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ABSTRACT KEYWORDS
Increasing OA, combined with other stressors like warming and loss ocean acidification;
of oxygen, threatens marine species and ecosystems, including those governance;
that sustain jobs and support coastal economies. For the last 10years, management;
U.S. coastal states have played a key role in responding to OA spe-  climate policy;
cifically. In 2019, OA practitioners from the U.S. east and west coasts state actions
assembled for a multi-day conference focused on sharing and doc-

umenting advances in OA collaborations, governance and manage-

ment strategies. Since that time, conference attendees, supported by

conference organizer the International Alliance to Combat Ocean

Acidification, have worked to distill the lessons learned and to syn-

thesize collective experiences. To assist governments, agencies, and

organizations in addressing OA, this paper describes state-level efforts

to develop and implement OA actions within policy and management

frameworks. We outline pathways to action and illustrate approaches

that link OA with climate policy and environmental management.

Introduction

For the last 10years, U.S. coastal states have been playing a key role in responding to
ocean acidification (OA.) Building on a legacy of collaborative activities among state
and non-state partners, the International Alliance to Combat Ocean Acidification (OA
Alliance) convened a multi-day conference in September 2019 focused on sharing best
practices across state governments addressing OA, including those that have developed
and implemented a state Ocean Acidification Action Plan (action plan) as prescribed by
the OA Alliance. Action plans serve as coordinating documents that help states better
understand and respond to climate-related changing ocean and coastal conditions.
Typically, they include strategies for reducing carbon emissions and local land-based
pollution, strengthening nearshore monitoring to understand and predict local conditions,
identifying adaptive measures in partnership with impacted industry and communities,
and increasing funding for projects that are essential for implementation.
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For continuity, this paper will use OA as shorthand for both open ocean acidifica-
tion, caused by increasing global emissions of carbon dioxide (Doney et al. 2009), and
for coastal acidification which is driven by multiple, local factors and processes (Duarte
et al. 2013 and references therein). In many instances it will be evident that monitor-
ing, regulation, and management actions discussed are distinctly relevant to coastal
acidification.

This paper documents discussions emerging from the 2019 conference and ongoing
collaboration to share and capture best practices for implementing state government-led
action. The paper outlines example frameworks for pursuing integrated management
strategies to address OA. First, we provide a foundation for understanding U.S. states’
unique role in responding to OA by summarizing relevant literature. Second, we
describe a collaboration initiated in 2019-2020 to share knowledge and distill collective
experiences to help guide other governments and organizations interested in OA action.
Third, we outline pathways to action commonly used by states. Fourth, we present
examples from states that are increasingly linking OA with climate policy and existing
environmental management strategies.

Thematically, state actions to date are founded upon collaboration with academic
institutions, relevant federal agencies, Tribal governments and a variety of stakeholders
and non-governmental organizations. The examples and guidance collected here demon-
strate government and non-government partnerships to build and maintain momentum
for OA action, and include considerations related to priority setting, capacity building,
regional collaborations, and funding. The aim of this paper is to inform decision-makers,
resource managers and other partners in their own response strategies.

U.S. State action on ocean acidification: the formative years

State actions to understand and respond to OA originate from 2005 to 2008 when
U.S. west coast scientists and the shellfish industry identified that OA was causing
large die-offs of oyster larvae in hatcheries (Barton et al. 2012). Sudden economic
losses galvanized advocacy and engagement from the shellfish industry leading
Washington State to convene a Blue-Ribbon Panel on Ocean Acidification in 2012
(Washington State Blue Ribbon Panel on Ocean Acidification (2012). The Blue-Ribbon
Panel was charged with comprehensively assessing the current science of OA and
making recommendations for mitigation and adaptation. The approach brought together
university and federal scientists, Tribal leaders, shellfish growers, conservation interests
and multiple state agencies charged with regulating air and water quality and managing
coastal and marine resources.

From 2012 -2018, several other states formed legislative commissions or task forces
to assess environmental, economic, and cultural vulnerabilities to OA. These bodies
were charged to recommend mitigation and adaptation actions available to state gov-
ernments along with establishing partnerships to advance recommendations and fill
knowledge gaps (see reviews by Cooley et al. 2016 and Cross et al. 2019). During this
time, OA synthesis reports surfaced as a primary mechanism to examine and respond
to the emergent environmental hazard in state and regional waters. Consistently across
reports, a call to action emerged to mitigate causes, reduce the environmental stressors



438 J.TURNERET AL.

that exacerbate conditions of OA, fill knowledge gaps and to carry-out public and
agency education.

In addition to individual state-led activities, regional collaboration emerged. The
West Coast Ocean Acidification and Hypoxia Science Panel (Panel) formed in 2013,
comprised of scientific experts from California, Oregon, Washington and British
Columbia (Chan et al. 2016). The Panel focused on the environmental and economic
impacts of OA and low oxygen (i.e., hypoxia) and recommended local and regional
management strategies (Chan et al. 2016). Additionally, in 2013 the Pacific Coast
Collaborative (PCC)—representing the U.S. states of California, Oregon, Washington
and the Canadian province of British Columbia, incorporated OA and hypoxia into
existing collaborative policy efforts on climate, energy, and ocean health.

The National Oceanic and Atmospheric Administration (NOAA) established regional
Coastal Acidification Networks (CANs) to advance monitoring, identify and fill knowl-
edge gaps, and educate communities and stakeholders about the issue at regional scales.
The CAN:S illustrate the significant role of partnership, as these networks often emerged
from long standing personal and professional relationships that, “quickly grew into an
interdisciplinary network of scientists, resource managers, industry and others from
local, state, federal and tribal entities,” alongside federal programs including Sea Grant,
the National Estuary Program and the Integrated Ocean Observing Systems (Cross et
al. 2019, relying on work by Feely et al. 2008 and Barton et al. 2015). While competing
priorities and the relative feasibility and scalability of mitigation and adaptation options
for OA remain challenges to state action, CANs have acted as hubs of information
sharing and have helped reduce some barriers to local action caused by scientific
uncertainty (Cross et al. 2019).

Regarding state governance and management approaches to OA, it was understood
that OA occurs in the context of multiple stressors to the marine environment (e.g.,
Cooley et al. 2016). In coastal systems, processes including upwelling, nutrient loading
(magnified by wastewater), freshwater inputs, and other development related impacts
and pollutions can further exacerbate acidification (e.g., Duarte et al. 2013 and refer-
ences therein; Waldbusser and Salisbury 2014 and references therein) Additionally,
climate related impacts including ocean warming and deoxygenation (hypoxia) occur
alongside OA and have known, though varying, impacts on coastal systems (Hales et
al. 2015; IPCC 2019). These interacting factors vary across spatial and temporal scales,
generating unique risks and challenges for state agencies to predict and manage for
change. Cooley et al. 2016 further note that “[i]Jn some locations, actions may even
already be under way to address other issues (e.g., hypoxia, nutrient runoff) that
coincidentally enhance the resilience of marine resources at risk from ocean acidifi-
cation” While the multi-stressor nature of marine degradation complicates state
responses, this characteristic also provides states an opportunity to proactively incor-
porate OA action and information across existing efforts to address other stressors.

State actions to directly mitigate and reduce the impacts of OA can be advanced
upon the premise that smaller units of government can use existing statutory authority
and regulatory programs (Cooley et al. 2016; Kelly and Caldwell 2016). Kelly and
Caldwell developed a list of ten state and local actions to address OA. Seven of the
ten actions recommended by Kelly and Caldwell derive from federal programs, with
five of them being state powers granted by the Clean Water Act, one by the Clean
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Air Act, and the other under the National Estuary Program. The remaining three
actions include: (a) directly regulating CO, emissions, (b) using state level NEPA-like
programs to identify and mitigate OA impacts, and (c) using nuisance laws to enforce
against activities that contribute to OA. “Policy frameworks, management strategies
and leveraging regulations” explores state application of these recommendations in
more detail.

During the formative years, states had little precedent for directly governing OA,
either as a singular issue or together with other stressors (Cooley et al. 2016) even
though effective action on OA implicates many state-level programs and policies
regarding climate, oceans, coastal and watershed management, fisheries and habitat
management, coastal development and pollution control. Rather than creating stand-alone
agencies responding to OA, states sought to leverage existing agencies and their rel-
evant programs, calling for novel collaboration at various scales. Such integration
highlighted the need to better understand the linkages between OA (drivers, stressors,
and impacts), potential management interventions, and the link to other environmental,
ecological, economic, and cultural policy priorities. “Policy frameworks, management
strategies and leveraging regulations” explores the extent to which this has occurred.

Coast-to-coast collaboration and information sharing

In 2019, the OA Alliance hosted a multi-day conference in New York City, coinciding
with the United Nation’s Climate Action Summit. During the conference, states in all
stages of activity shared their experiences, challenges, and successes responding to OA,
through formal action planning and other mechanisms. Since its launch, the OA
Alliance has prioritized strengthening U.S. state and regional collaboration. The con-
ference served as a state-of-the-policy workshop, akin to state-of-the science events
previously used to convene scientific understanding of OA. Common themes included
priority setting, capacity building, regional collaborations, and funding related to pro-
ducing and implementing OA action plans.

Conference participants included 60 representatives across 14 states that had partic-
ipated in key events and seminal policy development for OA as described in “U.S. State
action on ocean acidification: the formative years” of this paper. The events and policy
developments that informed the conference are chronologically listed in Table 1 Timeline
of OA Action. Additionally, Table 1 reflects key events and seminal policy actions taken
by U.S. states after the 2019 conference, which have also helped inform this paper.

Authors of this paper summarized proceedings of the conference in a document
that was shared with participants (Summary of Proceedings 2019). Over the following
year, authors continued to document emerging themes, discussions and examples shared
across conference participants—during and after the conference—to assist governments,
practitioners, agencies, and organizations in addressing OA. In sharing emerging
examples of state-level efforts, we: 1) outline pathways to action commonly used by
states, and 2) further illustrate approaches that increasingly link OA with climate policy
and environmental management strategies.

“Pathways to action” describes pathways to action and distills state experience into
a visual diagram followed by discussion. “Policy frameworks, management strategies
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Table 1. Timeline of OA Action, summarizes key events and seminal policy actions taken by U.S.
states during 2005-2021 (For previously compiled timelines, see Cooley et al. 2016; Cross et al.
2019; and Summary of Proceedings 2019).

Year Event

2005-8 West coast oyster hatchery failures and die offs

2009 First Regional Coastal Acidification Network established (CAN)

2012 Washington Governor convenes State Blue Ribbon OA Panel; panel issues report
(recognized as first OA Action Plan)

2013 Washington Legislature established Marine Resources Advisory Council and the
Washington OA Center to focus on OA

2013 Maine Sea Grant, the Island Institute, the Sustainable Fisheries Partnership, and Global
Ocean Health focus on OA at the Maine Fishermen’s Forum

2013 Maine Legislature adopts resolution identifying acidification as a threat to its coastal
economies and way of life

2013 West Coast Ocean Acidification and Hypoxia Science Panel formed

2014 Maryland state delegate sponsors bill to create OA task force

2014 Maryland scientists and resource managers convene a workshop on OA

2014 Maine Legislature establishes OA commission to prepare report

2014 Massachusetts scientists, natural resource managers, state legislators, and NGO
representatives convene to discuss OA

2015 Maryland issues OA report and recommendations

2016 West Coast Ocean Acidification and Hypoxia Science Panel issues recommendations

2016 PCC forms the International Alliance to Combat Ocean Acidification (OA Alliance)

2016 Alaska stakeholders launch the Alaska Ocean Acidification Network coordinated by the
Alaska Ocean Observing System

2016 Maine Ocean and Coastal Acidification (MOCA) partnership forms

2016 Miami’s Rosenstiel School of Marine and Atmospheric Science in collaboration with
Ocean Conservancy host OA conference’

2017 Washington State updates original Blue Ribbon Panel Recommendations as OA Action
Plan

2017 New York releases Ocean Action Plan

2018 PCC partners with Federal Interagency Working Group on OA to create West Coast
Inventory of OA assets and projects

2018 California forms OA and Hypoxia Science Task Force and releases OA Action Plan

2018 Oregon convenes OA and Hypoxia Coordinating Council

2018 New York convenes OA Task Force to provide further recommendations across state’s
ocean policy

2018 Hawai'i commits to OA Action Plan

2019 Oregon releases OA and Hypoxia Action Plan

2019 U.S. state multi-day conference on OA policy and management strategies

2020 Maine Climate Council releases recommendations including OA priorities

2021 Maryland releases OA Action Plan

2021 Massachusetts releases OA recommendations, including priorities for action plan and
subsequent implementing legislation

2021 New Jersey commits to OA Action Plan

and leveraging regulations” describes emerging policy frameworks, management strat-
egies and regulations currently being leveraged by states to understand and
respond to OA.

Pathways to action

The 2019 workshop further elucidated the multiple pathways for initiating and sus-
taining a state-level response to OA. The Pathways to Action diagram (Figure 1),
outlines two broad approaches including example steps and decisions that many
states have taken. The Pathways to Action diagram describes and synthesizes choices
related to enabling conditions for OA policy, vehicles for action, partnership
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opportunities, and implementation strategies for states or non-government entities.
The process draws from the emerging history of OA governance examples described
by conference participants and documented in Cross et al. (2019) and Cooley et al.
(2016). The Pathways to Action diagram may inform future OA action planning
though is not intended to be prescriptive; as unique political and cultural contexts
require tailored strategies and consensus building. The section begins with A) getting
started and presents the Pathways to Action diagram by discussing a number of
guiding questions. The rest of this section explores core themes in more detail
including B) government vs. grassroots leadership; C) building partnerships to help
define objectives, assess vulnerabilities, and fill knowledge gaps; D) and sustaining
momentum and funding.

Getting started

There are many decision points that may help a state government, Tribal government,
or non-governmental stakeholders start action planning. The Pathways to Action dia-
gram (Figure 1) provides questions, common actions, and planning pathways to guide
and navigate this process.

Guiding questions (dark green): Guiding questions outline the high-level scope and focus of an
action planning effort. Answers to guiding questions help identify the degree of state leadership,
scope of local or regional concerns, knowledge gaps, and partners that help shape a holistic and
relevant narrative. A discussion of guiding questions is below.

Common actions (light green): Common actions are categories of actions that states will likely need
to consider and undertake as part of a comprehensive strategy for addressing OA across existing
policy and management frameworks.

Planning pathways (blue): Planning pathways offer steps for states undertaking a government-led,
or “top-down,” process (left side) or for non-government entities undertaking a grassroots, or
“bottom-up,” process (right side). The relevance of each planning pathway depends on the feasibility
and effectiveness of action through a government-directed process (i.e., Executive Order, legisla-
tion, formation of a task force, and/or formal commitment) or in the absence of state government
engagement. In both pathways, partners convene groups, develop plans, implement, and adaptively
manage. Either pathway benefits from diversity among decision-makers, stakeholders, and scientific
community leaders.

Discussion of guiding questions across Figure 1 pathways to action diagram
Evaluating government vs. grassroots leadership: Is there explicit state government
support for OA Action?

To begin, it is important to evaluate the potential for government leadership and consider other
supportive leaders. Some states have acted through Executive Order, legislation, created an OA task
force/commission or have used existing climate change policy directives or voluntary commitments
such as joining or signing on to an initiative. In other cases, stakeholder groups or volunteer
partnerships, such as the Maine Ocean and Coastal Acidification Partnership (MOCA, introduced
inTable 1 and discussed further below) have initiated collaboration to address OA without gov-
ernment mandates.
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Figure 1. Pathways to Action diagram describes and synthesizes choices related to enabling condi-
tions for OA policy, vehicles for action, partnership opportunities, and implementation strategies for

states or non-government entities.

With strong government leadership, processes may be more streamlined, but states will need to
build support among stakeholders and partners in both cases. The advantage of beginning with a
government mandated framework, is that it allows for a more thorough examination of applicable
agency programs, regulations, and collective responsibilities among actors that align with an action
plan. Without strong government support, planning processes will need to place greater emphasis
on identifying multi-sector champions, opportunities for collaboration, and inroads to foster gov-

ernment buy-in.

Who can we partner with? What are our shared objectives and priories?

A number of scoping questions help identify and cultivate partners. Do local decision-makers
and stakeholders understand OA processes and potential impacts? How are coastal economies,
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communities and resources evaluated or prioritized in your state or region? Is there an economic or
cultural dependance on key species impacted by OA? Are there any agencies, department programs,
universities in your region that are currently working to better understand and characterize local
impacts of climate or ocean change on marine species?

Once participants determine the framework or vehicle for action, they can begin to engage relevant
government and non-government partners to help define scope and objectives. Objectives could
include maintaining livelihoods; ensuring ecosystem productivity, health, and services; preserving
human health and safety; and/or combating climate change. Defining objectives early, and refining
objectives when necessary, helps focus a collective response.

Once objectives are defined, participants can explore applicable mitigation options, knowledge and
information gaps, and adaptation strategies.

How can we increase coastal resilience by sustaining momentum and funding?

Once objectives and priorities for action are identified, guiding question number three
helps determine how to implement and fund activities over time. It is possible that some,
even most actions cannot be accomplished with state government capacity alone—whether
due to limited expertise, equipment, or funding or due to limited interest from political
advisors or constituents. Sustained partnerships with other governments, monitoring
networks, university or federal researchers, industry and community groups broaden
government capacity.

Government vs. grass roots leadership

The formative years of OA action illustrate that state governments and their partners
can initiate a response to OA in several ways, often characterized as top down or
bottom up. Among states, the role of elected officials, governor’s offices and agency
leads represented on each task force or working group varied; whereby state govern-
ments predominant political endorsement or opposition characterized initial actions for
OA as either “top down” or “bottom up.” While the distinction is simplistic, it helps
clarify whether a state has the support from top level government officials. This will
help inform whether recommendations can immediately emphasize a state management
response, or whether efforts should emphasize building capacity to help achieve political
support for future recommendations. In reality, top-down political support and grass
roots, bottom-up processes occur iteratively, and mutually reinforce commitment in
responding to OA. As described below, even where government leadership emerges
early, it is often catalyzed by grassroots engagement. Similarly, grassroots effort can
sustain OA action during periods when government is inactive or has limited capacity.

In Washington, shellfish growers first called for action after working with scientists
who determined that OA was the underlying cause of larval mortality in hatcheries
(Barton et al. 2012). The governor of Washington responded by issuing an Executive
Order forming the Blue-Ribbon Panel (Washington State Blue Ribbon Panel on Ocean
Acidification 2012). In California, the state legislature authorized the Ocean Protection
Council to convene a task force in 2018 to address OA and hypoxia using the best
available science to create policies to address OA (Phillips et al. 2018). The Oregon
legislature created the Oregon Coordinating Council on Ocean Acidification and
Hypoxia (OAH Council) in 2017, and the council finalized a 5-year Action Plan in
2019 (Oregon Governor’s Natural Resource Office 2019).
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The State of Hawai’i joined the OA Alliance in 2018 and motivated by the state’s
voluntary commitment as a member, has begun the processes of outlining an OA action
plan. To help accomplish this, the state allocated staff within the Division of Aquatic
Resources and University of Hawaii Sea Grant to convene multi-agency, researcher,
and stakeholder meetings with the goal of producing recommendations to the state.

In Maine scientist, NGOs, and fisheries advocates spurred collaboration leading the
Maine Legislature to establish an OA Study Commission in 2014 which reported back
to the Legislature the following year. The report recommended an on-going OA com-
mission and OA mitigation and adaptation strategies (Maine State Legislature Maine
Office of Policy and Legal Analysis, Bentley, and Schneider 2015). When the legislature
declined to authorize an ongoing commission, a group of public and private interests
formed the Maine Ocean and Coastal Acidification Partnership (MOCA) to advance
the Study Commission’s recommendations. Consequently, scientists, fishers, aquacul-
turists, Maine citizens, and even engaged legislators and agency representatives con-
tinued collaborating and information sharing informally. Since 2016, MOCA has helped
coordinate and amplify activities studying and responding to Maine’s OA impacts. In
2019, after a change in governorship and inaugural efforts of Maine’s Climate Council,
Climate Council members helped to incorporate MOCA’s recommendations and guid-
ance from the Northeast CAN into the State’s Climate Action Plan.

Similarly, in the absence of express state level leadership in Alaska, diverse stakeholders
convened around OA in 2014 leading to the Alaska Ocean Acidification Network (part
of the federal CAN program) in 2016. The Network now includes participants from federal
government, Tribal governments, local academic institutions, commercial and recreational
fishing communities and educators. The Network is advancing the science and under-
standing of OA impacts locally and state-wide, emphasizing biological impacts. It has also
successfully produced targeted outreach and education materials for diverse audiences.

In 2017, New York released a ten-year Ocean Action Plan, as directed by the state
legislature. The plan set out an integrated, adaptive approach to manage, restore and
conserve ocean resources (NY Ocean Action Plan 2017-2027). The plan addressed the
need to monitor OA and its potential impacts on shellfish and crustaceans. In 2018,
New YorK’s State Legislature established an OA Task Force (OATF) to facilitate research,
public education, and information-sharing regarding acidification and its environmental
economic and social impacts on New York State (New York State Senate, Assembly
Bill A10264 2015-2016).

The state of Massachusetts convened an Ocean Acidification Commission which released
a report in 2021 characterizing the extent of ocean and coastal acidification in Massachusetts
waters; the factors contributing to it; how to mitigate it; and recommendations to the
legislature for supporting future research and public outreach on the issue (Massachusetts
Special Legislative Commission on Ocean Acidification Recommendations 2021).

These examples illustrate that state governmental response depends on each
state’s familiarity with OA, political context, and other priorities. In practice, both
government and grassroots leadership are important for progress. Governmental
leadership can institutionalize OA response through legislation or executive powers
in a way that grass roots efforts alone cannot. However, even after governments
institutionalize a response to OA, grassroots collaboration is valuable, if not
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essential, to ensure continued focus and participation in research and
implementation.

Building partnerships to help define objectives, assess vulnerabilities and fill
knowledge gaps

Informal and formal partnerships are a key step to catalyze state action. Identifying and
filling local and regional knowledge gaps is an initial priority for many jurisdictions. As
research capacity builds and local priorities emerge from collaborative processes, states
need to assess vulnerabilities and place OA within larger policy and management context.

Coordinating as a region can also build capacity for action. The CANs continue to
specialize in compiling, advancing, and disseminating scientific assessments and convene
diverse groups of interdisciplinary researchers, Tribal, federal, and state agency repre-
sentatives, resource managers, and industry partners to support regional coordination.
State governments look to regional CANs as critical partners in defining and advancing
state-led efforts, as well as leverage existing knowledge (Cross et al. 2019). Ongoing
engagement with regional networks can institutionalize monitoring programs and gen-
erate long-term datasets needed to understand and better anticipate ocean change. A
coordinated approach with in-region academic institutions can help a state prioritize
gaps and secure funding from a variety of sources. Regional activities can expediate
processes or avoid unnecessary duplication.

Just as civic or industry stakeholders can be instrumental in advocating for support
from outside of government, equally important is identifying advocates within gov-
ernment. Many states have underscored the value of identifying and working closely
with “legislative champions” who move OA policy forward, advocate for funding, and
call attention to the issue. Nonprofit organizations and networks such as the National
Caucus of Environmental Legislators, the Ocean Conservancy, and The Ocean
Foundation have recognized and invested in the important work of educating and
empowering legislative champions in recent years. State representatives have joined
OA task forces or “coastal causes” that examine the linkages between climate and
ocean change at a state level (National Caucus of Environmental Legislators, Ocean
Acidification Fact Sheet).

Sustaining momentum and funding

Over the last decade, five states have produced first generation action plans and now
face the challenge of implementing them with dedicated funding. Given the dynamic
nature of OA and other challenges facing coastal environments, action plans should
be considered living documents that are supporting and informing adaptive management.

Outlining a process for updating key reports and implementation strategies is critical
for maintaining momentum, fostering accountability, and ensuring a greater case for
the need to increase capacity and funding to support an action plan over time. States
may also consider nesting funding within broader climate policy priorities or marine
and coastal management frameworks once an action plan has been created.
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As noted in the Timeline of OA Action (Table 1), Washington developed its original
action plan in 2012. Shortly after, the state created the Marine Resources Advisory Council
(MRAC) to sustain a coordinated focus on OA by advising the Washington Ocean
Acidification Center to advance scientific understanding, seeking public and private funding
resources for plan implementation, and assisting in public education. In 2017, MRAC
updated the original 2012 report with an addendum describing progress to date and new
focus areas (Washington Marine Resources Advisory Council 2017). To date, Washington
State has invested nearly $10 million—mostly in actionable research. This investment has,
in turn, spurred $14.5 million in federal and private funding.

California is implementing its 2018 action plan, including refining monitoring
strategies and addressing research gaps. The California Ocean Protection Council
(OPC) recently released its “Strategic Plan to Protect California’s Coast and Ocean
2020-2025," which integrates the OA action plan through specific targets to a) better
understand the relationship between nutrient inputs and acidification hot spots to
support water quality objectives, b) reduce nutrient loading through wastewater reuse
and recycling, c) develop an OA and hypoxia (OAH) monitoring system optimized to
deliver decision-relevant information, and d) advance the science on OAH vulnerability
and identify risks to California’s biological resources, communities, and economies.

Additionally, the California OAH Science Task Force (Task Force), OPC’s science
advisor, has identified outstanding gaps in monitoring and proposed research (California
Protection Council: Update from Ocean Acidification and Hypoxia Science Task Force
and Item 4A 2020.) The recommendations support state managers ability to describe
the spatial extent of biological effects from acidification, including where OA and
hypoxia have the most consequential effects, where the most rapid changes are being
observed and how quickly. OPC intends to invest up to $3.5 million in 2021 to support
these recommendations through both a discretionary process focused on standardizing
biologically sensitive OA measurements across existing regional monitoring efforts and
developing a competitive call for additional proposals based on the Task Force’s report
(California Ocean Protection Council Executive Director’s Report, December 15, 2020-
February 16, 2021).

Policy frameworks, management strategies and leveraging regulations

>

As discussed in “U.S. State action on ocean acidification: the formative years,” OA occurs
in an environment subjected to multiple stresses from physical, chemical, and biological
factors. While this multi-stressor context creates management challenges, it also provides
states the opportunity to reduce exacerbating causes, remediate impacts and build resil-
ience to OA, while continuing work on other established environmental challenges. Coastal
areas experiencing warming, hypoxia, eutrophication and/or seasonal harmful algal blooms
may already be working to address the acute drivers and stressors which exacerbate OA.
Taking a multi-stressor approach to monitoring and management, which emphasizes the
co-benefits of combining actions to remediate cumulative impacts, can be effective.

As further described below, many states are moving forward with innovative policies
or initiatives that incorporate OA actions into existing management strategies. This
move toward integrated information and management has highlighted the need to
better understand the linkages between OA drivers, stressors, and impacts. In this
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section we explore innovative examples from states working to integrate OA across
existing programs and priorities.

Enhancing monitoring, modeling and forecasting of future conditions to inform
management

Increasing scientific study of OA’s harmful impacts has prompted a fundamental
question for resource managers across localities; “what are the OA conditions or
trends in my region?” Answering this question requires observations at the local level,
and states on both coasts have begun to assess their existing monitoring capacity
for OA and the observational and research gaps which are critical to address (e.g.,
Weisberg et al. 2020; Oregon Governor’s Natural Resource Office (2019); New
Hampshire Coastal Marine Natural Resources and Environment Commission 2017).
State led studies are emerging. A recent study in Puget Sound, led by Washington
State Department of Ecology sought to: a) produce a marine CO, system dataset
capable of distinguishing between long-term anthropogenic changes and natural
variability, b) characterize how rivers and freshwater drive OA conditions in the
region, and c) understand the relative influence of cumulative anthropogenic forcing
on regional OA conditions (see Gonski et al. 2021, in this issue). Such efforts can
provide a blueprint for future state-wide approaches and scientific efforts elsewhere.

States have also increased the frequency of existing monitoring activities measuring
parameters related to OA. For example, seasonal carbonate measurements are now
collected in the New York Bight, when, before 2018, such observations occurred only
once every several years. The expansion of this program is positioned to better discern
OA trends and coastal variability, and new research cruises in the New York Bight
have already identified distinctive CO, dynamics pertinent to management interventions
(Summary of Proceedings 2019).

States have called for OA science to better align with the informational needs of
resource managers. For example, Californias Ocean Protection Council charged its
Ocean Acidification and Hypoxia Science Task Force (Task Force) with enhancing
Californias OAH monitoring network specifically to support decision-making (Weisberg
et al. 2020). The Task Force recommended:

1. Better connecting chemical and biological monitoring to improve managers’
understanding of how marine life is affected and to help managers develop
OAH water quality criteria.

2. Adopting OAH models as decision-support tools and to expedite the validation
of those models with additional monitoring data collection.

3. Strengthening the continuity of OAH monitoring programs across California’s coastal
environments by investing to develop spatially representative data sets statewide.

Oregon’s action plan similarly recommends pairing chemical and biological data by
co-locating OA monitoring with ongoing biological sampling in Marine Reserves. Here,
concern for OA has additionally motivated the Department of Fish and Wildlife to
enhance observations of shellfish and submerged aquatic vegetation (Oregon Governor’s
Natural Resource Office 2019).
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A further example of increasing attentiveness to integrate and expand environmental
data streams is seen through Maine’s Department of Environmental Protection, who
in 2020 proposed additional staff to measure OA indicators simultaneously with tar-
geted water quality sampling and state-wide surveys of benthic infaunal communities
and eelgrass cover. Concurrently, the Maine Climate Council is reviewing opportunities
to expand private and nonprofit monitoring activities as a component of a
state-coordinated network (Maine Climate Council 2020).

Scientific models of OA are a component of understanding anthropogenic impacts
to marine environments. Yet, concern for OA is also motivating a need to improve
baseline oceanographic forecasting. Washington’s OA action plan, for example, prescribes
improved forecasting of upwelling events. While upwelling is known to be a natural,
wind driven phenomenon (Phillips et al. 2018), it is also one which introduces carbon
rich deep-ocean water into coastal estuaries, thereby worsening conditions of OA
(Washington Marine Resources Advisory Council (2017). Forecasting tools have been
made available to—and in some cases were produced with—shellfish growers and
hatcheries to help industry plan for better or worse conditions.

In addition to efforts focusing on state waters, states are collecting regional data
and information about changing ocean chemistry. Across the west coast, states have
worked with the Federal Interagency Working Group on Ocean Acidification (IWG-OA)
to inventory all the OA and hypoxia monitoring infrastructure along the North
American Pacific Coast. Similar inventories have occurred in the Northeast CAN and
are being developed through other Coastal Acidification Networks. The goal of these
regional inventories is to create a highly functioning coast-wide or region-wide mon-
itoring network that answers management questions about OA, hypoxia and other
concerns and enables effective mitigation, adaptation, and resilience building (Summary
of Proceedings 2019).

Characterizing and reducing nutrients that exacerbate OA

As discussed earlier, excess nutrients from a variety of sources can contribute to OA
by increasing primary production, which subsequently increases CO, concentrations
during respiration and decay of excess organic matter (e.g., Wallace et al. 2014). Thus,
local actions to reduce nutrient pollution in areas at risk of eutrophication increase
the resilience of marine species and ecosystems to OA while supporting multiple
water-quality benefits. By linking OA with management plans that seek to address
nutrient runoff, states can increase knowledge about OA impacts and assess targeted
management interventions. While eutrophication is an extensively monitored and well
understood primary stressor to coastal ecosystems, potentially leading to “dead zones”
that are significantly oxygen depleted, expanding such monitoring to include OA spe-
cifically is a growing strategy for states looking to better understand the need for
specific interventions in coastal environments where economically or culturally import-
ant farmed or fished species are present (Environmental Protection Agency (EPA). (n.d.).

For example, the Washington State Department of Ecology and the Pacific
Northwest National Laboratory (PNNL) are modeling how nutrients, particularly
from wastewater treatment facilities, may exacerbate OA and low dissolved oxygen
in Puget Sound. Early modeling shows human sources of nutrient pollution are
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responsible for a ~15-20% increase in acidity in some areas of Puget Sound.
Continued analysis using the Salish Sea Model will help inform state managers about
nutrient reduction strategies from point and nonpoint sources (Washington Department
of Ecology, 2019-2020).

At the local and municipal level, where municipal governments have specific require-
ments under the federal Clean Water Act, governments can focus on the role of
stormwater management in building resilience to OA. Seattle’s 2030 District, a nonprofit,
is working to promote effective management of non-point source pollutions, including
stormwater run-off with the goal of limiting nutrient pollution to local water channels
or bodies. The Green Stormwater Initiative promotes rooftop gardens, on-site vegeta-
tion, bio-swales, rainwater collection, permeable pavement, and other stormwater
mitigation best practices as part of their overall climate resilience strategy relevant to
reducing OA.

Groups such as California Coastkeeper Alliance are engaging city and county leaders
to prevent wastewater discharges from causing acidification and hypoxia hot-spots and
preventing agricultural nutrient inputs from causing harmful algal blooms which impair
water quality (KPBS, “California Coastkeeper Alliance Releases Climate Change Plan
For Coastal Areas” 2019). Watershed coalitions nationwide advocate for similar practices
and are beginning to frame nutrient and pollution reduction within a context of OA
and other climate related changing ocean conditions (see Gassett et al. 2021 in this
issue). Such strategies, including vegetation-based remediation systems and riparian
buffers for use in upland habitats and in vulnerable areas, reduce the flow of nutrients
and sediments from rivers and coastal catchments into bays, estuaries, and onto
coral reefs.

States are also leveraging the National Estuary Program (NEP), administered by
U.S. Environmental Protection Agency (EPA) as one of the ten actions identified by
Kelly and Caldwell (2016) that states could take under existing programs. In 2018,
EPA published guidelines for monitoring acidification in the eastern United States
(Pimenta and Grear 2018) and is currently collaborating with nine National Estuary
Programs to document OA in estuaries and encourage programs to work collaboratively
with partners to reduce nutrient pollution that exacerbates OA.

Examples of NEP projects include the Casco Bay Estuary Partnership, which incor-
porates partnerships with shellfish growers to discuss findings produced in their
monitoring. Additionally, an Urban Watersheds project is comparing OA impacts in
both urban and rural watersheds. (Environmental Protection Agency (EPA). (n.d.);
NEP Coastal Ocean Acidification Research Critical to Economic Development 2017).

Restoring and conserving aquatic vegetation

Restoration activities and habitat protection have been introduced among approaches
that build local resilience to OA, as aquatic vegetation, including kelp, sea grasses and
salt marshes sequester carbon. Emergent studies show some ability of ecosystems to
locally ameliorate conditions of OA.

For example, the California Ocean Science Trust on behalf of California’s Ocean
Protection Council (OPC), assessed the potential co-benefits of restoring and conserving
seagrass beds and kelp as an OA management tool (Nielsen et al. 2018). They found
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that in some locations seagrass restoration appears to have locally increased ocean pH.
The Chesapeake Biological Laboratory is studying how the comeback of underwater
grasses may be offsetting acidification while also removing nutrient pollution and
providing habitat for juvenile crabs and rockfish (Su et al. 2020).

In Maine, ongoing research led by the Bigelow Laboratory for Ocean Sciences, has
explored kelp farming as a strategy to remediate OA and improve shellfish cultivation
(“New Research to Explore Seaweed for Ocean, Economic Health” 2021). Here, pre-
liminary results shared at conferences demonstrate how growing kelp among blue
mussels can result in stronger shells, increased product value and reduce the waste of
mussels which break during harvest. These initial findings corroborate that kelp raises
pH and oxygen concentration and absorbs excess nutrients that could otherwise con-
tribute to eutrophication, thus improving growing conditions for shellfish (Price and
Arnold 2019).

Further research by Nielson et al. (2018) suggests that kelp forest growth may locally
ameliorate OA while providing critical habitat, food, and potential opportunities of
biofuel, agricultural amendments, and water pollution treatment. Additionally, aquatic
vegetation including kelp, seagrasses, and salt marshes provide a range of valuable
ecosystem services including stabilizing the seabed, attenuating wave energy, water
quality benefits, carbon sequestration, and habitat creation for fish, crabs, and other
species. States with aquatic vegetation restoration and conservation programs are posi-
tioned to incorporate OA responses alongside myriad co-benefits of efforts to support
the health of benthic infauna communities.

Regulations to reduce CO, emissions

To varying degrees, governments are both incorporating climate targets into OA action
plans and including OA—along with other coastal impacts—within climate policies
and resilience building strategies. Given the direct linkage between reducing carbon
emissions and directly reducing OA, it remains consequential that regulatory regimes
to address CO, emissions account for OA as both: 1) further rationale to set aggressive
targets for reducing carbon dioxide emissions; and (2) a necessary component of local
climate adaptation and resilience building strategies.

Washington, Oregon, and Californias OA action plans include directions to reduce
CO, emissions, work with other entities engaged in such efforts, call for more exam-
ination of local climate change impacts, or all of these approaches (Washington State
Blue Ribbon Panel on Ocean Acidification 2012; Oregon Governor’s Natural Resource
Office 2019; Phillips et al. 2018). Maryland’s OA action plan explicitly identifies the
state’s Green House Gas Reduction Act Plan as one of three foundational policy
frameworks on which the OA action plan is based (“State-Led OA Action Planning
in the Mid-Atlantic” 2021; Maryland Ocean Acidification Plan 2020). The 2020 Maine
Won't Wait Climate Action Plan has similarly integrated OA action with broader cli-
mate preparedness needs (“Maine Won't Wait: A Four-Year Plan for Climate Action”
2020). As states set targets for green-house gas and CO, emissions reductions, policy
frameworks and approaches to achieving targets have proliferated. Bromley-Trujillo
and Homan thoroughly review state climate change policy making as of 2020, including
mitigation and adaptation, and focus particularly on state legislation (Bromley-Trujillo



COASTAL MANAGEMENT (&) 451

and Holman 2020). Within this broad discussion, they identify two categories of
greenhouse gas regulation.

First, several states have established green-house gas reduction targets (Bromley-Trujillo
and Holman 2020). Second, several states directly regulate utilities requiring them to
reach specified percentages of renewable energy (so-called Renewable Portfolio
Standards) and to provide for net metering, a tracking protocol that allows energy
consumers who use on-site renewable sources, such as solar, to build credit for the
energy they supply to the grid (Bromley-Trujillo and Holman 2020). On another front,
the transportation sector is the largest U.S. greenhouse gas source (Cremen 2019). The
federal Clean Air Act allows California to adopt tail pipe emission standards for mobile
sources (e.g., trucks and cars) that are stricter than the national standard. The Act
allows other states to adopt these stricter standards; as of 2019 13 states, including
many coastal states have done so (Cremen 2019). Other actions continue to unfold,
for example, Maine recently passed legislation to divest from fossil fuels.

Increasingly states are moving forward with aggressive greenhouse gas reduction
targets, regulation, adaptation priorities and financing schemes. It will be critical that
policy makers, managers and agencies charged with design and implementation under-
stand the interrelated causes and impacts of OA and climate-related changing ocean
conditions.

Assessing the Clean Water Act applicability

The federal Clean Water Act (CWA) empowers states to protect water quality in several
ways. Specifically, Section 303(d) requires states provide a list to the EPA every two
years listing water bodies or segments that are not meeting water quality standards.
Once listed, states are required to identify the cause or source of the impairment, and
if known, are required to intervene and reduce sources of impairment. States add
water bodies to the Section 303(d) list based on new data, application of new or
revised water quality standards, or information showing water quality has declined.
The narrative impairment clause of CWA (Section 303(d) subsection c) requires waters
and sediments to be substantially free from pollutants that “interfere with propagation
or habitats of shellfish, finfish, and wildlife”

If listing a water body as impaired by OA or hypoxia, state managers could establish
limits to pollutants that are shown to directly contribute to OA or hypoxia. However,
direct causal links that are needed to activate narrative criteria related to OA or hypoxia
are challenging, especially as ex-situ and in-situ research and observation is still
emerging and difficult to isolate within dynamic marine environments. Additionally,
establishing “normal” ranges for OA—a deviation from which would be cause con-
cern—is complicated as estuarine and coastal pH vary dynamically across daily, seasonal
and decadal cycles driven by both natural and anthropogenic forces (e.g., Melzner et
al. 2013, Waldbusser and Salisbury 2014 and references therein).

That said, in the 2018/2020 Integrated Report required from states to the EPA under
the CWA, the State of Oregon determined that acidification is a potential concern in
Oregon’s coastal waters, but that the data are currently insufficient to identify the
water as impaired. The state’s determination of potential concern included reference
of biocriteria for pteropods and also hypoxia under the listing of oxygen impairment
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in marine waters. (Oregon Department of Environmental Quality 2020). This is the
first Section 303(d) recognition by a state for potential failure to meet water quality
criteria due to OA and hypoxia.

In California, the Water Quality Control Plan for Ocean Waters of California (Ocean
Plan) adopted in accordance with CWA Section 303 (c)(1) and the California Water
Code governs the protection of the state’s coastal waters by controlling the discharge
of waste into the ocean, including stormwater runoff, municipally treated sewage out-
flow and industrial flows regulated by regional and State Board permits.

California State Water Resources Control Board (SWRCB) released a report in 2019
prioritizing several topics for future projects and rule-making actions that could amend
or improve the State’s Water Quality priorities, including updates to the Ocean Plan.
The report listed “ocean acidification, hypoxia and climate change impacts” in the top
5 priority issues that could warrant either future amendments to the Ocean Plan or
continued work by the State Board to evaluate how to best develop water quality
objectives and improve the resilience of the coastal environment. A coupled
physical-biogeochemical model is helping to inform when and where local nutrient
pollution from wastewater treatment plant discharges and agricultural runoff may
contribute to coastal acidification and hypoxia.

Highlighting the authority of CWA in advancing measures to protect water quality
is an asset to states who are pioneering resilience to OA. For example, Maryland’s
use of the CWA illustrates the strategic use of existing programs, taking a
multi-stressor approach to respond to OA. Specifically, the state’s 2020 OA action
plan identifies its Chesapeake Bay Watershed Plan as a key element of the action
plan’s policy framework (“State-Led OA Action Planning in the Mid-Atlantic” 2021).
Maryland produced the Watershed Plan as part of its management of Total Daily
Loads of nutrients have caused Chesapeake Bay to be impaired with regards to
several nutrient loading pollutants (Chesapeake Bay Watershed Plan).

Conclusion

This paper has synthesized conversations among states and partners working to address
OA at local and regional scales. Providing specific examples of pathways to action,
policy options and management approaches we aim to help government and
non-government partners build and maintain momentum for OA action. There is no
“one size fits all” solution to addressing OA, both because its origins and impacts are
multifaceted and because there are many actions that can improve information and
understanding of the phenomenon, mitigate causes, inform adaptation response, and
build resilience. State actions to date illustrate how understanding and adopting OA as
an issue of concern can motivate and provide direction to multiple management agencies
and partners to align and begin to address this novel challenge (see Keil et al. 2021
in this issue).

Information and traction for addressing climate-related ocean change through policy
is increasing. The last decade has witnessed a growing number of state OA task forces,
panels, and commissions that have been working to translate the best available regional
science into government-led priorities, policy actions and sustained investments. As
frameworks for action develop into the future, it is essential that there is a high-level
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of coordination between ocean, coastal and climate experts, scientists, policy imple-
menters and other impacted communities and stakeholders.
Concluding takeaways and recommendations:

1.

States are integrating OA responses and responsibilities among applicable depart-
ments, actors, and scales. To do this effectively requires a better understanding
of OA drivers and impacts which will help distinguish the roles of various
departments and identify shared priorities. States and in-region partners are
collaborating to identify and prioritize gaps in knowledge that will inform local
intervention strategies and provide managers a more complete picture of local
drivers, conditions, trends, and vulnerabilities.

Managing for OA in a multi-stressor landscape may require action despite
some uncertainty. Considering the co-benefits of OA actions to other coastal
management priorities may help states move forward in the context of uncer-
tainty. State-level resource managers increasingly recognize the value of taking
various no-regrets strategies to more ambitiously address ocean change. Taking
a multi-stressor approach to OA governance can provide “on-ramps” for engag-
ing new partners (e.g., cities, counties, ports, NGOs and other community led
initiatives) reinforcing commitments to social-ecological sustainability.

While action planning may be easier with supportive governments and political
champions, priorities that are brought forward and implemented by
non-government local and regional actors can drive momentum until a window
is open for deeper state government engagement and leadership. Diverse part-
nerships build capacity for sustained implementation with or without strong
government engagement.

States are reflecting OA and ocean change within climate policies both as: (1) further
rationale to set aggressive targets for reducing carbon dioxide emissions; and (2) a
necessary component of local climate adaptation and resilience building strategies.

State efforts on OA, in addition to emerging studies and collaborations across the
field, have identified many areas for improvement, priorities for future work or con-
tinued research and analysis.

The need for dedicated funding has consistently emerged as an essential issue.
More systematic analysis of funding sources for OA efforts—including those
related to greenhouse gas mitigation programs or adaptation activities—can
broaden the scope of ongoing activities.

In the absence of funding for additional monitoring, targeted research to estab-
lish empirical relationships between carbonate chemistry parameters and other
more commonly monitored oceanographic parameters (i.e., oxygen, salinity,
temperature) can help a region, or set of decision makers, estimate the landscape
of OA stressors (e.g., Rheuban et al. 2021). Alin et al. (2012) provides a set of
empirical relationships for southern California and the U.S. West Coast.
Additionally, there are new machine learning methods to estimate carbonate
system variables, such as described in Fourrier et al. (2020), which could help
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regions that have not yet invested in widespread OA monitoring to more rapidly
build capacity to understand OA stress in their region.

3. The global Covid-19 Pandemic, alongside public protests and demands for racial
justice across the U.S., have brought increased attention to environmental justice
and equity across research and decision-making settings. Many states have
formed environmental justice task forces, or similar bodies, to produce recom-
mendations to the state legislature. Scholarship and analysis on this topic will
be an important component of OA response given the underlying economic,
community, and cultural risks posed by climate and ocean change. This could
include potential impacts to Tribal Treaty Rights relative to ocean and marine
resources.

4. Scientific understanding of OA processes is maturing, and both researchers and
decision-makers must remain nimble to incorporating new insights. For example, a
2021 study explored the release of CO, from organic ocean sediments because of
fish trawling (Sala et al. 2021). OA action plans and management approaches can
be designed to evolve iteratively with contemporary landscapes of science and
policy.

5. As states continue to link and integrate OA with existing and future climate
policy and environmental management, the relevant actors, agencies, organi-
zations and stakeholders involved will likewise expand. New partners will
benefit from a deeper understanding of the connectivity among OA drivers,
stressors, and impacts as they relate to potential societal and policy interven-
tions. A broadening constituency of those who prioritize OA will also bring
diverse perspectives which are new to the field and should be incorporated
into environmental, economic, and cultural considerations.
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