of the AR5, as well as to the broader community of scientists
studying ocean acidification.
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Breakout Group Reports

Breakout Group I-1: Detection and attribution of ocean acidification and its impacts

Chair: Christopher Sabine (NOAA Pacific Marine Environmental Laboratory, USA)
Rapporteur: Laurent Bopp (Laboratoire des Sciences du Climat et de I'Environment, CNRS, France)

The summary that follows, written by the Chair and Rapporteur, characterizes the main points of the
discussion that took place during Breakout Group I-1 at the IPCC Workshop on Impacts of Ocean
Acidification on Marine Biology and Ecosystems. Participants in the Breakout Group considered a
series of questions focused on cross-cutting themes in ocean acidification research, which was
developed by the Scientific Steering Committee for the workshop.

Ocean acidification is one of a number of stressors affecting the ocean’s ecosystems. For present day
and projected future changes, this BOG explored, using data and models, the degree to which ocean
acidification and its impacts can be detected and attributed to anthropogenic increases in
atmospheric CO,. The BOG discussed the ability of the current generation of ocean carbon cycle
models to reflect the observed spatio-temporal distribution of carbon system parameters and pH in
the global oceans. In addition, the BOG evaluated when and where changes in carbonate chemistry,
along with associated uncertainties, are expected to be quantified in the open ocean, coastal zones,
and estuaries. Finally, the BOG evaluated when and where ocean acidification and its impacts are
expected to be identified and understood, independent of other interacting stressors.

The discussion was developed around a set of questions provided by the Scientific Steering
Committee so this report follows that format.

1. To what extent can changes in ocean chemistry be directly linked to increases of atmospheric
CO,?

The group discussed the links between the anthropogenic increase in atmospheric CO, and recent
changes in ocean carbonate chemistry. The answer to this question is that recent changes in ocean
surface water chemistry can be unequivocally linked to atmospheric CO,. However, for the whole
water column this is true only to some extent. Observations suggest that other processes (e.g.,
changes in ocean circulation) may have a stronger imprint on changes in ocean chemistry in some
locations over interannual to decadal time scales.

The group then discussed the definition of “ocean acidification” that should be used when discussing
the links with atmospheric CO,. Several points of confusion may arise depending on the exact
connotations of the term: Is ocean acidification only a consequence of human actions, or could it be
caused naturally (e.g., Do we refer to ocean acidification when discussing specific events in the
geological past)? Is ocean acidification linked to increase of atmospheric CO, by definition, or could
it be caused by the addition of other substances (sulfur / nitrogen deposition) or by processes that are
internal to the ocean?

Recommendation to the IPCC AR5 authors: Discuss a common WGI-WGII definition for “ocean
acidification” to be proposed as a common glossary entry to be used by both WGs.

An ad hoc breakout group was established to propose one or more candidate glossary entries (see the
Ad Hoc Breakout Group Report). The glossary entry agreed by the Ad Hoc BOG and then discussed
in the plenary was:

Ocean Acidification. Ocean acidification refers to a reduction in the pH of the ocean over an
extended period, typically decades or longer, which is caused primarily by uptake of carbon dioxide
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from the atmosphere, but can also be caused by other chemical additions or subtractions from the
ocean. Anthropogenic ocean acidification refers to the component of pH reduction that is caused by
human activity.

2. How do the various components of climate change in the ocean (warming, circulation changes,
etc.) affect detection and attribution of direct CO,-induced changes?

In the context of ocean acidification, detection and attribution methods should be applied as a multi-
step process: from atmospheric CO, to changes in ocean chemistry, and from changes in ocean
chemistry to the potential impacts of ocean acidification on marine organisms, ecosystems, and
ocean biogeochemistry. The group discussed the first of these points (from atmospheric CO, to
changes in ocean chemistry).

Using observations (repeated CO, surveys), a ApH signal can be separated into an anthropogenic
component due to atmospheric CO, and another component due to changes in circulation /
ventilation (e.g., using extended multiple linear regression (eMLR) methods applied in the North
Pacific). These methods should be applied to other ocean basins, but one should keep in mind that
they rely on strong assumptions (e.g., constant Redfield ratios, that is, constant stoichiometric ratios)
that remain to be tested in other places.

Using the suite of CMIP5 simulations with climate & carbon cycle models on the historical period, it
will soon be possible to separate the different components (internal climate variability, natural
forcing, anthropogenic forcing including atmospheric CO,) of changes on ocean chemistry.

Recommendation to the research community: Apply more formal detection and attribution methods
to ocean acidification, for changes in ocean chemistry (as discussed above) but also for the potential
impacts of ocean acidification (see discussion point 5.)

3. Are different approaches for determining atmospheric sources of ocean acidification required for
coastal zones and estuaries, as compared to the open ocean?

Impacts of ocean acidification may have a more immediate and noticeable impact in coastal zones,
but WGI science is traditionally not focused there. Additional points made during the discussion that
extend the range of the question are: (1) that not only coastal zones and estuaries, but also marginal
seas, should be considered, and (2) that the role of coastal zones and estuaries is also a key point for
the global carbon cycle as these regions strongly contribute to a natural preindustrial outflux of
carbon from the ocean estimated at 0.4 PgC yr' but with large uncertainties. This area of research
should however benefit from recent developments in (1) data compilation of carbon variables in the
global coastal ocean, (2) improvements in monitoring, modeling, compilation of river input (NEWS Il
project, estuaries classification, ...), and (3) regional coastal modeling.

Recommendation to the research community: Consider working on a synthesis paper on ocean
acidification in coastal zones, following the work done on air-sea carbon fluxes in these regions (e.g.,
Borges et al., 2005).

4. How well do observations and ocean carbon cycle models agree on the spatial distributions of
aragonite and calcite saturation? What are the uncertainties of the present-day estimates of
carbonate saturation from these models? How will model-data biases affect future projections of
carbonate saturation and of ocean acidification in general?

Observations and ocean carbon cycle models broadly agree on the spatial distributions of aragonite
and calcite saturation. This is true at the exception of some specific regions (e.g., North Pacific)
where global models have much more difficulties in representing these quantities. It was noted that
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the evaluation should not be restricted to these variables as good results/scores could be obtained
from wrong reasons. The group agreed that not only simulated carbonate saturations should be
compared and evaluated, but that ocean physics and circulation, and other carbon-related variables
(pH, CO,, dissolved inorganic carbon (DIC) and alkalinity, particle fluxes, ...) should also be
included. These evaluations will be made much easier thanks to the standard output variables in the
CMIP5 protocol that will be made available for all models participating.

It was also made clear in the discussion that model results have proven to be much more consistent
for simulating changes than for the generating the proper mean state. An alternative and useful
approach to estimate future changes in ocean chemistry is based on adding simulated changes
obtained from a series of model simulations to the mean state obtained from observations (e.g., Orr et
al., 2005). The impact of the mean-state biases on feedbacks is however clearly unknown.

Recommendation to the research community: Consider working on a synthesis paper on model -
observation comparisons (saturation state but also DIC, alkalinity, pH, ...), identifying not only the
model biases but also the reasons for the biases.

5. What are key considerations in detection and attribution of ocean acidification and its impacts in
the context of multiple changes?

The primary point of discussion under this question was how one might go about trying to actually
detect biological changes and then attribute those changes to ocean acidification. As discussed in
previous sections, the changes in ocean chemistry are relatively straightforward to measure and
document. However, most of the evidence of the impacts of elevated CO, comes from laboratory or
mesocosm studies not from field observations. Very few studies, with the exception of areas with
naturally high CO, because of bubbling from the seafloor, have actually documented ecosystem
changes that can be directly attributed to ocean acidification. This is because there are multiple
stressors on marine ecosystems that confound the attribution of changes to ocean acidification.

The group discussed ways that geochemical measurements might be used to detect biological
changes that might then be attributed to ocean acidification. For example, changes in alkalinity might
provide insights into potential changes in biocalcification and carbonate dissolution. Other types of
measurements that could prove useful include radionuclides, particle flux measurements, remotely
sensed observations of production, or specific species distributions and abundances. The impression
of the group was that little effort had been put into determining when ocean acidification impacts on
marine ecosystems might be detectable using geochemical approaches. Scoping studies are still
needed to determine what might be feasible and how long it might be before signals are detectable.
The group also noted that, although it may be more than a decade before there are detectable global
geochemical signals, there may be specific regions where the signals may be detected sooner.

Recommendation to the research community: Consider the ocean acidification impacts that should
be detectable using geochemical methods to answer questions like - what are the most appropriate
measurements, where should the measurements be made, and how long it is expected to take before
an ocean acidification signal may be detectable?

6. To what degree can impacts expected from ocean acidification be detected and linked to the
changing chemistry of the oceans? To what degree can these impacts be formally attributed (e.g.,
through a formal multi-step attribution approach) to ocean acidification, as well as to
anthropogenic increases in atmospheric CO,?

This question builds from the last. As noted above, it is not clear that biogeochemical changes
expected from ocean acidification can actually be detected in the field yet, much less formally
attributed to ocean acidification. At the Hawaii Ocean Time-series site, for example, there is no
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obvious trend in total alkalinity which one might expect if there has been a decrease in calcification
over the 20 year record. Some modeling studies suggest that it may take at least 20-30 years to see a
change in surface water alkalinity even with a substantial decrease in calcification. The group was
not aware of similar modeling studies to determine when the shoaling of the aragonite saturation
horizons should be detectable with a change in alkalinity. Given the variety of processes affecting
ocean biogeochemical signals, it will be very difficult to attribute any observed changes specifically
to ocean acidification.

Recommendation to the research community: In addition to the research recommended under
question 5, further research is needed in the key regions where the first detectable signals are
expected to determine what other processes will influence the attribution process and what
additional observations or controls might help with the final attribution effort.

7. How do the interacting processes of calcification, dissolution, and organic matter
remineralization impact feedback mechanisms for carbon cycling to the atmosphere?

The answer to this question strongly depends on the time scale being considered. On short time
scales (<100 vyears), there are more than a dozen possible feedbacks related to ocean acidification
and climate change that have been postulated. In the list of possible feedbacks, there are both
positive and negative feedbacks. The majority of the models, however, suggest that the combination
of feedbacks will have a slightly net negative feedback (decreased ocean uptake of CO,). Most feel
that the effects of ocean acidification on atmospheric CO, will be relatively small. On the other hand,
on time scales of 10,000 years or more the dissolution of carbonate sediments due to the
acidification of the ocean will provide one of the strongest positive feedbacks, ultimately removing as
much as 90% of the anthropogenic CO, from the atmosphere and storing it in the ocean.

The science is less certain at intermediate time scales on the order of 1,000 years. Some of the
uncertainty comes from the ambiguity in the rate of CO, buildup over the next few centuries, but
there is also large uncertainty in how the ecosystem structure and geochemical cycling might change
over these time scales. It was noted, for example, that we do not even have a well constrained budget
for the calcium carbonate cycle at the moment. Estimates of global marine calcification vary by a
factor of 4 or more, and there is disagreement over which organisms are the primary contributors to
global calcification. There is also uncertainty where the pelagic calcification is remineralized (at what
depth in the water column or possibly in the surface sediments). How quickly can dissolution occur
in marine sediments? Additional work is needed to evaluate the processes affected by rising CO, and
climate change so that these processes (including the calcium carbonate cycle) can be accurately
incorporated into models that can project how these processes might change over the next few
thousand years.

Recommendation to the research community: Consider working to develop a new global carbonate
budget. Work to include a more accurate carbonate cycle into ocean and earth system models.

8. Other Issues

The group discussed the most productive ways to move forward from here. On the data side there
was consensus that more effort was needed to collect biogeochemical measurements relevant to
ocean acidification. This means fully constraining the inorganic carbon distributions (at least two
parameters measured together) as well as collecting the relevant associated biological measurements
at the same time and space scales. Additional biological and ecological assessments are needed
including developing new techniques to assess ecosystem processes (e.g., pelagic calcification rates).
In particular, more measurements are needed to constrain all aspects of the calcium carbonate cycle
if we hope to be able to detect and attribute changes in calcification/remineralization resulting from
ocean acidification.
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On the model side, progress is needed on incorporating ocean acidification impacts on processes
already in the models (e.g., productivity, species composition, carbon / nutrient uptake ratios) as well
as adding processes that are not represented in most models (e.g., aragonite cycle). Development of
coastal models that include ocean acidification will be particularly useful as the ocean acidification
effects are likely to be confounded by many other climate change and anthropogenic factors and
because the coastal zones are regions of great interest for economic reasons (e.g., fisheries and
tourism). Coastal ocean acidification models will likely have to include interactive sediment and river
components that will be a challenge to develop.
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Breakout Group I-2: Reconciling apparently contradictory observations

Chair: Jean-Pierre Gattuso (Centre National de la Recherche Scientifique, France)
Rapporteur: Ulf Riebesell (Leibniz Institute of Marine Sciences, Germany)

The summary that follows, written by the Chair and Rapporteur, characterizes the main points of the
discussion that took place during Breakout Group -2 at the IPCC Workshop on Impacts of Ocean
Acidification on Marine Biology and Ecosystems. Participants in the Breakout Group considered a
series of questions focused on cross-cutting themes in ocean acidification research, which was
developed by the Scientific Steering Committee for the workshop.

Task: In the burgeoning fields of study related to ocean acidification, some experimental results (for
example, from oceanic or regional observations, lab and mesocosm studies, observations of natural
responses, and modeling) have been apparently contradictory. Following guidance provided by the
Scientific Steering Committee, this Breakout Group (BOG) attempted to identify areas of controversy
and provide possible explanations for them. In the interest of time, the group focused on three broad
areas, as suggested in the BOG proposal from the Scientific Steering Committee:

1. Coral calcification
2. Planktonic calcification (forams, coccolithophorids)
3. Effects on processes other than calcification

Setting the stage: The BOG participants acknowledged that recent work on the effects of ocean
acidification on marine organisms has revealed a wide range of variability in species-specific
response patterns, including responses with opposite signs (reduced versus stimulated metabolic rates
with decreasing pH/increasing pCO,). Whereas some of these divergent observations may be due to
misinterpretations of the data, measurement errors, or flaws in the experimental design and call for
reconciling, others may simply reflect taxon-specific differences in responses to ocean acidification.
While unravelling the mechanisms underlying these divergent response patterns will be of critical
importance for our ability to predict the overall impacts of ocean acidification, the BOG participants
felt that these should not be considered contradictory observations if they occur between organisms
that are not taxonomically-related.

With this in mind, the BOG participants defined contradictory observations as:
« divergent response patterns for the same species or closely related taxa
 conflicting observations between laboratory experiments, in situ experiments, and field
observations

* inconsistencies between perturbation experiments and retrospective studies

Observations were not considered contradictory when they differ with respect to:
* variability in the magnitude of the response of the same species or closely related taxa
+ divergent responses of species of different taxonomic groups

Level of disagreement: The BOG participants decided that a helpful criterion in looking at
contradictory findings can be the number of data sets supporting each side of the opposing
observations. As established at the beginning of the BOG discussion, three levels of disagreements
were distinguished according to the following scheme:

Table 1: Level of disagreement as determined by the percentage of opposing data sets.

Level of Disagreement Percentage of Data Sets Supporting: Opposing Observation
High 50:50
Medium 70:30
Low 90:10
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1. Calcification in zooxanthellate corals

General trend: As discussed by the BOG participants and more precisely quantified subsequently, in
a set of 48 experimental studies (including 24 species — 13 genera) and 6 field studies, the vast
majority indicates a decrease in calcification under elevated pCO, (reduced pH) (Erez et al., 2011). In
a small number of experiments no effect was recorded or the effect was only significant under very
low pH. A clear stimulatory effect of high pCO, was never observed. In spite of a general inhibitory
effect of the calcification process, the BOG participants indicated that there is a high inter- and intra-
specific variability, ranging from -3 to —-85% decrease in the rate of calcification in response to a 2-
fold increase in pCO, compared to pre-industrial values. The inhibitory process may be exacerbated
by temperature increase.

Lab experiments versus field studies: BOG participants pointed out that the vast majority of studies
were performed under lab condition during short-term incubations (67% of the experiments lasted
less than 1T month; 27% less than 6 hours; only 8% lasted more than 1 year and only one more than 3
years). Only 6 field studies were specifically designed to test the effect of ocean acidification on coral
calcification. All these experiments recorded a decrease of coral calcification with increasing pCO.,.

The BOG discussed the fact that divergent observations have been obtained from retrospective
studies using cores of the long-lived massive coral, Porites. Pelejero et al. (2005), using boron isotope
as a proxy of seawater pH, observed that in spite of a wide range of pH (~0.3 pH unit) experienced
by corals over a 300-year period, no significant change of calcification rates was detected. Lough and
Barnes (2000) as well as Bessat and Buigues (2001) reported an increase in calcification in recent
decades. In contrast, Cooper et al. (2008) and De’ath et al. (2009) found a reduction of the rates of
extension and calcification over a period ranging from 10 to 436 years which was attributed to both
temperature increase and Q,,, (aragonite saturation state) decrease. However, pH was not estimated
in these studies. BOG participants noted that these discrepancies may be due to other interacting
factors in the field.

Form of carbon used for calcification: The BOG discussion indicated that the major discrepancy
between the available results lies in the form of inorganic carbon used for calcification. While some
studies (Jury et al. 2009) demonstrate that HCO;™ is used as a source of carbon for calcification and
that addition of bicarbonate stimulates the rate of calcification (Herfort et al., 2008; Marubini and
Thake, 1999), others suggest that metabolic CO, is the major form (Furla et al., 2000). While the
source of carbon is mainly a mechanistic problem, BOG participants indicated that it may have
important implications for understanding the biological basis of sensitivity and tolerance of corals.
For example, if some species utilize bicarbonate whereas others use carbonate or CO, then the
response to ocean acidification will be species-specific rather than universal. Curiously, in most
perturbation experiments, the increase of CO, and HCO; is associated with a decrease of
calcification, which would be unexpected if these carbon species were really the major source of
carbon.

BOG participants pointed out that most data show a correlation between the CO;* concentration
and the rate of coral calcification, suggesting that CO,*" ion may be the source of carbon. However,
there is no physiological proof for such a process and the existence of a carbonate transporter has not
been demonstrated in animals so far.

Carbonate chemistry parameter relevant for observed responses: A second major discrepancy
discussed in the BOG, linked to the previous point, is the choice of parameter used in describing the
effect of ocean acidification on coral calcification. Most of the data sets show positive correlation
between Q,,, and the rate of calcification (calcification increases linearly with Q,.,). However about
40% of the data sets exhibit curvilinear relationships with Michaelis-Menten kinetics or relatively
constant rates up to a threshold value of Q, .. In some studies, no correlation is observed between
Q,..; and the rate of calcification, but yields a better correlation with HCO;~ concentrations. The BOG
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participants concluded that these contrasting observations suggest that the coral calcification
response to ocean acidification may be quite complex and species-specific.

The conclusions of the discussion for this first broad area considered are summarized in Table 2.

Table 2: Contradictory observations in zooxanthellate coral calcification.

Contradictory Observation Level of Possible Explanations

(observational basis) Disagreement

Laboratory experiments vs. field High * Retrospective studies may not have a resolution
observations / retrospective studies good enough to detect the decline of calcification
perturbation experiments demonstrate a estimated for the past 200 years (about 10%)
decline of calcification that is not always » Lack of ecological interactions in laboratory

found in field or retrospective studies experiments; only a few experiments investigated

multiple stressors
» Stress resulting from the transplantation of
colonies to laboratory conditions

Form of carbon used for calcification High * Lack of understanding of the calcification
respiratory CO, vs. HCO;3 vs. CO5* mechanism
* Parameters co-vary

Carbonate chemistry parameter relevant Medium * Parameters co-vary
for observed responses * Confounding factors
driving parameter: HCO;™ vs. CO5” (vs. pH) * Lack of data sets
* Less than 2 parameters of carbonate system
reported

2. Planktonic calcification

The BOG participants discussed that most planktonic calcifying organisms tested so far, such as
foraminifera, pteropods, and planktonic larvae of echinoderms, show a decrease in calcification in
response to elevated CO,/reduced pH. A wide range of responses to ocean acidification has been
obtained for coccolithophores. Whereas calcification of Emiliania huxleyi, Gephyrocapsa oceanica,
and Calcidiscus quadriperforatus decreases to varying degrees with increasing pCO,, C. leptoporus
shows an optimum curve with reduced calcification at pCO, levels below and above present
conditions and Coccolithus pelagicus/braarudii appears to be insensitive to elevated pCO,. In a
comparison of different strains of E. huxleyi either no change or a decrease in calcification rate was
observed with increasing pCO,. In all 14 studies on coccolithophores the ratio of calcium carbonate
to organic matter production (PIC:POC) decreases or remains unchanged with elevated pCO,
(reviewed by Riebesell and Tortell, 2011). The results of two mesocosm experiments are consistent
with the majority of laboratory experiment, showing a decrease in calcification and in the PIC:POC
ratio with increasing pCO,.

The BOG considered two studies on coccolithophores that reported a stimulating effect of ocean
acidification on calcification. Iglesias-Rodriguez et al. (2008) reported strain NZEH of E. huxleyi to
double its calcification in response to pCO, increasing from 280 to 750 patm which was interpreted
as a response to an increase in the concentration of bicarbonate. They claimed that this increase was
not identified before because prior studies used an inadequate approach to manipulate the carbonate
chemistry (acid/base addition versus gas bubbling; Iglesias-Rodriguez et al., 2008b). BOG
participants indicated that it was later suggested that methodological differences are unlikely to
explain the differences (Gattuso and Lavigne, 2009; Ridgwell et al., 2009; Schulz et al., 2009).
Riebesell et al. (2008) interpreted the results of Iglesias-Rodriguez et al. (2008a) differently. Their
main comment was that, due to difference in size of the cells incubated in the different CO,
treatments, cells grown at high CO, had an initial biomass two to three times greater than low CO,"

IPCC Workshop on Ocean Acidification - 12



Summary of Breakout Group 1-2 Discussion

grown cells (possibly due to differences in pre-cultures). They concluded that a comparison between
CO, treatments cannot be performed on a per cell basis and that the trends in calcification and
primary production with increasing pCO, disappear when normalized to algal biomass. As pointed
out in BOG discussion, this interpretation was discounted by Igleasias-Rodriguez et al. (2008b). A re-
analysis of strain NZEH of E. huxleyi used by Iglesias-Rodriguez et al. (2008) by Hoppe (2010)
revealed no effect on growth rate and a moderate decrease in calcification with increasing pCO..

The BOG discussion indicated that, in a study by Shi et al. (2009), both growth rate (cell division
rate) and the cellular POC and PIC content of E. huxleyi (strain NZEH) were higher at pH; 7.8
compared to pHy 8.1, yielding higher rates of organic carbon production and calcification at elevated
pCO,. The ratio of PIC:POC was slightly lower in cultures maintained at lower pH levels. Increased
carbon cell quota and cell size are frequently observed in coccolithophores at elevated pCO,.
However, the results reported by Shi et al. (2009) differ from all other studies on coccolithophores in
showing an increased cell division rate at elevated pCO,. Using the same strain of E. huxleyi, Hoppe
(2010) found no effect on growth rate.

At the end of this discussion, the BOG participants suggested that the present uncertainty about the
response of coccolithophores to ocean acidification is a critical issue preventing future projection of
the impact of ocean acidification on community structure, food-webs, and biogeochemical cycles.
The BOG discussion pointed out that further studies by the research community could clarify the
issue in the peer-reviewed literature.

The conclusions of the discussion for this second broad area considered are summarized in Table 3.

Table 3: Contradictory observations in coccolithophore calcification.

Contradictory Observation Level of Possible Explanations
(observational basis) Disagreement

Direction of response Low * Inappropriate data normalization
decline vs. increase in calcification * Difference in experimental design

3. Processes other than calcification

The BOG participants discussed that, as observed for calcification, a large variability in response to
ocean acidification appears to be the rule ranging from negative to positive effects, sometime in
closely related species. These differences are widely accepted as reflecting natural variability in
species sensitivity related to environmental history, ontogeny, taxa-related differences in physiology,
or life-history traits. As a consequence the level of controversy is generally low. Nonetheless, the
BOG identified five apparently contradictory results.

Respiration in the pteropod Limacina helicina: The BOG participants pointed out that Comeau et al.
(2010) reported a 10% increase in respiration rate in pteropods acclimated for 24 h at 760 patm. This
is in apparent contradiction with Fabry et al. (2008) showing a 26% decrease in respiration rate in
pteropods exposed to 789 patm. BOG participants thought that it is probable that these differences
relate to experimental conditions. Different temperatures were used and very little information on
experimental design (replications, exposure time, method used, sampling period, etc.) is provided in
Fabry et al. (2008) making comparison difficult. On the other hand, pteropods are difficult animals to
keep in the laboratory and results are highly dependent on general health of individual used.

Fertilization in the sea urchin Heliocidaris erythrogramma: The BOG discussed that many studies
are documenting the impact of ocean acidification on fertilization, and the general trend is the
absence of a significant effect (Dupont et al., 2010, for review). However, one study (Havenhand et
al., 2008) reported a 20% decrease in fertilization success for Heliocidaris erythrogramma when
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gametes were exposed to a 0.4 pH unit decrease. Working on the same species, Byrne et al.
(2009a,b) reported no effect within a similar range of pH changes. These contrasting results may be
the consequence of different experimental conditions (polyandry vs. single male—female crosses,
sperm concentration, stability of pH, inappropriate sperm-egg contact times, number of replicates,
etc.), none of these studies being ecologically relevant (Reuter et al., 2011). The BOG concluded that
this controversy is a good illustration of the need to design biologically relevant experiments.
Inappropriate experimental design can lead to apparent contradiction and false results.

Bacterial production: BOG participants indicated that only a few studies have investigated the
impact of ocean acidification on bacterial production. Two publications presented no effect on cell
specific protein production (Allgair et al., 2008; Tanaka et al., 2008) during mesocosm experiments.
In contrast, one study documented a stimulation and an increase in cell specific production of
attached bacteria with rising pCO, during a bloom of coccolithophorids and diatoms in a mesocosm
study (Grossart et al., 2006).

Nitrogen fixation in Nodularia: BOG participants indicated that nitrogen fixation in the heterocystous
cyanobacterium Nodularia spumigena was observed to decrease with increasing pCO, in a study by
Czerny et al. (2009), while the opposite response was reported by Isensee et al. (2009). For the non-
heterocystous species Trichodesmium a rather consistent response pattern with increased nitrogen
fixation at elevated pCO, was observed in eight independent studies.

Production of dimethyl-sulphide (DMS): BOG participants discussed that the effect of ocean
acidification on DMS production was addressed in five studies, of which three showed a decrease,
one showed no effects, and one study an increase with increasing pCO,. This response pattern was
consistent with the observed production dimethylsulfoniopropionate (DMSP), the precursor of DMS.
The BOG suggested that possible explanations for the observed discrepancy are differences in
phytoplankton species composition between studies and between different treatments of the same
experiment.

The conclusions of the discussion for this third broad area considered are summarized in Table 4.

Table 4: Contradictory observations in processes other than calcification.

Contradictory Observation Level of Possible Explanations
(observational basis) Disagreement

Respiration rate of pteropods High + Different feeding history
one study found an increase at elevated * Experimental differences

pCO,, another study a decrease

Fertilization Low * Experimental differences
no effect vs. decrease (sea urchin) * Different sperm concentration
Bacterial production Medium (2:1) * Experimental differences

no effect vs. stimulation

Nitrogen fixation High * Experimental differences

decreases in Nodularia — recent work for Nodularia

shows increase 2 studies

DMS production Medium * Differences in phytoplankton species composition
some show increase, some no effect, between experiments and between treatments of the
some decrease with increasing pCO, same experiment
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Breakout Group I-3: Spatial and temporal scales of variability and rates of change

Chair: Philip Munday (James Cook University, Australia)
Rapporteur: Anne Cohen (Woods Hole Oceanographic Institute, USA)

The summary that follows, written by the Chair and Rapporteur, characterizes the main points of the
discussion that took place during Breakout Group [-3 at the IPCC Workshop on Impacts of Ocean
Acidification on Marine Biology and Ecosystems. Participants in the Breakout Group considered a
series of questions focused on cross-cutting themes in ocean acidification research, which was
developed by the Scientific Steering Committee for the workshop.

The processes associated with and the influences of ocean acidification occur across a wide variety
of spatial and temporal scales: from specific ocean regions to whole ocean basins, from molecular
and cellular mechanisms to organisms and ecosystems, and from short-term variability to changes
over deep evolutionary time. Fully understanding processes and resulting scientific complexities
across these scales will take a long time, yet people, including policymakers, will need to make
decisions based on limited information.

In this BOG, we explored how physical, chemical, and biological processes on different spatial and
temporal scales relate to each other, as relevant to changing ocean chemistry and consequences for
marine organisms and ecosystems. Overall, we discussed how we can develop increased
mechanistic understanding over spatial and temporal scales, or adopt other strategies, that can
improve the ability to project changes in ocean chemistry and resulting biological and ecological
impacts over the time scales relevant to decision-makers. For each question considered, the BOG
participants identified what is known and outlined strategies that could be used to provide better or
more certain answers, especially as would inform decision-making over the next few decades.

1. What insights can we gain from natural and experimental “analogues” (e.g., naturally varying
systems, CO, seeps, short and long term experimental systems)?

The BOG participants indicated that there are clear advantages to using natural and experimental
analogues to gain insight into the potential impacts of anthropogenic-induced ocean acidification on
organisms and ecosystems. However, there are important caveats to consider if analogue systems are
used to extrapolate into the future. Analogue systems provide chronic, naturally high pCO,
conditions and gradients in those conditions which can be used to identify i) threshold tolerances of
different organisms to CO, stress (e.g., Hall-Spencer, 2008), ii) potential winners and losers, iii)
community -scale effects, and iv) better understanding of adaptive capabilities. Highly variable
environments (those with natural pH/pCO, fluctuations on daily and seasonal timescales) can also be
used to investigate species responses and acclimation potential.

However, as discussed in the BOG, for analogues such as CO, seeps and mesocosm experiments,
both of which are spatially constrained, the scale of connectivity is usually larger than the study unit,
limiting insights into both population dynamics and adaptation potential. Mobile organisms moving
in and out of a high CO, region don’t face the same selection pressure as sessile organisms or those
experiencing chronic conditions; in addition, larvae of many species are recruited from an external,
unaffected population (e.g., Cigliano et al., 2010). Because source populations outside the high CO,
region are unaffected, the potential exists to under- and overestimate the impact of a real, global-
scale acidification of the oceans.

The BOG discussion pointed out that more spatially extensive analogue systems exist, such as
upwelling, naturally high CO, systems in the eastern tropical Pacific and southern Oman. The
advantages here are similar, but with different caveats. Mainly, the challenge presented by multiple
co-varying factors such as pCO,, temperature, and nutrients and their interactions, all of which are
known to influence the health of coral reef organisms and ecosystems (e.g., Kleypas et al., 1999). For
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this reason, it is difficult, if not impossible, to resolve the influence of high pCO, from that of low
temperature or elevated nutrient levels because these conditions co-occur. Furthermore, the strength
of the analogy between upwelling systems today and the tropical oceans in a high CO, world is
debatable. Rising sea surface temperatures under global warming are projected to increase
stratification and reduce delivery of nutrients to the surface (e.g., Boyd and Doney, 2002). This
scenario is counter to that characterizing upwelling systems today which experience very high levels
of inorganic nutrients and, as a result, productivity that may offset, at least partially, the impact of
high pCO, on some physiological processes such as calcification (e.g., Holcomb et al., 2010).
Indeed, recent work suggests that for some species, coral growth in these upwelling regions may be
as fast or faster than that of their conspecifics in nearby higher saturation state, non-upwelling regions
(Manzello, 2010). Other factors influencing species composition and coral reef development include
biogeography (e.g., there is a gradational rather than abrupt attenuation of species diversity from the
Indo-Pacific center of biodiversity to the eastern Pacific; Veron, 1995) and processes involved in the
accretion, cementation, and bioerosion of biogenic and abiogenic CaCO;. For example, the well
developed Australian Great Barrier Reef system experiences some of the highest known CaCO;,
dissolution rates (Tribollet et al., 2008). Thus, low species diversity and poor reef development in the
eastern tropical Pacific might not be explicable solely in terms of naturally high pCO, conditions;
BOG participants concluded that the complexity of these systems must be considered if analogies are
drawn between them and coral reefs under ocean acidification.

Recommendation to the research community: The BOG participants suggested that the value of
analogue systems is that they provide — in a very general sense - insights into what is possible in a
high CO, world: the types of organisms that could be favored, the types of behaviors that could be
favored, the potential for adaptation. Further, comparing species living under chronic naturally high
CO, conditions with conspecifics living under ambient conditions provides a unique opportunity to
identify the specific combination of environmental conditions that enables normal physiological
functioning in a high CO, world (e.g., nutrients, turbidity, temperature) and through molecular or
experimental work, the possibility to identify acclimation and adaptation to high CO, conditions.

2. What are the advantages as well as pitfalls inherent in scaling up experimental and natural
responses to understanding change at the ecosystem level?

BOG participants stated that there are many advantages to small-scale, single organism laboratory-
based manipulation experiments. Manipulating one variable (e.g., aragonite saturation state, €,,,)
and experimenting with one species at a time enables accurate and unambiguous quantification of its
impact on organism physiology, without confounding effects of temperature and other environmental
parameters, and species interactions including predator-prey and intra-specific competition. For the
same reasons, BOG participants indicated that single organism single variable manipulations enable
identification of threshold responses (e.g., Ries et al., 2010; de Putron et al., 2010), to address
questions about the relative sensitivity of different life history stages and to identify critical life history
stages. These types of experiments also provide the best opportunities to investigate the mechanisms
by which ocean acidification influences organism physiology. However, as discussed in the BOG,
extrapolating results of single organism, single variable experiments to predicting ecosystem level
responses is challenging. Higher level ecosystem properties cannot be tested for in small scale
experiments yet may be critical in determining outcome. Species interactions cannot be tested and
the role of natural cycles in growth and reproduction are usually not considered due to the short
duration of such experiments. BOG participants discussed that mesocosm experiments can better
capture interactions and field based mesocosms (e.g., the Coral Proto - Free Ocean Carbon
Enrichment system (CP-FOCE), as described further in the abstract for Poster 13 in Annex 6 of this
Workshop Report) can effectively capture natural diurnal & seasonal variability in light, pCO,,
nutrients as well as cycles in growth and reproduction. Field-based mesocosms also have great
potential for long-term experimentation; however, they are generally expensive and labor-intensive
hence the statistical problem of replication. BOG participants discussed that, although larger in scale
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than single organism experiments or tank mesocosms, field based mesocosms are usually still too
small to capture some important components of ecosystem dynamics including larval supply,
recruitment and population connectivity.

Recommendation to the research community: The BOG’s participants indicated that a portfolio of
approaches from small scale, single organism experiments, through field-based mesocosms and
natural analogues will allow us to constrain sensitivities, identify thresholds, and investigate
physiological mechanisms and how they’re affected by multiple, co-varying environmental variables,
species interactions, and cycles in growth and reproduction in an ecologically relevant setting.
Systematic investigations that involve i) small scale, single parameter experiments to provide the
initial framework for understanding and quantifying species-specific responses at all life history stages
should be followed by ii) small scale multi-parameter experiments to identify interactions amongst
physico-chemical variables e.g., temperature and Q,,,; and iii) larger-scale field-based mesocosms to
test hypotheses formulated in the lab and to investigate organism responses in a relevant ecosystem
setting and over relevant time-scales. Finally, analogue sites provide unique opportunities to test
hypotheses in established ecosystems.

3. Does plasticity (physiological, behavioral, morphological) play a significant role in coping with
the warmer and more acidic oceans of today?

The BOG’s conclusion: probably yes. Many organisms exhibit plasticity in response to temperature
change, and BOG participants thought that it seems likely that some organisms will also exhibit
plasticity in response to ocean acidification. Decades of research on thermal acclimation
(acclimation is a type of plasticity) and adaptation tell us that species and populations living in
thermally variable environments, such as temperate ocean and intertidal zones, tend to exhibit a
greater capacity to cope with thermal challenge than species and populations from more thermally
stable environments. Organisms in some environments experience large fluctuations in pCO, on
tidal, diurnal and seasonal timescales, which suggests that some plasticity to respond to ocean
acidification is likely.

The BOG discussed that the capacity of physiological process to adjust will vary within and between
species and life stages depending on environmental variability currently experienced and in their
evolutionary history. Species from more variable environments are expected to exhibit more
plasticity. Plasticity might involve an energetic cost to the organism, which could be expressed as
reduced tissue growth, calcification, longevity, reproductive output, or behavioural changes.
However, costs of plasticity are poorly described for any environmental variable.

Recommendation to the research community: Some species naturally experience variable CO, and
pH environments, and BOG participants recommended that greater consideration should be given to
this fact when researchers design experiments, interpret results, and consider species’ plasticity and
potential to adapt. The BOG noted that affordable sensors and other in-situ methods for measuring
pCO, were becoming more available, making it easier to match natural environmental measurements
with experimental manipulations.

4. Is there evidence for genetic variability to influence how organisms and ecosystems respond to
ocean acidification?

The BOG’s conclusion: yes. BOG participants indicated that there is increasing evidence from
experimental studies of variation among species and among individuals in their responses to CO, and
acidification (e.g., Ries et al., 2010 and Munday et al., 2010). Some calcifying species, for example,
appear more tolerant to reduced Q,,, that others. Other experiments exhibit variation among
individuals in CO, treatments that overlaps with variation in controls. Variation among individuals
indicates potential for selection of more tolerant genotypes. Importantly, many marine species are
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highly fecund and spawn repeatedly; therefore a few tolerant breeding individuals could potentially
produce many tolerant offspring that might be favored in future populations, even among long-lived
species. The BOG also noted that most studies to date involve acute stressors, which may elicit
different response from chronic exposure to ocean acidification.

Recommendation to the research community: BOG participants recommended that researchers
should pay more attention to variation amongst individuals within a treatment, and not dismiss it as
experimental noise — it could be real and important adaptive genetic variability.

5. Are there examples from experimental manipulations that demonstrate potential for acclimation
to ocean acidification?

The BOG’s conclusion: yes. The BOG discussion indicated that, for example, bicarbonate ions
acquired from shell dissolution are thought to be used for the short-term regulation of extracellular
pH in many marine invertebrates. Spicer et al (2007) showed that this mechanism was used by the
crab Necora puber during a 14 day exposure to elevated CO,. However, Small et al. (2010) showed
that, in the same species, the surrounding seawater is used as an alternative source of bicarbonate
after longer-term exposure (30 days). This suggests an acclimation of the crab’s acid-base and
calcification physiology through time. Several other good examples of longer term capacity for
acclimation to ocean acidification were discussed by the BOG.

The BOG noted that some species only express plasticity to environmental change when juveniles
experience the new environment (called developmental acclimation) (e.g., Donelson et al., 2011).
Furthermore, acclimation can occur across generations as a result of parental effects (called
transgenerational acclimation). BOG participants suggested that this demonstrates the need for long
term experiments that allow the full range of plasticity to be expressed.

Recommendation to the research community: The BOG indicated that long term experiments that
rear organisms through their entire life, and across generations, are needed to allow the full potential
capacity for acclimation to ocean acidification to be expressed and explored.

6. Are there examples from experimental manipulations that demonstrate potential for adaptation
to ocean acidification?

Three studies that illustrate population- or strain-specific difference in response to ocean acidification
were discussed by the BOG. One of these unambiguously illustrated that adaptive genetic selection
to high CO, can occur. Fitness of the alga Chlamydomonas evolved when exposed to high CO, for
320 generations (Collins, 2010). Species with short generation times and large populations sizes, and
those from spatially and temporally variable environments, should have the greatest potential for
adaptation. Recent experimental evidence indicates that there is a correlation between physiological
plasticity and capacity to adapt, and this relationship could potentially be used to predict species
with better prospects for adaptation. The BOG indicated that whether species with longer generation
times have the capacity to evolve to keep pace with the rapid pace of change in ocean chemistry is
currently unknown.

7. Are there circumstances where organisms have adapted to spatial differences in ocean acidity?

The BOG’s conclusion: probably yes. The BOG discussed, for example, Antarctic krill embryos that
migrate vertically from 1,000 m depth to the surface, and experience a change in pCO, from ~600 to
300 ppm during development, which were shown to be completely tolerant of high CO, conditions
>1,000 ppm; however, embryo development was completely inhibited at 2,000 ppm CO,
(Kawaguchi et al., 2010). In another example, the BOG indicated that calcification by Porites species
in the eastern Pacific can be as high as that of conspecifics in the western Pacific despite low
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aragonite saturation states (Q,,,) in the eastern Pacific (Cohen, unpublished data). Further,
calcification by Pavona species across the eastern Pacific does not correlate with gradients in Q,,,
even though linear growth of branching Pocillopora does (Manzello, 2010). However, other factors
that covary with low Q,,, in the eastern Pacific, such as temperature and nutrient gradients, make it
difficult to assign reasons for why calcification is maintained by some species at these locations and
even to identify whether Q, .., temperature, nutrients, or combinations of these parameters, is the
primary driver of calcification/linear growth. The BOG noted increasing evidence that local
adaptation to other environmental parameters can occur in marine species, including species with
planktonic larval dispersal (Sanford and Kelly, 2011), and therefore the potential for local adaptation
to spatial variation in pCO,, pH, and Q should not be ignored. BOG participants indicated that local
adaptation is best tested using long-term, common-garden manipulation experiments. Good
candidates for this approach include corals and other organisms that experience a large natural range
of CO, within their geographic distributions.

8. Specific problems for adaptation

A number of specific problems and issues regarding the potential for rapid adaptation to ocean
acidification were discussed by the BOG. First, clear evidence for adaptation to ocean acidification is
very weak, although it must be recognized that few studies have been conducted to date. The rates of
change in ocean chemistry are very fast and whether adaptation can keep pace is unknown,
especially for organisms with long generation times, such as most coral species. Also, rapid selection
for one environmental factor (e.g., reduced pH) tends to reduce genetic variability, which might
potentially limit the capacity to adapt to other ecological stresses, such as ocean warming or
eutrophication. This makes it challenging to predict how species will cope with rapid changes in
multiple stressors.

The BOG noted that we have the tools for testing local adaptation and speed of selection, as
evidenced by research into thermal adaptation. Selection experiments and population genetic
approaches will be useful; however, we are missing basic information in most cases (e.g., population
size and recombination rates) to properly assess adaptation potential.
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Breakout Group II-1: Learning from the past and present to predict the future

Chair: Daniela Schmidt (University of Bristol, United Kingdom)
Rapporteur: Christoph Heinze (University of Bergen, Norway)

The summary that follows, written by the Chair and Rapporteur, characterizes the main points of the
discussion that took place during Breakout Group II-1 at the IPCC Workshop on Impacts of Ocean
Acidification on Marine Biology and Ecosystems. Participants in the Breakout Group considered a
series of questions focused on cross-cutting themes in ocean acidification research, which was
developed by the Scientific Steering Committee for the workshop.

Introduction to the topics discussed

Ocean chemistry has varied in the past, resulting in conditions that have had consequences for life
on Earth including fast turnovers of ecosystems and mass extinctions. Understanding these changes
and their influence on past organisms and ecosystems has the potential to help understand and
project future responses in ocean ecosystems. Relevant changes of past ocean chemistry occurred at
very different times — from past deep time at the Permo-Triassic boundary 251.4 Ma to historical
records from the past decades and centuries. In order to use evidence from past oceans for predicting
the impact of ongoing and further evolving anthropogenic ocean acidification, one has to keep in
mind the different time scales and forcings of the processes, the different amplitudes of the changes,
uncertainties in the paleoceanographic proxies, and the overall different environmental conditions as
compared to the present and expected near future.

On the other hand, the Earth system as such provides the possibility to assess acclimation,
evolutionary adaptation, and ecosystem changes -- processes difficult or impossible to study in
idealized modern laboratory studies or mesocosm-experiments which are by nature short lived shock
experiments and highly influenced by the measurement set-up and techniques.

As an overall outcome of the discussion in this BOG we can state the following key issues:

1. There is no perfect past analogue for the human-induced ocean acidification. This is information
of crucial importance: It sets the uniqueness of the anthropogenic perturbation in the correct
perspective.

2. There are no relevant high rate of change, low pH events documented by high resolution
sedimentary records.

3. For the Holocene, high resolution records are available, but the rates of pCO,/pH change during
all of the past 10,000 years are small as compared to modern ocean acidification.

4. Nevertheless, past changes in pCO,/pH/carbonate saturation may be used as calibration points
for predictive models, though these calibration points would be located fairly far away from
present day conditions.

The discussion was developed around a set of questions provided by the Scientific Steering
Committee, and this report also follows that format.

1. What can be learned from palaeontological perspectives?

Past changes in ocean chemistry differ considerably in character, timing, and strength. It is, therefore,
practical to consider relevant events or periods in time, which have the potential to provide us with
information on ocean acidification impacts. We list those in Table 1 starting with the oldest first.
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Table 1: Evidence for ocean chemistry changes from the palaeontological record.

Event, Time Period Age Potentially Supporting Evidence Disadvantages
Permian/Triassic 251 Ma ¢ 92% of species went extinct, * No pH or saturation state
boundary paleo-physiology agrees with reconstruction
ocean acidification as a possible
extinction mechanism
Cretaceous/Paleogene 65 Ma * Possibly fastest perturbation of » No good analogue as attribution
boundary surface chemistry will likely be impossible
* Several 10 Ma recovery times for * Too many other stressors to
diversity/community structures identify acidification signal
Paleocene Eocene 55 Ma * Large changes in carbonate * Attribution difficult: temperature,
Thermal Maximum compensation depth ocean acidification, nutrient
(PETM) » Extinction in the deep sea inventories, hydrological cycle,
* After models strong sea surface circulation, weathering
carbonate saturation state * Duration of onset of PETM unclear
variations unlikely by a couple of 1000 years
* High resolution records * Large error bars on rates of change
potentially feasible
» “Good” global coverage of cores
(order of 20 cores)
Pliocene 3 Ma * Quasi-analog for warm world (ca ¢ No rapid approach to 400 ppm
400 ppm) level
* Boron isotopes and excess partial ¢ Not of great use for ocean
pressure of CO, (epCO,) acidification
reconstructions * Attribution problem: ocean
acidification vs. changes in
circulation, temperature and O,
Glacial/Interglacial LGM * Good data coverage » Small and slow change led to
cycles 20 kyr BP + CaCO; Lysocline, CCD acclimation or migration of

Holocene: change now
much larger than during until pre-
past 10,000 years industrial

Boron isotopes, €,, pCO,

Some evidence for change in
surface mean pH with limited
time resolution available (useful
for pelagial)

10 kyr BP » High resolution cores available

* Very good data constraints

species (100 ppm in a few
thousand years)

No hard evidence for shelf
environments yet available for pH.
Attribution problem: pH changes
vs. changes in circulation,
temperature and nutrient cycles.

Rates of pCO,/pH change are
small

2. What are the observational uncertainties from the paleo-record?

The BOG discussed that, concerning pH reconstructions for the open ocean, the glacial/interglacial
precision using boron isotopes is about 0.05 pH units (i.e., half of the anthropogenic signal so far).
The time resolution is generally low except for a few Holocene records. There is hardly any useable
evidence for higher trophic levels available for ocean acidification studies from sedimentary records
as these rarely contain proxies for macrofossils, though fish scales may be found. The BOG noted that
recent high resolution records on pH from microfossils or corals are useful for putting the human
induced changes into an Earth system perspective: these changes stand out as extreme on the natural

background.
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3. Can evolutionary models help inform an understanding of past changes, and help project future
changes?

The BOG discussed that, based on evidence from the paleo-record, evolutionary concepts are around
for only few species. So far, no integrated evolutionary predictive concept for ecosystems is available.
There are hints that a higher degree of specialisation hampers the ability to adjust to changing
environmental conditions.

The BOG noted that, so far, the paleo-record does not give any conclusive answer to the question of
how many generations complex organisms need to be able to adapt during perturbation. Here studies
from actually newly forming environments, such as, e.g., rapid species evolution as observed in
African rift lakes, may help.

Experiments are often not performed on species which can be found in the geological record thereby
reducing possible synergies.

Recommendations to the research community

From the discussion in the BOG, a few concrete suggestions for further paleoceanographic studies
evolved:

1. There is evidence that certain species survived the PETM event. Studying the physiology of the
species that lived during the PETM which still exist today may provide insight into the
mechanisms that allowed adaptation. These species should be added to mesoscsom as well as
laboratory studies on the impact of pH change/CaCO; saturation in order to observe their
behaviour concerning resilience as compared to other species.

2. Paleontologists and paleoceanographers should explore whether there is any evidence for
foodweb dynamic changes/higher trophic levels/ecosystem levels from the paleo-record.

3. Researchers should try to establish a geologic record for physiology: Can we deduce a trend of
biotic reaction to acidification for the past 50-100/200 years? Coral species that can live longer
than 100 years could be a suitable study object for stable isotope analysis (on the living
organism). Alternatively, historical collections available since the end of the 19th century could
be used for samples. Research could aim to use the international network to assess the availability
of these collections.

4. Modelling: So far generally, ocean acidification studies using global general circulation models
do not allow any assessment for coastal regions. Modellers should discuss whether regional
models could help here, especially for time slice computations. Upcoming CMIP5' last
millennium runs with global GCMs can help to provide an open ocean baseline for the
Holocene, the LGM, and the climatic optimum at 6 kyr BP. A long term aim is attribution of
environmental factors to past perturbations to de-convolve the abiotic stressor.

" http://cmip-pcmdi.lInl.gov/cmip5/
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Breakout Group 11-2: Understanding the roles of multiple stressors

Chair: Peter Haugan (University of Bergen, Norway)
Rapporteur: Gretchen Hofmann, University of California Santa Barbara, USA)

The summary that follows, written by the Chair and Rapporteur, characterizes the main points of the
discussion that took place during Breakout Group II-2 at the IPCC Workshop on Impacts of Ocean
Acidification on Marine Biology and Ecosystems. Participants in the Breakout Group considered a
series of questions focused on cross-cutting themes in ocean acidification research, which was
developed by the Scientific Steering Committee for the workshop.

Ocean acidification is one of many stressors relevant to ocean ecosystems. In almost all regions,
acidification is occurring in concert with changes in other key parameters such as temperature,
circulation patterns, nutrient concentrations, other forms of pollution, invasive species, and trophic
alterations associated with fishing. The nature and magnitude of the impacts from ocean acidification
on marine organisms and ecosystems may be different (exaggerated or modulated) when coupled
with these other changes. Furthermore, questions remain regarding the degree to which unexpected
or abrupt changes and regime shifts will occur and the degree to which ocean acidification might
affect when these thresholds would be surpassed. This BOG discussed the role of ocean acidification
in the context of other stressors, such as temperature, nutrients, disease, pollution, and fishing
pressure, taking into consideration the potential for abrupt changes and the role of complex system
feedbacks.

1. What do we know today about the way ocean acidification interacts with other stressors in the
marine environment?

Under what circumstances or sets of circumstances do combinations of stressors enhance or
modulate one another?

The BOG noted that this was a particularly broad question and considered the following:

» There was consensus in the BOG that listing stressors in an order (major-minor) would be
useful; factors listed by the BOG (not in any particular order) were changes in: temperature,
oxygen, freshwater and nutrient inputs from the land, ice melt, stratification, trace metals,
light, fishing, solar radiation, and ultraviolet radiation (UV).

 Although the BOG noted this to be a complex question, there were representative examples
that could have large effects in an ocean acidification context. For example, in nature,
variable nutrient levels (access to food) may interact with temperature and CO,. Here, it was
suggested that the BOG produce a table of examples from the literature where stressors have
interacted (see Table 1).

* The BOG noted that physical elements should also be considered. For example, changes in
upwelling could play a key role as well as an increase in the stratified areas of the ocean,
which could have a significant impact on local biology.

Are interactions between these variables and the carbon chemistry of seawater synergistic,
antagonistic or irrelevant?

The BOG noted there was a great deal of variation in the published literature depending upon
species and experimental conditions. A specific mention was made regarding the fact that this is a
multi-dimensional problem; further, the process under study would influence the interpretation of
what is important. For example, a particular stressor’s effect on fitness may be different than its effect
on spawning. There could be a range of responses across normal ambient exposure to the
environmental extremes. In addition, it was noted that knowledge of a species’ natural history, its
ambient conditions, and relative use of thermal ranges would be necessary. Finally, life history and
life history traits would matter when interpreting the outcome of multiple stressor studies on a single
species. (See Table 1.)
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Table 1: A non-comprehensive listing of illustrative examples of multiple stressor studies.

Stressors Organism

Temperature and ocean acidification Reef fishes (Munday et al., 2009)
Pteropods (Comeau et al., 2010)
Phytoplankton (Feng et al., 2009)
Urchins (Brennand et al., 2010; Byrne et al., 2009; O’Donnell et al., 2009)
Kelp (Connell and Russell, 2010)
Coccoliths (De Bodt et al., 2010)
Barnacles (Findlay et al., 2010)
Oysters (Lannig et al., 2010; Parker et al., 2009)
Sea stars (Gooding et al., 2009)
Cuttlefish (Lacoue Labarthe et al., 2009)
Phytoplankton (Feng et al., 2009; Rose et al., 2009)
Corraline algae (Martin et al., 2009; Anthony et al., 2008)
Gastropods (Melatunin, et al., 2009)
Bryozoans (Rodolfo-Metalpa et al., 2010)
Crabs (Walther et al., 2009, 2010)
Brittle stars (Wood et al., 2010)
Corals (Rodolfo-Metalpa et al., 2010b; Reynaud et al., 2003; Anthony et al., 2008)

Nutrients and ocean acidification Coral (Holcomb et al., 2010; Silverman et al., 2007)
Subtidal algae (Russell et al., 2009)
Phytoplankton (Hopkinson et al., 2010)
Dinoflagellates (Fu et al., 2010)

UV/Light and ocean acidification Phytoplankton (Wu et al., 2010; Gao et al., 2009)
Corraline algae (Gao et al., 2010)
Cyanobacteria (Kranz et al., 2010)

Oxygen and ocean acidification Squid (Rosa and Seibel, 2008)

Ice melt and ocean acidification Arctic Ocean organisms (Yamamoto-Kawai et al., 2009)

Progressive versus threshold responses: Are abrupt changes expected?

The BOG’s conclusion: probably. The BOG discussed that some examples of abrupt changes have
been seen already with (1) abrupt changes in fish behaviour (Munday et al., 2010) and (2) losses in
oyster aquaculture on the US West coast (in the states of Oregon and Washington) where sudden
drops in production may be linked to low carbonate, corrosive water entering major hatcheries (Feely
et al., 2010).

Can we associate regime shifts with ocean acidification scenarios (future)?

The BOG’s conclusion: yes. The BOG noted that regime shifts are expected in response to future
ocean acidification scenarios, but presently there are not many examples that meet the criteria for a
direct causal relationship. The BOG noted the following potential directions for research:

» Naturally occurring oceanographic changes can drive ecosystem regime shifts; for example,
North Pacific Pacific Decadal Oscillation shifts have been shown to alter sardine and
anchovy distributions (Chavez et al., 2003). Researchers could consider the potential for
regime shifts as a result of ocean acidification in the future.

* Opyster hatcheries and other coastal aquaculture activities may be the best option for
exploring the effects of altered carbonate chemistry.
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»  While much work has been undertaken on warm water corals, the effects on and
consequences of loss of cold water corals could be further explored.

» CO, vents show strong shifts in distribution. These natural observations support that ocean
acidification shifts could occur. Studies of such systems, with their strong CO, gradients,
could be undertaken.

« Time-series locations (e.g., Hawaii Ocean Time-series (HOT) Program', Bermuda Atlantic
Time-series Study (BATS)?, European Station for Time Series in the Ocean (ESTOC)’) provide
valuable opportunities where we should attempt to explore possible links between CO,
changes and shifts in ecology or biology.

Are there certain groups of organisms (ecosystem engineers, primary producers, predators) or
certain types of ecosystems more likely to show amplification of ocean-acidification-induced effects
through synergistic interactions of multiple stressors?

The BOG’s consensus was generally: yes. Groups that were highlighted, without comprehensive
consideration, include:

* Deep sea ecosystems (here, specifically, cold water corals)
» Coralline algae in tropical and temperature ecosystems

» Tropical stony corals

» Coccolithophores

2. How can the roles of multiple stressors be untangled using in situ observations of real
ecosystems?

The BOG had suggestions but acknowledged this would be a difficult task. This challenge would be
greatly aided by resources and approaches as follows:

* Good time series data

» Effective use of multivariate analysis

» Better use of modelling — stronger linkage of experimental approach with modelling
* Networks of experiments

» The use of examples in other ecosystems (e.g., terrestrial investigations)

3. How do we resolve the relative importance of multiple co-varying factors — solar radiation, water
flow, temperature, nutrients, food availability, carbonate saturation, pH, community composition —
on organism and ecosystem function in the field?

The BOG noted that free-ocean carbon dioxide enrichment (FOCE) approaches are perhaps best
here: learning more about how FOCE experimenters balance these elements was considered to be an
option that could be more carefully explored. One confounding issue to pay attention to was that of
interpretation of complex multiple stressor experiments. For example, phytoplankton cells experience
changes even during a daily cycle in physical (solar PAR and UV, temperature, stratification) and
chemical (changes in nutrients, CO, and acidity) conditions.

Notably, in these types of experiments, what is the driver? This becomes difficult to determine
because many factors are changing at once and they may interact non-linearly. It was suggested to
pair FOCE experiments with much more tightly controlled lab experiments and systematic
manipulations of covarying factors.

! http://hahana.soest.hawaii.edu/hot/hot.html
* http://bats.bios.edu/
? http://www.estoc.es/
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4. What experiments, observations and modelling are needed to improve our understanding of how
ocean acidification will interact with other stressors in marine ecosystems? What parameters not
considered “stressors” under ambient conditions could behave as stressors under elevated CO,?

The following were listed as experiments and experimental approaches that are needed:

* FOCE systems in more critically threatened habitats (known locations for ocean acidification
FOCE experiments are currently deep-sea (Monterey Bay Aquarium Research Institute
(MBARI)* and Heron Island® experiments)

» Multifactor experiments in the lab and in the field, including studies that examine more than
just pairwise interactions.

* The inclusion of comparative approaches.

* Observations: Long-term observatories should be supported and ensure that these include
physical, chemical, and biological measurements

* Integrated approach for modelling: Modelling needs to be planned alongside experiments
and observations.

* Models that predict the evolution of multiple stressors (ocean acidification, temperature,
eutrophication, pollutants, fishing, etc.), along with models that integrate the effects of
multiple stressors on individuals, species and communities are needed.

Parameters that are not considered stressors under ambient conditions but that may behave as
stressors under elevated CO, were listed by the BOG: temperature, mixing patterns, oxygen, and the
ratio of CO, and O,. The BOG noted that the ratio of partial pressure of each gas, food availability,
changes in bioavailability of metals, and UV and high levels of PAR can become stressful as CO,
increases.

Recommendations from BOG I1-2 to research community
Ocean acidification version of the ‘Burning Embers’ diagram. This product could:
* Address/indicate whether there are thresholds
» Highlight interactions of ocean acidification with other factors
» Highlight penetration of factors into the food web, reaching out to food security
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