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} EMERGING THEMES IN OCEAN ACIDIFICATION SCIENCE

Getting Ocean Acidification on
Decision Makers’ To-Do Lists

Dissecting the Process Through Case Studies

By Sarah R. Cooley, ABSTRACT. Much of the detailed, incremental knowledge being generated by
Elizabeth B. Jewett, current scientific research on ocean acidification (OA) does not directly address the
Julie Reichert, Lisa Robbins, needs of decision makers, who are asking broad questions such as: Where will OA

; ’ I 2 : ?
A e S BT harm marine resources next? When will this happen? Who will be affected? And how

. much will it cost? In this review, we use a series of mainly US-based case studies to
and Stephen B. Weisberg . ) . .
explore the needs of local to international-scale groups that are making decisions to
address OA concerns. Decisions concerning OA have been made most naturally and
easily when information needs were clearly defined and closely aligned with science
outputs and initiatives. For decisions requiring more complex information, the process
slows dramatically. Decision making about OA is greatly aided (1) when a mixture of
specialists participates, including scientists, resource users and managers, and policy
and law makers; (2) when goals can be clearly agreed upon at the beginning of the
process; (3) when mixed groups of specialists plan and create translational documents
explaining the likely outcomes of policy decisions on ecosystems and natural resources;
(4) when regional work on OA fits into an existing set of priorities concerning climate

or water quality; and (5) when decision making can be reviewed and enhanced.

On November 27, 2012, Washington State Governor Christine
Gregoire signs an executive order urging Washington State to e
accept the findings of the Washington State Blue Ribbon Panel ' I
on Ocean Acidification. Photo credit: Seattle Aquarium £ :



INTRODUCTION
Known as “a global problem with local
effects,” ocean acidification (OA) acts at
all scales, from multiple nations to indi-
vidual communities. Oceanic uptake
of atmospheric carbon dioxide (CO,)
released by fossil fuel burning causes
OA. Average global seawater acidity has
already increased by 26%, and business-
as-usual forecasts project much more
by the end of the century (IPCC, 2013).
By changing the acidity, CO, content,
and ionic balance of coastal seawater
(e.g., see detailed explanations in Gattuso
and Hansson, 2011), OA changes marine
organisms’ environments. Nearshore
where many economically and cultur-
ally valuable species live, other processes
enhance OA, such as nutrient pollution,
surface water runoff, or groundwater dis-
charge (Doney, 2010; Duarte et al., 2013).
OA slows the growth of many marine
organisms, particularly shellfish and
corals, and alters the behavior and sur-
vival of numerous species (Dixson et al.,
2010, 2015; Doney et al., 2012; Kroeker
etal.,2013). Ocean acidification has there-
fore been recognized as a potential threat
to many marine ecosystems and the ben-
efits they provide to human communities,
such as food, income, coastal protection,
and tourism opportunities (Cooley et al.,
2009). These negative effects warrant fac-
toring OA into natural resource manage-
ment and development plans.
Addressing OA is complex because
other major simultaneous global and
local changes also affect seawater and
marine ecosystems, including tem-
perature rise, reduction of dissolved
oxygen (e.g., Gruber 2011),
tion, and human disturbance (Doney,
2010; Duarte et al., 2013; Strong et al.,

2014). At times, these processes interact

pollu-

synergistically (e.g., Gobler et al., 2014);
indeed, in most environments, OA can-
not be considered alone.

Knowing the degree to which specific
human activities stress marine organ-
isms and communities is of prime impor-
tance for decision making. However,
much of the detailed, incremental knowl-
edge being generated by current scientific
research on OA does not directly address
bigger-picture questions from decision
makers such as: Where will OA harm
marine resources next? When will this
happen? Who will be affected? What will
the economic impact be? What intensifies
OA? Which actions will make the great-
est difference? These questions are suf-
ficiently urgent for many decision mak-
ers to begin to take action to offset risks
from OA, even though we do not yet have
a detailed understanding of effects on
marine resources and attribution to spe-
cific processes.

In this review, we explore the needs
of groups at different operational lev-
els of governance that are making deci-
sions to address OA concerns. Our anal-
ysis is complementary to Yates et al.
(2015, in this issue). We use the United
States as a primary source of case stud-
ies because this paper is the product of a
2013 US Ocean Acidification Principal
Investigators’ Meeting discussion group,
where most attendees were US scientists
and program managers. Coauthors from
the meeting offered case studies drawn
from their own expertise and involve-
ments encompassing local, regional,
national, and international scales. We
consider why each group is concerned
about OA, what resources or constit-
uents each group seeks to protect, and
how their goals affect their information
needs. We examine how availability of

appropriate information eases or compli-
cates the decision-making process, and
we explore how the flow of information
from providers to users can be improved.

DECISION-MAKING LANDSCAPE
Many organisms, particularly in cer-
tain taxa, respond negatively to OA
(Kroeker et al., 2013), but little infor-
mation exists on how these responses
will play out at population and ecosys-
tem levels (Andersson et al., 2015, in this
issue). Recent reviews (e.g., Pfister et al.,
2014; Gaylord et al., 2015) describe likely
ecosystem-scale responses to OA based
on ecological theory and ecosystem
responses to other environmental distur-
bances. However, these analyses still do
not provide specific information that can
be directly incorporated into most cur-
rent coastal resource management efforts
even though these efforts are shifting to an
ecosystem-based management perspec-
tive in which interactions among organ-
isms and populations are also considered.
In an ideal world, the rate of acidification
in a particular waterway could be forecast
(taking into account atmospheric, nutri-
ent, and freshwater inflow contributions),
the consequences to specific marine pop-
ulations and the their ecosystems could
be predicted with a high level of cer-
tainty, and local fisheries, land use, and
other marine resource planners could use
this information to adopt practices that
would preserve ecosystem resilience and
the marine resources important to the
local human communities. Without that
kind of end-to-end information, decision
making about OA must proceed in an
environment of uncertainty (Busch et al,,
2015, in this issue).

Information that contributes to deci-
sions comes from a variety of sources
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(Figure 1). Research conducted by aca-
demic, government, or industry sci-
entists provides a large portion of the
basic information (Figure 1, column 2)
that supports current decision making
around research fund allocation, eco-
system consequences of OA, and detect-
ing and monitoring OA. Major users of
this basic information include other sci-
entists, coordinating bodies', boundary
organizations’, interagency organizations
(inter- and intragovernmental), and rule-
or lawmakers. The appetite for synthe-
sized information (Figure 1, column 3)
is somewhat broader, because in addi-
tion to the users mentioned above, non-
governmental organizations (NGOs) and
media also seek it. Many of these groups
also distill basic research and synthe-
sized information into concise messages
(Figure 1, column 4), which are in turn
used by rule makers, students, industry,
and the public.

Decisions being made about OA range
from local to international scales and

span a range of topics. Research funding
continues to be allocated by public and
private organizations that are all seek-
ing to fund the best new scientific ideas.
Depending on the aims of the funders,
research is chosen that will (1) advance
the frontiers of knowledge most quickly,
(2) shed light on the economic and/
or ecosystem repercussions of OA,
(3) develop methods for detecting, oft-
setting, or overcoming OA, and (4) rank
OA relative to other issues. To date, con-
crete and causally linked policy decisions
regarding OA have been scarce. Recently,
several US states have begun making deci-
sions about steps to take beyond research.
National agencies are beginning to deter-
mine how to set policies that could help
reduce OA and its effects on important
natural resources. International organi-
zations such as the Arctic Council and
the Intergovernmental Panel on Climate
Change (IPCC) are considering how
OA and its impacts relate to greater pol-
icy questions about CO, emissions,

global change, and human development.
Examples of each are reviewed in the
case studies below.

It is clear that decisions that have
already been made have occurred most
naturally and easily when information
needs were clearly defined and closely
aligned with science outputs and ini-
tiatives (Table 1). In other words, infor-
mation being “pushed” from those who
generated it (i.e., bottom up) lined up
directly with the “pull” for informa-
tion from those who needed it (i.e., top
down). However, it should be noted that
these periods when push lines up with
pull always followed a period when infor-
mation was just being pushed by scien-
tists. When information needs are more
complex and require synthesized, com-
prehensive insight into OA’s impacts on
ecosystems or human communities, or
on how acidification and other environ-
mental changes interact, decisions are
made more slowly. Generally, informa-
tion being pushed does not completely

" Numerous scientific coordinating bodies exist to help scientists working on similar topics interact, export distilled scientific messages to information
users, and provide feedback to decision makers about science findings and new directions. See, for example, http://www.us-ocb.org and http://www.

iaea.org/ocean-acidification.

2 Boundary organizations are groups that convene researchers, decision makers, and stakeholders to facilitate the application of scientific knowl-
edge to policy-relevant problems. They promote communication, identify knowledge gaps, and help scope collaborative activities among participating
groups. See also http://www.hks.harvard.edu/gea/pubs/hurul.pdf.
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TABLE 1. Major questions being asked by decision makers (left column) with examples of information needed at different scales (top row).
Italicized entries indicate areas where scientific studies are generating reliable answers. When information with a high degree of confidence
is available to answer all four questions, decision making seems to proceed more rapidly (e.g., Washington State process, West Coast Ocean

Acidification and Hypoxia panel). The bottom row suggests confounding factors that might prevent the implementation of particular actions

Local Regional National International
Individuals
Towns
Counties
Watersheds
States States
Regions

Countries

International organizations

Today, tomorrow

Today, Tomorrow

Today, tomorrow

Years Years
Decades Decades Decades
My hatchery’s stock
My fishery Estuaries

Iconic species

What
resource?

Major taxonomic categories

Major taxonomic categories
(e.g., coral reefs, commercial
fisheries, shellfish aquaculture)

National food security

Global food security

Ecosystems

Large marine ecosystems

Large marine ecosystems

Ecosystem services
(e.g., food, shoreline
protection, economic

livelihood)

Ecosystem services

Ecosystem services

Ecosystem services

Local monitoring

Timing activities
(such as when to plant
out oyster seed)

Choose target species

Choose target species

Adding buffer, such as oyster

e shell, to local watersheds

available?

Fishery Harvest Management

Fishery Harvest Management

Fishery Harvest Management

Address co-stressors
(e.g., pollution, disturbance,
harvests)

Address co-stressors
(e.g., pollution, disturbance,
harvests, temperature,
deoxygenation)

Address co-stressors
(e.g., pollution, disturbance,
harvests, temperature,
deoxygenation)

Cut CO, emissions

Cut CO, emissions

Possible

Expertise, money,

confounding more urgent priorities

factors

Scientific uncertainty,

other environmental stressors,

lack of functional regional

decision making bodies,
money

Scientific uncertainty,

other environmental stressors,

lack of political leadership,
money

More urgent priorities
(e.g., political/economic/health
crises, geopolitics, climate
negotiations’ latency periods)
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line up with pulls requesting these com-
plex products. Although this is not wholly
unexpected, it is useful to consider the
current state of decision making on OA
to locate the information gaps that can be
closed soonest and to identify the types of
information that are most useful for each
type of decision maker.

CASE STUDIES

Decision-relevant information on OA has
been sought in several instances to date.
Here, we present case studies that illus-
trate who sought information about OA,
what sort of data was needed, and for
what purpose, as well as how the infor-
mation gathering and any subsequent
decision-making process occurred. Most
case studies do not fall entirely into a
purely bottom-up or top-down situation
and are a combination of both. Many of
the case studies reviewed here demon-
strate instances where bottom-up provi-
sion of data, or “pushed” information, has
contributed to decision-making progress
and where top-down requests for data, or
“pulled” information, have generally fol-
lowed. The case studies presented range
from local to international scales.

Local Scale:

The Local Network Model

Starting in 2005, hatcheries in Oregon
and Washington began experiencing
a four-year period of massive mortal-
ity of Pacific oyster larvae that could
not be explained by disease, contamina-
tion, or other problems previously expe-
rienced by the hatcheries (Barton, et al.
2012, and 2015, in this issue). Around
the same time, several high-impact scien-
tific papers were published showing that
oceanic uptake of atmospheric CO, was
changing the ocean’s acid-base balance
and had the potential to harm marine
zooplankton (Feely et al., 2004; Sabine
et al., 2004; Orr et al., 2005). Hatchery
scientists teamed up with local ocean-
ographers to uncover the cause of the
mass mortality. They discovered that
wind-driven coastal upwelling was bring-
ing water made corrosive (and likely
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dissolving shells) by anthropogenic CO,
into hatchery intakes (Feely et al., 2008;
Barton et al, 2012, and 2015, in this
issue). A regional workshop, organized
by the Southern California Coastal Water
Research Project Authority (SCCWRP),
in partnership with the four West Coast
National Oceanic and Atmospheric
Administration (NOAA) Sea Grant pro-
grams, brought together representa-
tives from the shellfish industry, decision
makers, and researchers to increase col-
lective understanding of OA effects on
the nearshore environment (SCCWRP,
2010). The resultant group, the California
Current Acidification Network (C-CAN),
has since expanded to include other
environ-

ocean-dependent industries,

mental advocacy groups, regulatory
agencies, and tribal groups (McLaughlin
et al., 2015, in this issue). (Note: Websites
for many of the agencies, organizations,
and other entities mentioned in this arti-
cle are listed in Box 1.)

C-CAN has been transformative at
two levels. First, it changed the OA infor-
mation transfer dynamic. The initial
C-CAN workshop was held in response
to a special request, or information pull,
from a nontraditional audience—the
shellfish industry. Members of the indus-
try had suspected their recruitment fail-
ures stemmed from acidification issues,
but they needed scientific input as to
whether their hypothesis was valid. This
was initially addressed through inter-
actions with individual scientists collab-
orating with a few individual hatchery
facilities, but the effort blossomed into
a larger conversation and consensus-
building exercise through C-CAN. The
scientific consensus formed through
the C-CAN network—that
graphic processes were endangering

oceano-

the industry’s revenue—also changed
the nature of the conversation. Business
people were able to effectively com-
municate that a problem existed, that
the science was agreed upon, and that
action was required.

C-CAN was also transformative in
changing the spatial scale of interest.

Until the network came together, most
OA research on the US West Coast was
focused on the ocean and examining
the effects of global atmospheric inputs.
Interaction with industry led to wider
recognition of science issues taking place
much closer to shore, and even within
estuaries, that have fundamentally dif-
ferent drivers (e.g., tides, freshwater
inputs), which were not being addressed
by offshore floats and moorings.
Simultaneously, decisions were needed
at the local spatial scale, such as how to
manage water intake at a hatchery or how
to regulate nearshore nutrient discharges
(Strong et al., 2014). These decision mak-
ers were fundamentally different enti-
ties, with fundamentally different science
questions, than the groups interacting
previously with West Coast OA scientists
on atmospheric CO, cycling questions.
The Washington State Blue Ribbon Panel
on Ocean Acidification (hereafter, the
Blue Ribbon Panel), described below,
effectively built on this transition to
frame the local management questions
and help redefine the science needs that
are presently driving West Coast OA sci-
entists. Other regions, like the Northeast
United States, are also following this suc-
cessful local network model (Gledhill
et al., 2015, in this issue).

State Level

Washington State

While knowledge and energy increased
in the C-CAN network, energy was also
building in Washington State. Vocal
industry leaders explained OA impacts
on local oysters from an economic per-
spective (Kelly et al,, 2014), highlight-
ing Washington State’s large oyster indus-
try, which supports more than 3,200 jobs
and has an annual economic impact of
$270 million (Washington State Blue
Ribbon Panel on Ocean Acidification,
2012). In addition, congressional hear-
ings on OA in 2004 and a progres-
sive governor (Christine Gregoire) led
to the February 2012 creation of the
Washington State Blue Ribbon Panel
on Ocean Acidification. This panel was



part of the Washington State Shellfish
Initiative, itself a regional component of
the NOAA National Shellfish Initiative,
which promotes and facilitates develop-
ment of shellfish aquaculture opportuni-
ties in the United States.

The Blue Ribbon Panel was the first
state-based entity addressing OA. It
included biologists and chemical ocean-
ographers from federal, state, and aca-
demic institutions; federal and state pol-

icy makers; and NGO representatives.

The governor charged the panel to review
and summarize the current state of sci-
entific knowledge about OA, identify the
research and monitoring needed, develop
recommendations to respond to OA and
reduce its causes and effects, and identify
opportunities to improve coordination
and partnerships to enhance public edu-
cation about OA.

The panel ultimately provided
42 recommended actions (Washington
State Blue Ribbon Panel on Ocean

Acidification, 2012). The
focused on understanding OA effects in

actions

Washington waters and co-occurrence
of OA with other environmental issues,
largely through establishment of the
Washington OA Center (WOAC).
Funding WOAC extended the inten-
sity of the OA research endeavor in the
state and enhanced the state’s ability to
aid industry. Another recommenda-
tion was to establish a Marine Resource
Advisory Committee (MRAC), with
similar members as the original Blue
Ribbon Panel, to sustain attention on OA
in the state legislature and act as a con-
duit for newly emerging scientific infor-
mation. The MRAC was enacted in 2013
by Washington’s legislature and has been
evaluating options for mitigating the
impacts of OA within Washington State
waters. Unfortunately, options are lim-
ited and expensive, so funding has been
directed so far toward core research and
monitoring activities.

The Blue Ribbon Panel and its out-
puts are widely regarded as a success and
a model for other state actions on OA.
Because of the mixed expertise of the pan-
elists, clear communication was a corner-
stone of the process. Science experts on
the panel had to present detailed research
findings clearly, and policymakers had to
efficiently connect existing information
with policy needs. Along with the panel’s
commitment to conducting a fully trans-
parent process, this greatly streamlined
efforts to educate nonspecialists and the
public on the issue. Moreover, the high
level of existing knowledge about local
OA drivers, the region’s baseline acid-
ity, and OAs demonstrated measurable
impacts on a valuable natural resource
gave the Blue Ribbon Panel a clear start-
ing point. Established committees and
trusted organizations like the WOAC and
MRAC that resulted from this process
are integrating OA into long-term state
resource management plans.

Box 1. List of websites for many of the agencies, organizations,

and other entities mentioned in this article.

Biological Impacts of Ocean Acidification (BIOACID; Germany)
http://www.bioacid.de

California Current Acidification Network (C-CAN)
http://c-can.msi.ucsb.edu

California Ocean Science Trust
http://calost.org/science-advising/
?page=ocean-acidification-and-hypoxia-panel

European Project on OCean Acidification (EPOCA)
http://www.epoca-project.eu

Kiruna Declaration
http://www.arctic-council.org/index.php/en/document-archive/
category/425-main-documents-from-kiruna-ministerial-meeting?
download=1757:kiruna-declaration-final-signed-version

Marine Resource Advisory Committee (MRAC)
http://www.ecy.wa.gov/water/marine/oceanacidification.html

Mediterranean Sea Acidification in a Changing Climate
Project (MedSeA)
http://medsea-project.eu

NOAA National Shellfish Initiative
http://www.nmfs.noaa.gov/aquaculture/policy/
shellfish_initiative_homepage.html

Northeast Coastal Acidification Network (NECAN)
http://www.neracoos.org/necan

Ocean Acidification International Coordination Centre (OA-ICC)
http://www.iaea.org/ocean-acidification

Ocean Acidification International Reference User Group (OAIRUG)
http://www.iaea.org/ocean-acidification/page.php?page=2221

Ocean Acidification Research Programme (UKOA; United Kingdom)
http://www.oceanacidification.org.uk

Southern California Coastal Water Research Project
Authority (SCCWRP)
http://www.sccwrp.org/Homepage.aspx

Surface Ocean Lower Atmosphere Study-Integrated Marine
Biogeochemistry and Ecosystem Research Ocean Acidification
Working Group
http://www.imber.info/index.php/Science/Working-Groups/
SOLAS-IMBER-Carbon/Subgroup-3

Washington OA Center (WOAC)
http://coenv.washington.edu/research/major-initiatives/
ocean-acidification

Washington State Blue Ribbon Panel on Ocean Acidification
http://www.ecy.wa.gov/water/marine/oa/2012panel.html

West Coast Ocean Acidification and Hypoxia Panel
http://westcoastoah.org


http://www.bioacid.de
http://c-can.msi.ucsb.edu/
http://calost.org/science-advising/?page=ocean-acidification-and-hypoxia-panel
http://calost.org/science-advising/?page=ocean-acidification-and-hypoxia-panel
http://www.epoca-project.eu/
http://www.arctic-council.org/index.php/en/document-archive/category/425-main-documents-from-kiruna-ministerial-meeting?download=1757:kiruna-declaration-final-signed-version
http://www.arctic-council.org/index.php/en/document-archive/category/425-main-documents-from-kiruna-ministerial-meeting?download=1757:kiruna-declaration-final-signed-version
http://www.arctic-council.org/index.php/en/document-archive/category/425-main-documents-from-kiruna-ministerial-meeting?download=1757:kiruna-declaration-final-signed-version
http://www.ecy.wa.gov/water/marine/oceanacidification.html
http://medsea-project.eu
http://www.nmfs.noaa.gov/aquaculture/policy/shellfish_initiative_homepage.html
http://www.nmfs.noaa.gov/aquaculture/policy/shellfish_initiative_homepage.html
http://www.neracoos.org/necan
http://www.iaea.org/ocean-acidification
http://www.iaea.org/ocean-acidification/page.php?page=2221
http://www.oceanacidification.org.uk
http://www.sccwrp.org/Homepage.aspx
http://www.imber.info/index.php/Science/Working-Groups/SOLAS-IMBER-Carbon/Subgroup-3
http://www.imber.info/index.php/Science/Working-Groups/SOLAS-IMBER-Carbon/Subgroup-3
http://coenv.washington.edu/research/major-initiatives/ocean-acidification/
http://coenv.washington.edu/research/major-initiatives/ocean-acidification/
http://www.ecy.wa.gov/water/marine/oa/2012panel.html
http://westcoastoah.org/

Maine

Recent conditions consistent with
OA recorded by scientists and shell-
fish growers in Maine also led to state
action. Oceanographic surveys made in
2007 showed acidified water in the Gulf
of Maine compared to waters further
south (Salisbury et al., 2008; Wang et al.,
2013), shellfish growers found that acid-
ified “dead muds” were killing young
clams (Green et al., 2009), and one Maine
shellfish hatchery owner noted much
higher mortality of larvae over the past
five to six years in tandem with lower
pH (Bill Mook, Mook Sea Farms, pers.
comm., April 10, 2014). The Northeast
Coastal Acidification Network (NECAN;
Gledhill et al., 2015, in this issue), formed
and led by regional scientists and fed-
eral and state managers, began to synthe-
size regional scientific OA information
in January 2013. Partly due to NECAN’s
and various other NGOs scientific and
community building activities, and partly
to Maine communities’ heavy reliance
on marine resources, Maine’s legislature
established a commission to study the
effects of OA on commercial shellfisheries
in the Gulf of Maine, identify informa-
tion gaps, and figure out what steps must
be taken to protect state fisheries. The
commission’s approaches of incorporat-
ing diverse expertise and reviewing the
state of the science, in partnership with
NECAN, are two examples of how this
process has adopted the most successful
aspects of the Washington State process.
The final report offers recommendations
aligned with Maine’s long-term interests
in sustaining marine harvests and healthy
marine ecosystems (Johnson et al., 2014).
Four state bills have since been proposed
to cut nutrient pollution from farms and
septic systems and to support OA research
and coordination in Maine (Moretto and
Bangor Daily News Staff, 2015).

Cross-Border Level West Coast
States and Provinces

California convened an OA and Hypoxia
Science Panel (the OAH Panel) in 2013,
but given that OA extends beyond state
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and national boundaries, it was expanded
into the West Coast OAH Panel, includ-
ing the governments of Oregon,
Washington, and British Columbia. The
OAH Panel is charged with synthesiz-
ing and translating knowledge for deci-
sion makers. It focused its initial atten-
tion on three topic areas (synthesized
information as in Figure 1, column 2):
(1) a description of the current deci-
sions made by West Coast managers
and the science products needed to sup-
port those decisions (Boehm et al., 2015,
in this issue), (2) a summary of exist-
ing scientific information on the inter-
acting impacts of hypoxia, ocean acidi-
fication, and changes in temperature on
the physiology of West Coast species,
and (3) a state-of-the-science summary
about how physiological effects will likely
drive population and community effects.

The panel subsequently turned to
synthesizing those documents, primar-
ily written for a scientific audience, into
translational products that target a man-
agement and policy audience in order
to support decisions made at both local
and regional levels (synthesized/distilled
information as in Figure 1, columns
2 and 3). These products will include
(1) a vision document describing out-
comes of a fully successful management
environment, (2) a review of the technical
efficacy of conducting a Clean Water Act
(CWA) section 303(d) OA listing for local
water bodies, (3) a research priorities plan
that will most effectively advance knowl-
edge to support decision making, and
(4) a concept sketch for region-wide mon-
itoring. The panel affirmed the value of
regional-scale management, recognizing
that the physical conditions driving West
Coast vulnerability were common along
the entire California Current System and
that species do not respect state bound-
aries. The panel recommended devel-
oping an integrated regional monitor-
ing program and modeling efforts that
span the region. With these recommen-
dations, the governors of the three West
Coast states and the Premier of British
Columbia acknowledge that OA is a

regional issue that they must address in a
coordinated fashion.

The OAH Panel incorporates several
key features of the successful Washington
State Blue Ribbon Panel that preceded
it. Like the Blue Ribbon Panel, the OAH
Panel has included a wide range of spe-
cialists from the beginning. Because
information users and producers were
engaged at the outset, the OAH Panel has
been able to develop a range of informa-
tion products that respond to the needs of
decision makers, as set out during previ-
ous rounds of decision making, and that
span the full range from peer-reviewed
science all the way to distilled messages
(Figure 1). Unique to the OAH Panel is
a boundary organization working along-
side it, the California Ocean Science
Trust, which arranges strategic oppor-
tunities for communicating OAH Panel
products. While the West Coast gover-
nors and the British Columbia premier
initiated the process as an informational
pull, the effectiveness will be largely
driven by Ocean Science Trust’s ability
to push the information when the panel’s
tenure is complete. The process has also
evolved over a long enough time frame
(almost two years) that the scientific com-
munity has had time to develop answers
to some decision-maker questions.

Regional to National Levels
Fisheries Management

The majority of the activity around
OA in fisheries consists of informa-
tion pushed by individual scientists who
work with specific species or habitats and
who are seeking to help stock assessment
groups successfully incorporate this
species-specific information into mod-
els. Decision making at NOA A’s National
Marine Fisheries Service (NMFS) does
not currently address OA, as environ-
mental data are not used to set catch lim-
its for marine harvests. Rather, the har-
vest limits for individual species are set
using models based on stock assess-
ments or on regular surveys that assess
and monitor stock size, location, and
condition. Survey data are incorporated



into numerical models to produce fish-
eries guidance associated with specific
management activities. Fisheries man-
agement decisions are made following a
stock assessment meeting to review this
information. Environmental forecasts
are generally not included in this process
because they have much greater uncer-
tainties than stock assessment-based
population models.

Many obstacles inhibit including envi-
ronmental data on OA into fisheries-
relevant models at this time. Few com-
mercially harvested species have been
tested for their responses to OA (Kroeker
et al., 2013). In addition, completed
experiments generally focus on a specific
life stage (Hurst et al., 2013; Long et al.,
2013a,b), making it challenging to antic-
ipate population-scale responses without
additional experiments to inform mech-
anistic population models (Punt et al,
2014). Moreover, OA acts in combination
with other chemistry-altering processes
in most habitats (Duarte et al., 2013),
but their relative contributions to acid-
ification have been discerned in only a
few cases (e.g., Alin et al,, 2012). There is
considerable uncertainty concerning the
relative influence of environmental data
on year-to-year stock changes, let alone
changes forecast for the future. The spe-
cific types of OA information needed and
their impacts for decision-making mod-
els are still being explored. However, as
fishing pressure on stocks decreases and
environmental pressure increases, includ-
ing environmental data in decision-
making processes becomes more import-
ant (e.g., Hare et al., 2010). This is already
under discussion as part of West Coast
OAH panel work (Boehm et al., 2015, in
this issue). The NMFS is also currently
developing a robust climate science strat-
egy to incorporate large-scale, long-term
environmental change into the fisher-
ies management process (NMFS, 2015).
This plan will help align information
pushes from the scientific community
and will pull relevant information into
stock assessments and, eventually, into
ecosystem management.

Clean Water Act Authorities

As the need for policy responses to OA
grows, the CWA has been suggested
as a way to help address OA-related
impairments in US coastal waters
(US EPA, 2010; Kelly et al,, 2011; Kelly
and Caldwell, 2013; Lombardi, 2013).
Particularly, section 303(d) of the CWA
could support national identification of
US waters affected by OA and differentia-
tion of anthropogenic sources (e.g., atmo-
spheric versus land-based) contributing
to observed acidification, and it could
address acidification-causing  pollut-
ants that are within the legal purview of
the CWA. The CWA also offers a collab-
orative framework across different oper-
ational scales because many of its pro-
grams require coordination between the
states, the federal government, and the
public. For example, under CWA Section
303(d), every two years US states and ter-
ritories (hereafter, “states”) must submit
to the US EPA lists identifying bodies of
water that are impaired or threatened by
pollutants based on that state’s US EPA-
approved water quality standards, which
are determined by evaluating all exist-
ing and readily available data. States
are then required to develop pollut-
ant cleanup plans, commonly known as
total maximum daily loads (TMDLs),
for those waters.

While the CWA has the potential to
help identify OA-related impairments
in US waters, there are regulatory chal-
lenges to addressing these impairments.
For instance, the CWA lacks regula-
tory authority for states to address atmo-
spheric pollutants (e.g., CO, emissions)
and land-based nonpoint source pol-
lutants (e.g., nutrient runoff from rain
or groundwater), yet both are known
to contribute to acidification (Cai et al.,
2011; Strong et al., 2014). Although
there are CWA programs that address
land-based nonpoint source pollu-
tion (e.g., Section 319), these programs
are voluntary. Only land-based point
source pollutants (e.g., from a drain-
pipe into a river) are regulated through
the CWA. These regulatory gaps create

challenges for implementing TMDL pol-
lutant cleanup plans for OA-related
impairments, because these impair-
ments will likely be caused by a combina-
tion of atmospheric and land-based non-
point sources. Although TMDLs could
be developed to help parse these sources,
successful implementation would depend
on actions through the Clean Air Act and/
or voluntary programs through the CWA.

To date, no state has added waters to
its 303(d) list because of impacts directly
attributed to OA. Puerto Rico and the
US Virgin Islands have included pH-
impaired coastal water segments on their
past and current 303(d) lists, but the
causes of impairment remain unknown.
There appear to be three major obsta-
cles to applying the CWA 303(d) pro-
gram to address OA-driven water quality
impairments. First, as discussed above,
the CWA was not designed to specifically
regulate pollutants from atmospheric and
nonpoint sources and therefore may lack
the capacity to address long-term, atmo-
spherically sourced change that is also
influenced by local land-based nonpoint
sources. Second, existing water quality
standards on which 303(d) water qual-
ity assessment decisions are made were
developed without knowledge of OA
impacts to water chemistry and aquatic
life, and therefore may not adequately
capture impairments associated with
OA. Furthermore, many existing water
quality standards have “natural condi-
tion provisions,” which require know-
ing what proportion of chemical change
is caused by natural phenomena versus
anthropogenic influences. The state of
knowledge to answer that question is in
its infancy. Third, the amount and quality
of historical and present-day OA-related
data and information on which to base
303(d) water quality assessment deci-
sions is limited. A recent court deci-
sion in a case brought by the Center for
Biological Diversity upheld the US EPAs
decision not to designate marine waters
as impaired on Washington’s and
Oregon’s 2010 303(d) lists for failure to
meet water quality standards (i.e., marine
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pH criteria, aquatic life designated uses)
due to pollutants associated with or
conditions attributable to OA (Center
for Biological Diversity v. EPA, 2015,
US Dist. LEXIS 25945 [Western District
of Washington, March 2, 2015]). The
US EPA’s decision to not list these waters
was based on conclusions that the scien-
tific literature submitted by the Center for
Biological Diversity did not demonstrate
impairment of existing water quality
standards or was not sufficient to make
that determination. (The Washington
and Oregon 2010 303(d) lists are located
at http://yosemite.epa.gov/r10/water.nsf/
tmdls/WA-303d-2010-approval
http://yosemite.epa.gov/r10/water.nsf/
TMDLs/R10addsto20100RList.)
While the above obstacles
decision-making

and

pres-
chal-
lenges, there is movement by the state
of Washington and the US EPA to iden-
tify information needed to refine the
use of the CWA to address OA-driven
water quality impairments. Specifically,

ent various

as an action item identified during
Washington’s Blue Ribbon Panel on
OA, the state of Washington asked for
US EPA's assistance in assessing the need
for water quality criteria relevant to OA
(Washington State Blue Ribbon Panel on
Ocean Acidification, 2012). The US EPA
responded with a letter to Washington’s
Department of Ecology stating that it
will begin to identify and evaluate data
and research on water quality param-
eters that will better contribute to the
understanding of OA impacts to aquatic
life, the relative contributions of driv-
ers and sources, and meaningful metrics
for assessment of trends (Stoner, 2013).
Overall, this information-gathering
effort could aid the CWA Section 303(d)
program in answering decision-relevant
questions, including: Are existing water
quality standards pertaining to marine
pH and aquatic life adequate to assess
OA impacts? Do water quality stan-
dards need to be developed (e.g., arago-
nite saturation) or refined (e.g., pH) to
better reflect the point at which impacts
to aquatic life are detected? and What
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are the most reasonable monitoring
strategies and pollutant source identi-
fication methods for OA-driven water
quality impairments?

National Efforts Beyond
the United States
Initiated through a grass-roots effort,
Brazils OA activities started with an
information push from the scientific
community. A technically oriented,
capacity-building OA workshop in 2012
instructed Brazilian marine scientists on
OA research best practices and created a
long-lasting network of Brazilian scien-
tists with different specialties studying
OA. In 2013, following from the energy in
the scientific community, the Brazil OA
research network (BROA) was officially
registered with the Brazilian National
Directory of Research Groups. This group
of 35 researchers created a five-year plan
and writes regular reports regarding OA
research (http://broa.furg.br/index.php/
documentos.html). This activity, along
with a follow-on 2014 capacity-building
workshop and seminars in Chile for Latin
American scientists, is helping to galva-
nize the Latin American scientific net-
work, providing a push of information
to decision makers.
Other nations’ OA activities are
beginning with pulls for information
from local industry or decision makers.
Shellfish industry losses from OA on the
US West Coast and subsequent adap-
tations have been of particular inter-
est in New Zealand because shellfish
aquaculture, especially of mussels, pro-
vided over $400 million New Zealand
(US$300 million) revenue in 2011 for
the nation (http://aquaculture.org.nz/
industry/overview). A 2013 workshop
coordinated by NGOs, the US State
Department, and the New Zealand gov-
ernment convened New Zealand and
Pacific Northwest shellfish industry rep-
resentatives, scientists, and government
representatives to educate the shellfish
industry proactively on OA and to iden-
tify suitable actions to take locally to off-
set the problem. Since the workshop, an

initiative to monitor OA in New Zealand’s
coastal waters has progressed along with
individual research projects on aqua-
culture. Planned next steps seek to close
knowledge gaps most critical for indus-
try, including acquisition of baseline
chemical data from coastal waters and
determining its variability. In a differ-
ent sort of pull, Cuban decision mak-
ers have recognized that climate change
issues could threaten to destabilize their
island nation, and as a result have man-
dated that Cuban scientists study cli-
mate change issues, including OA. Data
from these studies are being used to help
determine where governmental monies
will be applied, including infrastructure
growth and modification projects.

International-Scale Activity

Some of the aforementioned national
efforts were coordinated with or
were aided by the OA International
Coordination Centre (OA-ICC) in
Monaco, which evolved from the
SOLAS-IMBER (Surface Ocean Lower
Atmosphere Study-Integrated Marine

Biogeochemistry and Ecosystem
Research) OA working group and inter-
national coordination of OA research
and communication that began during
the European Project on OA (European
Project on OCean Acidification
[EPOCA]; see below). Advised by a
board of scientists, international orga-
nizations, governmental agencies, and
philanthropic foundations, the OA-ICC
focuses on science coordination, capac-
ity building, and communication about
OA. In addition, OA-ICC scientists gen-
erate synthesized information and dis-
tilled messages. The affiliated OA interna-
tional Reference User Group (OAiRUG),
composed of scientists and industry, gov-
ernment, and NGO representatives, also
pushes out distilled messages for decision
makers (Figure 1, columns 1, 2). These
messages inform and respond to inter-
national requests for information, such
as those from the Arctic Council, IPCC,
and the United Nations Framework
Climate

Convention  on Change
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(UNFCCC), discussed below.

International efforts have gath-

ered momentum once initial scien-
tific studies have captured the attention
of policymakers or industry. For exam-
ple, EPOCA, a large (32 institutions in
10 countries) European Union-funded
research project that took place from
2008-2012,

of biological, ecological, biogeochemi-

advanced understanding

cal, and societal implications of OA in a
coordinated way. EPOCA jump-started
the international bottom-up push of
OA information from scientists and cre-
ated a theoretical framework for con-
sidering the end-to-end (i.e, chemis-
try to human impacts) aspects of OA.
The program involved basic research,
synthesized information, distilled mes-
sages (Figure 1), and coordinated inter-
national OA science. Individual countries
also established national programs to
complement EPOCA and continue crit-
ical research (e.g., Germany’s Biological
Impacts of OA program [BIOACID] and
United Kingdom’s Ocean Acidification
[UKOA]). The
European Union subsequently supported

Research Programme

the Mediterranean Sea Acidification in
a Changing Climate project (MedSeA),
a large regional initiative composed of
18 institutions from 12 countries. Like
EPOCA, each of these projects seeks to
provide both basic scientific research and
decision-relevant information on OA. In
each of these cases, there has not only
been a push driven by scientific investiga-
tions and research projects but also a sig-
nificant pull by policymakers.

Arctic Ocean

In 2010, the Arctic Council convened a
meeting to discuss potential OA impacts
in the Arctic, and in 2012, the Arctic
Marine Assessment Project (AMAP), a
working group of the Arctic Council, pub-
lished an assessment of Arctic OA science
and recommendations (AMAP, 2013).
Climate change and OA are tightly linked
in the Arctic. As summer sea ice cover
declines with increasing temperatures,
newly open cold surface water takes up

additional CO,, enhancing OA (AMAP,
2013). However, AMAP found a dearth
of quantitative data on OA for the Arctic
region. The teleconnections (spatially and
temporally separate but significantly cor-
related large-scale weather events) and
the drivers of change in the Arctic system
are not adequately understood, so the
interaction of climate change and OA in
the region is not easy to forecast.

The AMAP (2013) recommendations
call for enhanced research and mon-
itoring efforts to expand understand-
ing of acidification processes and their
effects on Arctic marine ecosystems
and northern societies that depend on
them. AMAP also urges member states
to implement adaptation strategies to
address OA, tailored to local and socie-
tal needs (AMAP, 2013). The key findings
of the AMAP OA assessment and recom-
mendations of the AMAP working group
have since been used to draft the 2013
Kiruna Declaration, signed by minis-
ters representing the Arctic States, which
calls for a reduction in CO, emissions
and enhanced research and monitoring
efforts. The Arctic Council also urged
members to implement adaptation strate-
gies for aspects of change, including OA.

The AMAP OA Assessment and report
are a scientific “push” process that is
carefully constructed to align with pre-
identified regional priorities concerning
natural resource preservation and use.
The short time between the completion
of the AMAP OA report and the signing
of the Kiruna Declaration suggests that
because other climate-oriented studies
had already identified regional policy pri-
orities, the findings of this OA assessment
contributed to policy development more
readily than if existing policy priorities
were undeveloped, vague, or irrelevant
to OA. Note, however, that the agree-
ments of the Kiruna Declaration are only
the first step. More basic research is abso-
lutely needed in the region to address the
dearth of OA data and to enhance our
knowledge of the drivers and processes
of OA for adequate and effective preven-
tion and remediation actions. Developing

the practical, actionable adaptation plans
called for by the declaration will require
a great deal more collaboration and syn-
thesis among scientists, decision makers,
and resource users.

Global-Scale CO, Mitigation

Decision Making

The UN Framework Convention on
Climate Change provides a process
through which countries agree to miti-
gation targets for CO, (and other green-
house gases) on a global scale. While it
is currently uncertain whether infor-
mation pushed about OA has signifi-
cantly increased momentum toward car-
bon mitigation, the answer may become
evident when new mitigation targets are
agreed upon by the 21 Conference of the
Parties in December 2015.

The IPCC acts as the authoritative
scientific body and source of scientific
information for UNFCCC negotiation
and implementation. The IPCC Second
Assessment Report (IPCC, 1995) pro-
vided important foundational scien-
tific material that negotiators used to
generate the landmark Kyoto Protocol
in 1997 at the fourth annual UNFCCC
Conference of the Parties (COP). At
the 2014 UNFCCC COP 20, in Lima,
Peru, the Subsidiary Body for Scientific
and Technological Advice (Session 41;
Agenda 8a) officially recognized that
the IPCC Fifth Assessment Report
(ARS5), released in 2013 and 2014, will
act as “the scientific foundation for the
Ad Hoc Working Group on the Durban
Platform for Enhanced Action” (The
Durban Platform is the precursor pro-
cess to a COP 21[2015] carbon mitigation
agreement.) Information about OA was
included more thoroughly in the IPCC
AR5 than in any previous assessment,
primarily because lead authors with OA
expertise pushed to do so. The IPCC AR5
Synthesis Report (IPCC, 2014) included
both graphics and written information
about OA based on information in the
IPCC Working Group II report that illus-
trated the combined, synergistic impacts
of warming and acidification on marine
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Because the IPCC and the
UNFCCC process are currently focused

species.

on keeping the average global tempera-
ture rise below 2°C, and not on CO, tar-
gets, work is still needed to translate CO,
mitigation targets into avoided marine
impacts with estimates of uncertainty
(Herr et al., 2014). In other words, the sci-
entific community needs to define clearly
what the ramifications for marine life
will be if certain atmospheric CO, levels
are exceeded. The CO, targets that keep
average global temperature rise below
2°C may lead to loss of marine life that
is unacceptable to the global commu-
nity (Steinacher at al., 2013). Although
IPCC information, in general, is now
being formally requested and affirmed
by COP parties, OA was included in the
AR5 because the scientific community
recognized its importance and pushed it
forward, not because governments were
requesting that information.

DISCUSSION: LESSONS LEARNED
FROM CASE STUDIES

The pace of decision making partly
depends on whether the type or abun-
dance of information being offered from
the bottom up matches what is being
sought from the top down (Figure 2).
When OA research is newly established in
a region or nation, offering information

Alternative
trajectory?

Scientists’
push

Intensity

Knowledge
accumulating

pull

\

/ Decision makers’

on a bottom-up or push basis will likely
be the first step. However, in sudden cri-
ses where decision makers ask ques-
tions that can be answered using existing
knowledge or a little additional informa-
tion, decisions about appropriate adapta-
tion strategies and research areas can pro-
ceed quickly; one example is the Pacific
Northwest states’ implementation of oys-
ter hatchery monitoring for upwelling
and water quality to avoid the use of low
pH water in oyster larvae rearing tanks.
When the answers to decision makers’
questions are not available because ques-
tions are complex and transdisciplinary
(Yates et al., 2015, in this issue), such as
concerning the adequacy of the states’
existing CWA water quality standards to
address OA-driven water quality impair-
ments, decision making tends to slow.
Ongoing collaboration from the ear-
liest stages will help prioritize research
and increase the likelihood of push-
ing information in the most useful for-
mat possible. Until decision makers are
fully engaged, efforts to scope research
involving stakeholders (Figure 3) may
only involve select industry representa-
tives or multidisciplinary scientists. In
early stages, local to regional state-of-the-
science assessments help synthesize and
distill disparate science information in
order to respond to the needs of decision
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the Washington State Blue
Ribbon Panelin 2012 occurred
at early and intermediate
phases,
requests by decision makers

were just beginning to grow.

when information

makers outside the research commu-
nity. Keeping in mind the typical needs
of decision makers (Table 1) will help
scope the research in these early stages.
Ultimately, a team of specialists from sci-
ence, policy, and stakeholder communi-
ties must collaborate to identify region-
ally appropriate and feasible actions.

Synthesis and distillation of research
findings is not enough, however, to pro-
vide fully decision-relevant informa-
tion. Multi-specialist task forces are also
needed to help scope and analyze possi-
ble adaptation plans, as in the West Coast
OAH Panel, the Blue Ribbon Panel, and
the Maine state commission (Maryland
has also recently initiated a commis-
sion that is not described in this paper).
In Maine and Washington, this work has
resulted in proposal or passage of bills to
provide ongoing funding or create state-
based adaptation activities. As much as
possible, this work should be aligned
with needs and adaptation plans that have
already been defined. As in the Arctic
example, when information “push lines
up with pull” because of pre-existing pri-
orities, decision making can accelerate.

It also appears that local-scale deci-
sion making and action are happening
faster than global-scale work, but this is
motivating decision makers who oper-
ate at larger scales (e.g., West Coast state
action is evolving into region-wide activ-
ity). Cases where OA has not become an
agenda item could be due to a discon-
nect between research and the needs of
stakeholders. For instance, OA remains
difficult to incorporate into 303(d) list-
ing decisions because the science does
not squarely align with the strict require-
ments of this decision framework. In
some places, other urgent priorities out-
compete an issue that has not yet occurred
locally. Unfortunately, the longer it takes
to gather actionable information or iden-
tify where actual impacts are playing out,
the more likely resources for studying the
issue will dwindle.

The incremental nature of scientific
research will never be able to answer
decision makers questions completely



in a one-way, one-time knowledge trans-
fer. Instead, it is useful to imagine a cyclic
process (Figure 3), where the questions of
all partners, including resource users, pol-
icy specialists, and scientists, help scope
the direction of inquiry. For example, if
OA researchers simply reported arago-
nite saturation states of US coastal waters
without consulting natural resource man-
agers, their findings could be incom-
patible with water quality standards
expressed in pH units. A cyclic process
allows decision makers to communicate
their specific needs to researchers, who
can then design studies to produce data
and information that will fill those needs.
Synthesized information products can be
planned early on by all parties to support
broad decision making that respects the
limit of science knowledge.

Interagency coordination that will
mesh information pushes and pulls is
under way in the United States, helping
to create a structure that supports and
prioritizes action efficiently. Overarching
research priorities already focus on vul-
nerabilities associated with carbon
cycle changes, mitigation and adapta-
tion possibilities, and emerging oppor-
tunities associated with global change
(NRC, 2009), as well as asking how nat-
ural and human processes affect the car-
bon cycle, how policy and management
decisions affect the levels of atmospheric
CO, and methane, and how changes and
management impact ecosystems, species,
and natural resources (Michalak et al.,
2011). The US National Research Council
Committee on the Development of an
Integrated Science Strategy for Ocean
Acidification Monitoring, Research, and
Impacts Assessment (NRC, 2010) iden-
tified key gaps in information needed to
help federal agencies develop a program
to improve understanding and address
the consequences of OA. All of these
statements have resulted in high-level
intra- and intergovernmental entities
and partnerships that seek national and
international synergies in OA research,
science funding, and decision-making
processes. US federal scientific agencies

working on OA are part of the Interagency
Working Group on Ocean Acidification
(IWG-OA), chaired by NOAA, which
recently released a federal research strat-
egy for OA (IWG-OA, 2014). IWG-OA
partners coordinate research and sup-
port activities (e.g., the Ocean Carbon
and Biogeochemistry Programs Ocean
Acidification Subcommittee, which orga-
nized the meeting that gave rise to this
paper). In the Arctic, beginning in 2015,
US leadership of the Arctic Council has
prioritized climate change issues and OA.
Other Arctic research coordination activ-
ities such as the US Interagency Arctic
Research Policy Committee and other
OA adaptation, mitigation, and decision
support activities will also be needed to
implement some of the AMAP (2013)
recommendations effectively at local to
international scales. Although initial out-
comes have primarily provided support
for science via funding and coordina-
tion, these are precursor steps designed
to inform specific national-level actions
that federal agencies will take to enhance
resilience of communities against OA,

among other environmental changes
(NRC, 2013). The emerging OA coordi-
nation activities build on existing foun-
dations and bring information pushes
and pulls closer together, and they pave
the way for specific measurable outcomes
beyond research in the future.

CONCLUSIONS

Getting OA on decision makers’ to-do
lists can result from (1) pushes of
broad-based information that suddenly
become relevant when a crisis intervenes;
(2) requests for information targeted to
respond to specific questions related to
“upstream” issues, such as coastal com-
munities’ economic well-being or main-
tenance of water quality; or (3) provision
of information that feeds into precau-
tionary planning efforts or that is aligned
with pre-existing priorities related to cli-
mate or regional development. Big pic-
ture questions regarding CO, reduction
and widespread adaptation are particu-
larly relevant in geopolitically significant
international settings, whereas smaller-
scale questions about local monitoring

Group Needs Products
Stakeholders Explanation of Observations,
(industry, NGOs, observations, statement of
public) solution to needs
> problem —/>
Researchers Resources to / Data and
address needs Interpretation
> (funds and
. —_>
capacity) P
Government Data, Legislation
Decision Makers interpretation, providing
statement of resources and
needs enforcement to
address problem —n
e

FIGURE 3. Cyclic flow of decision making. (top left) Questions from stakeholders, including indus-
trial, scientific, and coastal users, drive research, whose interpreted results (middle row, right) are
transmitted to decision makers (bottom row). This, in turn, generates more questions from decision
makers, which drive the cycle again (middle and right columns). At every step of the cycle, needs

and products differ.
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and adaptation are important in local to
regional environments. Nevertheless, the
need to make OA a priority for decision
makers is strong. Closing gaps between
information pushes and pulls will sup-
port robust decision making, actionable
policy making, and formulation of effec-
tive OA reduction plans and implemen-
tation strategies to address scientific gaps
that hamper these actions.
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